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Description

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to electrical contactors, electrical starters, motor controllers and like devices which
include an electromagnetic assembly and one or more poles for connecting a source of electrical power to an electrical
load, such as an electrical motor and more particularly to a control circuit for controlling the electrical current applied
to a coil in the electromagnetic assembly which automatically compensates for magnetic coupling from the main poles
while eliminating audible noise and providing a relatively higher hold in force than known devices. It also relates to
autocalibration of a microprocessor based device and to voltage controlled power supplies.

2. Description of the Prior Art

Various electrical devices are known in the art for controlling electrical equipment, such as motors and the like.
These devices include starters, combination starters, contactors, motor controllers and the like for controlling both
single phase and multiple phase electrical equipment in reversing as well as non-reversing applications. Such devices
include one or more pairs of separable main contacts disposed between such electrical equipment and a source of
electrical power. In such devices, the separable main contacts are mechanically interlocked with an armature that is
controlled by an electromagnetic assembly. In known devices, one or more biasing springs, are generally used to
maintain the separable main contacts in a normally open position. In order to close the separable main contacts,
sufficient force must be generated by the electromagnetic assembly in order to overcome the compression force of the
biasing springs. Moreover, once the separable main contacts are closed, it is necessary to provide sufficient electrical
power to the electromagnet assembly to overcome the compression force of the biasing springs when the separable
main contacts are to remain in such a closed position.

GB-A-2 155 266 discloses a solenoid driver circuit for controlling application of current to a solenoid providing
force as a linear function of applied current and for reducing power dissipation. After an initial application of power to
the solenoid driver circuit, when the current through the sense resistor reaches a first level peak current (Ipy), the first
comparator generates a voltage which causes the logic means to turn off the transistor coupled in series with the
solenoid coil. A decay current then flows through a diode in parallel with the coil until a specified time has elapsed.
Then, the first transistor is turned on and the cycle repeats.

In known electromagnetic contactors, such as the electromagnetic contactor disclosed in U.S. Patent No.
4,893,102, assigned to the same assignee as the assignee of the present invention, the electrical voltage and electrical
current to the coil in the electromagnet assembly are controlled to overcome the compression force of the biasing
springs both during a closing operation of the separable main contacts as well as to maintain the separable main
contacts in a closed position. More specifically, FIG. 6 of the aforementioned U.S. patent illustrates the electrical voltage
and electrical current profiles utilized in order to close the separable main contacts as well as maintain the separable
main contacts in a closed position. As described in detail in the aforementioned U.S. patent, the electrical voltage and
current profiles are determined as a function of the force required to overcome the compression force of the biasing
springs during the various stages of a closing stroke. As illustrated in FIG. 6 of the aforementioned U.S. patent, a full
wave rectified but unfiltered source of alternating current (AC) voltage is applied to the coil. The electrical current
applied to the coil is controlled such that the electrical power developed by the electromagnet assembly in the various
stages of the closing stroke is controlled to overcome the compression force of the biasing springs. Thus, as shown
in FIG. 6 of the aforementioned patent, an electrical current profile consisting of a plurality of electrical current pulses
is applied to the coil in the electromagnet assembly. The amplitudes of the peaks of the pulses of the electrical current
profile are controlled during each stage of the closing stroke in order to provide a force, greater than the compression
force of the biasing springs. More specifically, the amplitudes of the electrical current pulses are controlled by controlling
the phase angle of the electrical current applied to the coil in the electromagnet by way of a triad and microprocessor
as described in detail in the aforementioned U.S. patent. As shown in FIG. 6 of the aforementioned patent, an electrical
current pulse is applied to the coil once each half cycle during the closing stroke and indefinitely thereafter for as long
as the separable main contacts are to remain closed in order to overcome the compression force of the biasing springs
during such a condition.

There are several problems associated with the control system described in detail in the aforementioned U.S.
patent. First, the relatively slow update rate of the electrical current pulses applied to the coil in the electromagnet
assembly can result in audible noise of the electromagnet assembly. More specifically, as previously mentioned, the
current pulses are updated every half cycle. Consequently, such a pulse rate can cause a relatively high rate of change
of magnetic flux within the coil which results in audible noise. Second, such a relatively slow update rate could result
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in the main contacts opening as a result of magnetic coupling from the poles. More specifically, when the electrical
contactor is in a closed position the electrical current flowing through the poles generates a magnetic field. Due to the
proximity of the poles to the electromagnet assembly, the magnetic field generated in the poles is coupled to the coil
in the electromagnetic assembly by transformer action. Since the force required to open the contacts is determined by
the lowest decay point of the electrical current in the coil between updates and since the updates are so far apart, the
compression force of the biasing springs between updates could cause the contacts to open as a result of relatively
large amounts of magnetic coupling from the poles between updates. Another problem with the control circuit described
in the aforementioned patent is that because of the relatively low update rate, a relatively large amount of electrical
power must be supplied to the coil in order to maintain the contacts in a closed position. This power causes coil heating,
which is undesirable.

Microprocessor-based overcurrent protection devices such as circuit breakers and motor overload relays must
measure electrical current and then produce a time-to-trip versus current characteristic curve should the current be
above a preset value. Basically, these apparatus rely upon sensing electrical variables such as line to neutral voltage,
line-to-line voltage, phase current, frequency and the like as inputs, either alone or in combination, for ultimately causing
a desirable electrical function to occur. For instance, circuit breakers sense electrical current and open upon the oc-
currence of a predetermined amount. Motor controllers are utilized to start motors to relay information about the status
of the motor from one station to another, etc. Monitors provide readout information about the status of line currents,
voltages, power, frequency, etc. The state of the art has advanced to a position where the aforementioned may provide
current, voltage, power, and frequency information, etc. to a printed circuit card which may have surface mounted
components, discrete components, transformers, inductors, capacitors, operational comparators and all of the appro-
priate interconnecting paths as well as computer PC devices such as communication networks, A-to-D converters,
counters, etc. disposed thereupon. In many applications, microprocessors having random access memories (RAM)
and electrically erasable programmable read only memories (EEPROM) are also included. Part or all of these may be
contained in large scale integrated circuits or combinations of large scale integrated circuits and discrete components.
Many of the aforementioned contained potentiometer devices such as three-point or two-point variable resistors, var-
iable capacitors, adjustable operational comparators, etc.

It has long been recognized that in order for any of the devices or apparatus described previously to operate reliably
and accurately, it is necessary for the sensing transformers, internal circuit board components, large scale integrated
circuits, etc. to accurately depict and react to the basic circuitry and at output devices such as readout devices, circuit
breaker tripping devices, relaying devices, those variables which are monitored or read. For example, the measurement
of current usually requires a calibration procedure as the "as built" accuracy of circuitry used to convert the analog
current values to digital values usually is not precise enough. For instance, if a circuit breaker is programmed to trip
at a specific period of time at 10 amperes, for example, and if in fact 10 amperes of current are flowing in the line to
be protected but gain adjustment and offset factors within the circuitry make it appear that only 9.9 amperes of current
are flowing, then an error exists which could lead to catastrophic consequences. In the past, provision has been made
for eliminating the error by placing the device in question in a calibration mode whereby a precision value of a desired
variable is provided as a sensed input to the system and various potentiometers, offset adjustment devices and the
like are manipulated or "tweaked" at the end of the production process so that desirable occurrences happen at the
exact value of input variable at which they are supposed to happen. Generally, after this has been completed, a pro-
tective coating of material, a "conformal coating", is placed over the adjustment devices so that they may not be tam-
pered with by subsequent purchasers, users, etc. This leads to a number of disadvantages or problems. One disad-
vantage lies in the fact that the process is highly labor intensive and furthermore requires a great deal of judgement,
experience and perhaps even dexterity on the part of the calibrator or adjustor. Furthermore, in some instances where
a microprocessor is employed, a resistive-capacitive network rather than a crystal oscillator may be utilized for deter-
mining the microprocessor's time base. In sensitive applications, this time base accuracy may not be sufficient. In
addition, problems can arise if the board to be calibrated is small.

Two areas in which calibration problems are likely to arise are associated with analog sampling systems that require
"gain" and exhibit "offset". Conventional calibration procedures with the use of trim pots and component selection are
not only expensive but can be difficult to implement, especially if the board is very small and/or has been conformal
coated. |deally the trip unit should be calibrated without physically modifying the printed circuit board. Gain adjustments
are required for precision circuits requiring operational comparators to magnify or attenuate a signal before being
processed by an analog-to-digital converter. Offset adjustments are made to remove errors caused by DC biasing
currents existing in a circuit. Those offsets could be present on the input signals or generated by operational compa-
rators in the circuit. Gain adjustment is usually made by imposing a multiplying factor on a signal whereas offset ad-
justment is made by adding or subtracting a constant to or from the signal being processed. U.S. Patent 4,550,360
issued on October 29, 1985 to J. J. Dougherty, entitled "Circuit Breaker Static Trip Unit Having Automatic Circuit Trim-
ming", teaches one way to overcome problems associated with the prior art. The Dougherty patent describes the use
of a microprocessor and selected input values to correct for gain and offset. However, emphasis is directed to correction
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for individual components or a class thereof within the system. It requires testing individual components or classes of
individual components using different inputs such as, for example, full scale current for current transformers and five
milliamperes for a diode and then deriving a microprocessor memory correction value related thereto. However, it
would be advantageous to be able to calibrate the entire system using only a single input where the calibration is
related to the ultimate output value rather than to the individual values of components. It would be further advantageous
to be able to achieve the foregoing without adding extra component elements to the system being calibrated and to
do the calibration in a non-obtrusive manner. It can be seen, therefore, that the prior art mode for calibration has many
disadvantages as described previously. It would be desirous therefore if an advantageous calibration procedure for
apparatus could be found which was relatively inexpensive, required a minimum of human intervention, was highly
accurate, highly reliable and as close to being automated as possible.

Most electrical apparatus which provides useful functions such as circuit breaker tripping, initiation motor control
functions and the like utilize a combination of hardware features including, in many cases, printed circuit boards having
disposed thereon miniaturized inductors, capacitors, resistors, comparators and the like. In many cases, large scale
integrated circuits are utilized in combination with discretely mounted components. In an age of miniaturization, it is
desirous to make the electrical apparatus in question smaller, less voluminous and lighter. It is desirable, therefore,
that the power supply apparatus which is utilized in the microprocessors also be small, of little volume and light in
weight. Power supply apparatus often utilize diodes, capacitors, and inductors in order to properly function. Power
supply apparatus for microprocessors may include an input terminal upon which alternating current of a relatively high
magnitude, approximately 120V AC in many cases, is impressed and an output terminal at which a regulated DC
voltage of a low magnitude 24V DC and 5V DC is produced. Furthermore, it is desirous for any given constraints in
weight, size and volume to optimize the current or power producing capabilities of the power supply. In many cases,
utilized comparators are high frequency voltage regulators which may operate in the range of 40,000 Hertz. Devices
of this nature broadcast undesirable interfering electromagnetic radiation. It is therefore desirable to produce power
supply apparatus for a microprocessor and the like having low power consumption, small size, small volume, occupying
relatively little space on a printed circuit card, being light weight, accommodating a wide range of input voltage, being
relatively low cost, operating at low frequency and being relatively simple to manufacture.

The present invention relates to an electrical device as defined in the appended claims.

Briefly, the present invention relates to a control circuit for electrical contactors, starters and the like which include
one or more pairs of separable main contacts controlled by an electromagnet assembly. In order to reduce, if not
eliminate, audible noise generated by the electromagnet assembly, the electrical current to the electromagnetic as-
sembly is regulated to minimize the rate of change of magnetic flux therethrough to thereby reduce, if not eliminate,
audible noise. The circuitry is also adapted to compensate for alternating current (AC) magnetic coupling from the main
poles in order to provide a relatively larger hold in force when the contacts are to remain in a closed position. By
regulating the electrical current to the electromagnet assembly, the power consumption of the electromagnet assembly
is reduced which, in turn, reduces undesirable heating of a solenoid coil within the electromagnet assembly. The control
circuit includes plurality power switches adapted to be serially coupled to the solenoid coil within the electromagnet
assembly. The power switches are under the control of a drive circuit, a trigger circuit and a timing circuit. The drive
circuit in cooperation with the timing circuit allows the electrical current flowing through the solenoid coil to rise to a
predetermined level. After the electrical current reaches the predetermined level, the trigger circuit triggers the timing
circuit in order to disable the drive circuit for a predetermined time period to allow electrical current through the solenoid
coil to decay. After the time period has timed out, the timing circuit enables the drive circuit to allow the electrical current
through the solenoid coil to build up to the predetermined level. Once the electrical current in the coil reaches a pre-
determined level, the cycle is repeated.

Also a process for calculating a digital calibration factor for an electrical device of the type that acts in the presence
of a predetermined value of an input electrical variable at the input of the electrical device to ultimately perform a
function is claimed. An interactive calibration procedure is to be used which uses both a microprocessor in a product
and an external computer PC to calculate and store calibration constants into nonvolatile memory within the product.
Both an amplitude and time base calibration procedure are described. The common elements of the calibration pro-
cedure are as follows: 1) product microprocessor with analog signal processing circuitry, oscillator circuit and nonvolatile
memory; 2) external computer PC with communication means to the product microprocessor as well as to an accurate
current measuring reference; and 3) software for both computers which handles the communications protocol. The
calibration factor is digitally stored in a calibration factor memory region of the electrical device. Any input electrical
value within a range of input electrical values will provide a corresponding derived electrical value in the device. The
process comprises the steps of supplying a first value of the input electrical variable to the input, sensing that input
electrical variable, and producing a corresponding first derived value related thereto, communicating that first derived
value to a computing means which also has the aforementioned first value of input electrical variable available thereto,
calculating the calibration factor within the computing means according to the relationship: the calibration factor equals
the first value of input electrical variable divided by the first derived value; and finally the step of communicating that
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calibration factor to the calibration factor memory region for digital placement therein and subsequent use by the elec-
trical device for performing the function. The function may be performed when a derived value as affected by the
calibration factor equals the predetermined variable.

An electrical device of the type that acts in the presence of a predetermined value of an input electrical variable
having construction features which are capable of performing the process features described previously is also claimed.

Also a power supply for supplying unidirectional voltage at a predetermined value within a range of values is taught.
The power supply includes rectifier means for supplying rectified alternating current at a predetermined instantaneous
voltage. There is present a controlled switch means having an input terminal, an output terminal and a control terminal
interconnected at the input terminal with the rectifier means for conducting the rectifier alternating current at the in-
stantaneous voltage therethrough provided the control switch has been placed in a conducting state. There is also
provided a diode means with anode and cathode interconnected at the anode thereof with the output terminal of the
control switch means for conducting the instantaneous voltage of the rectified alternating current from the controlled
switch means therethrough when the voltage potential on the anode thereof is greater than the voltage potential on
the cathode thereof. There is also provided a charge storage means interconnected with the cathode of the rectifier
means for receiving electrical charge from the alternating current and for establishing the output voltage thereacross.
Also provided is a voltage sensing and switching means interconnected with the input terminal and the control terminal
of the switch means for controlling the conduction of the switch means in accordance with the following relationship:
When the instantaneous voltage at the input terminal is less than a predetermined control voltage, the controlled switch
is controlled to conduct the rectified alternating current therethrough and the diode means also conducts the rectified
alternating current therethrough provided the output voltage is not greater than the instantaneous voltage of the rectified
alternating current. On the other hand if the output voltage is greater than the instantaneous voltage of the rectified
alternating current, the rectifier means will not conduct. Also, if the input terminal is at a voltage potential greater than
the predetermined control voltage, the controlled switch will be controlled to block the rectified alternating current and
the diode means will not conduct regardless of the value or status of the output voltage.

Said in another way, when the rectified DC voltage is below a predetermined value, a voltage sensing and control
circuitry turns on a switch so that DC voltage is connected to the output voltage through a very low impedance. When
the DC voltage is less than the output voltage AND the switch is on, a diode blocks so that the stored charge and
output voltage is not changed by the switch being on. When the DC voltage is greater than the output voltage AND
the switch is on, a capacitor is charged through a very low impedance and will charge very quickly. Since the power
is drawn at this time through a very low impedance, there is very little power dissipation in the switch. The differential
voltage between the regulated voltage and input voltage is kept to a minimum by the voltage sense circuitry. This allows
the use of small components as peak power dissipation is reduced. After the rectified DC voltage (input voltage) is
above the predetermined value, the voltage sensing and control circuitry turns the switch off. Once the output voltage
approaches the switch control voltage, the switch is automatically turned off, even if the voltage sense circuit has not
been activated. The voltage that the switch turns off at will will be slightly higher than the output voltage. The switch
turns back on when the DC voltage transitions from being higher than the predetermined value to lower than the
predetermined value. This allows power to be drawn twice during the positive half cycle of an AC wave form. In this
way, a half wave rectified system can deliver as much power as a traditional full wave phase controlled system.

BRIEF DESCRIPTION OF THE DRAWINGS

For a better understanding of the invention, reference is made to the preferred embodiment thereof, shown in the
accompanying drawings in which:

FIG. 1 shows a front elevation of an electromagnetic contactor or motor control apparatus with a communications
module affixed to the top thereof;

FIG. 2 shows a front elevation in the same orientation as FIG. 1 of the motor control apparatus or contactor with
arc box, magnetic subassembly, and crossbar subassembly omitted,;

FIG. 3 shows a side elevation cut away along plane IlI-lll of FIG. 1, of the microprocessor controlled circuit board
assembly;

FIG. 4 shows a top view of the apparatus of FIG. 1;

FIG. 5 shows a partially broken away front elevation of the apparatus of FIG. 1, with the communications module
in an alternative arrangement on the bottom of the assembly;

FIG. 6 shows a top view of the component layout of the microprocessor controlled circuit board assembly utilized
in the apparatus of the preceding figures;

FIG. 7 shows a front view of the circuit board assembly of FIG. 6;

FIG. 8 shows a side view of the circuit board assembly of FIGS. 6 and 7,

FIG. 9 shows a layout view of the circuit board of the communication module in FIGS. 1 and 5;
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FIGS. 10A-10C show a circuit schematic diagram of the circuit board assembly shown in FIGS. 3, 6, 7 and 8;
FIG. 10D is a graph of the voltage and current waveforms developed by the ultrasonic coil current regulator illus-
trating the current waveform greatly exaggerated in accordance with an alternate embodiment of the present in-
vention;

FIGS. 10E-10G are schematic diagrams of the ultrasonic coil current regulator in accordance with the present
invention;

FIG. 10H is a partial schematic diagram of an alternate embodiment of the ultrasonic coil current regulator illustrated
in FIGS. 10E-10F;

FIGS. 11A-11C show a circuit schematic diagram of the communication modules shown in FIGS. 1, 5 and 9; and
FIG. 12 shows a plot of input vs. output (or derived) current.

FIGS. 13A-13C shows plots of power supply voltage at various locations for the power supply 202 of the commu-
nications module 200.

FIG. 14 shows a flow chart for reading circuit variables.

FIG. 15 shows a flow chart for calibrating the contactor.

The following drawings relate to the SURECHIP CUI:

FIG. 16 is a functional representation of an application of the IC in accordance with the present invention;

FIG. 17 is a functional block diagram of the IC in accordance with the present invention;

FIG. 18 is a functional block diagram of a portion of the IC in accordance with the present invention;

FIGS. 19A-19D are diagrams of alternate clock generator connections for the IC in accordance with the present
invention;

FIG. 20 is a memory address map for the IC in accordance with the present invention;

FIG. 21 is a format diagram for configuration registers CFR and ACFR which form a portion of the IC in accordance
with the present invention;

FIG. 22 is a format diagram for an EEPROM control register NVCR which forms a portion of the IC in accordance
with the present invention;

FIG. 28 is a format diagram for a dead-man control register DMC which forms a portion of the IC in accordance
with the present invention;

FIG. 24 is a format diagram for A/D conversion interface registers ADZ, AMZ, ADCR, AMUX, ACSF, AVSF and
ADC which form a portion of the IC in accordance with the present invention;

FIG. 25 is a format diagram for comparator mode control registers CMPI and CMPST which form a portion of the
IC in accordance with the present invention;

FIG. 26 is a format diagram for PORT A registers PAC and PAD which form a portion of the IC in accordance with
the present invention;

FIG. 27 is a block diagram of a parallel port which forms a portion of the IC in accordance with the present invention;
FIG. 28 is a format diagram for PORT B registers PBC and PBD which form a portion of the IC in accordance with
the present invention;

FIG. 29 is a format diagram for PORT B serial peripheral interface registers SPD, SPSR and SPCR which form a
portion of the IC in accordance with the present invention;

FIG. 30 is a format diagram for PORT C registers PCC and PCD which form a portion of the IC in accordance with
the present invention;

FIG. 31 is a format diagram for a PORT D register PDD which forms a portion of the IC in accordance with the
present invention;

FIG. 32 is a block diagram of a programmable timer which forms a portion of the IC in accordance with the present
invention;

FIGS. 33A-33D are timing diagrams for the timer of FIG. 32;

FIG. 34 is a format diagram for programmable timer registers TCRH, TCRL, TARH, TARL, TICH, TICL, TOCH,
TOCL, TCR and TSR which form a portion of the IC in accordance with the present invention;

FIG. 35is an overall block diagram of the comparator subsystem and A/D input subsystems of the IC in accordance
with the present invention;

FIG. 36 is a schematic diagram of the quadcomparator subsystem in accordance with the present invention;
FIG. 37 is a schematic diagram of the address decode logic for the comparator control registers CMPST and CMPI
and the configuration register CFR in accordance with the present invention;

FIG. 38 is a block diagram of the analog subsystem in accordance with the present invention;

FIG. 39 is a schematic diagram of the microprocessor bus interface logic in accordance with the present invention;
FIG. 40 is a schematic diagram of the address decode logic for the interface registers in accordance with the
present invention;

FIG. 41 is a schematic diagram of the control and status register in accordance with the present invention;

FIG. 42 is a block diagram of the analog digital control logic portions of the IC in accordance with the present
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invention;

FIG. 43 is a block diagram of the analog subsystem digital control logic in accordance with the present invention;
FIG. 44 is a schematic diagram of the current multiplexer (MUX) control logic in accordance with the present
invention;

FIG. 45 is a schematic diagram of the voltage MUX control logic in accordance with the present invention;

FIG. 46 is a schematic diagram of the auto-zero control registers in accordance with the present invention;

FIG. 47 is a schematic diagram of the five microsecond timer in accordance with the present invention;

FIG. 48 is a schematic diagram of the auto-zero control logic in accordance with the present invention;

FIG. 49 is a schematic diagram of the auto-range control logic in accordance with the present invention;

FIG. 50 is a schematic diagram of the auto-range state machine in accordance with the present invention;

FIG. 51 is an overall block diagram of the analog circuitry in accordance with the present invention;

FIG. 52 is a schematic diagram of the input analog NUX system in accordance with the present invention;

FIG. 53 is a block diagram of the analog quad comparator system in accordance with the present invention;

FIG. 54 is a schematic diagram of the band gap regulator in accordance with the present invention;

FIG. 55 is a schematic diagram of the shunt regulator, B+ comparator and the power monitor in accordance with
the present invention;

FIG. 56 is a schematic diagram of an exemplary external conditioning circuit for use with the IC in accordance with
the present invention;

FIG. 57 is a schematic diagram of an exemplary regulator circuit for use with the IC in accordance with the present
invention;

FIG. 58 is a schematic diagram of a biasing circuit in accordance with the present invention;

FIG. 59 is a schematic diagram of another biasing circuit in accordance with the present invention;

FIG. 60 is a schematic diagram of the temperature sensing circuit in accordance with the present invention;

FIG. 61 is a schematic diagram of the ranging circuitry for the voltage comparator in accordance with the present
invention;

FIG. 62 is a schematic diagram of the current mirror and comparator in accordance with the present invention;
FIG. 63 is a schematic diagram of the current mirror in accordance with the present invention;

FIG. 64 is a schematic diagram of the offset correction circuitry in accordance with the present invention;

FIG. 65 is a schematic diagram of the autozeroable voltage and current comparators in accordance with the present
invention; and

FIG. 66 is a pin out diagram of the IC in accordance with the present invention.

DETAILED DESCRIPTION

Referring now to the drawings and FIGS. 1-5, in particular, an electromagnetic contactor or motor controller 10 is
depicted. The contactor or motor controller may be of the type depicted in United States Patent 4,893,102 issued
January 9, 1990, to J. A. Bauer, and entitled: ELECTROMAGNETIC CONTACTOR WITH ENERGY BALANCED CLOS-
ING SYSTEM. It should be understood with respect to the embodiments from U.S. Patent 4,893,102 that the physical
arrangement of the control circuit board as shown best in FIGS. 8, 9 and 10 thereof may be different than the circuit
board arrangements depicted herein. Although the description of the operation of the contactor or motor control system
is extensively explained in U.S. Patent 4,893,102, it will be briefly outlined herein in a less detailed form. Contactor 10
is a type of device that acts in the presence of a predetermined value of an input electrical variable such as line or
phase current to perform a function such as closing contacts to start a motor or stop a motor.

Referring specifically to FIG. 3, the contactor arrangement of the present invention is depicted with reference
symbols referring to like or similar elements in the contactor of FIG. 2 of the 4,893,102 patent. In particular, there is
provided a contactor or motor control apparatus 10 having an insulating housing 12. There are a pair of spaced-apart
load terminals 14, 16 suitable for interconnection with an electrical load such as a motor winding which is to be controlled
by the contactor or motor control device 10. Load terminal 14 is interconnected with internal conductor 20 and load
terminal 16 is interconnected with internal conductor 24. Internal conductor 20 is interconnected with a fixed contact
22 and internal conductor 24 is interconnected with a fixed contact 26. There is provided a contact carrier 42 upon
which is disposed an electrically conducting contact bridge 44 having movable contacts 48, 46 at either end thereof
which are complementary with fixed contacts 26, 22, respectively. The contact carrier 42 is movable in controlled
relationship such that the contact bridge 44 which is affixed thereto and movable therewith causes the contacts 48, 46
to abut against contacts 26, 22, respectively, when there is a need or desire to close the circuit between terminals 14,
16. In a like manner, internal operations of the contactor or motor controller 10 is such that the contacts 48, 46 may
separate from contacts 26, 22, respectively, and remain in a disposition of separation as a function of carrier 42 moving
in a different direction and causing the rigidly affixed bridge member 44 to move correspondingly. Generally, as is
described in patent 4,893,102, the movement of carrier 42 and concurrent movement of the bridging member 44 is
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controlled by a control card or control board 128 which may include a microprocessor as a control element. Generally,
when the magnitude of electrical current flowing between terminals 14, 16, when the contactor 10 is in a closed dis-
position, is appropriate, the control board 128, upon sensing that current will cause appropriate action to take place
with regard to component magnetic structures, electromagnetic solenoid structures (such as COIL SC), and various
aligned springs, to cause the contacts 48, 46 to separate from contacts 26, 22, respectively. Furthermore, the contacts
may be opened or closed manually or they may be closed in response to electromagnetic interaction in a manner
described, for example, in the patent 4,893,102. The general operation of the circuit board 128 is such that it may
operate similarly to the circuit board arrangement 128 shown and described in the U.S. Patent 4,893,102. In the present
invention, apparatus and process for calibrating the circuit board 128 is described hereinafter.

Referring specifically to FIG. 1, the front elevation of the apparatus shown in section and described previously with
respect to FIG. 3, is depicted. In particular, there is provided an opening or orifice 52 in which a guiding or bridging
member 54 is affixed in order to longitudinally and radially align the movable carrier 42. The front panel FP of the
contactor 10 contains three orifices or openings through which important construction features portions or parts of the
circuit board arrangement 128 are accessible. These portions or parts are a switch CSW2, connector CJ1, and switch
CSWa8. The construction, operation and function, of the accessible elements will be described hereinafter. At the top
portion 12T of the contactor 10 is disposed in detachably attached a communication module 200, the construction,
operation and purpose of which will be described hereinafter.

Referring now to FIG. 2, the contactor arrangement shown in FIG. 1 is depicted in similar orientation except that
the front panel FP, including that which is called the "arc box", as well as the magnetic subassembly and the crossbar
assembly have been omitted or removed. In particular, the arrangement of the circuit control card 128 within the con-
tactor internal portion is once again depicted. The arrangement of elements CSW2, CJ1 and CSWa3 is clearly shown.

Referring to FIG. 4, a top view of the contactor 10 is shown. In particular, the arrangement of the three-phase load
terminals 16 is clearly set forth.

In FIG. 5 another embodiment of the invention is shown in which the communication module 200 is detachably
attached to the contactor 10 at the bottom 12B thereof.

CONSTRUCTION FEATURES OF THE CONTROL CIRCUIT BOARD 128

Referring now to FIGS. 6-8 and 10A-10C, the construction features of the control board 128 are described. As
shown best in FIG. 10A, there is provided an input connector CJ1 having terminals 1, 2, 3, 4. Terminal 4 is connected
to system common or ground (hereinafter "ground"). One side each of resistive elements CR28, CR29, CR34, CR35
are also connected to ground. Terminal 4 is designated "C". Terminal 1 is connected to one side of a resistive element
CR1 to one side each of resistive elements CR28, CR34 and to an output designated "3". Terminal 2 is connected to
one side of a resistive element CR2, to aterminal "P", and to one side each of resistive elements CR29, CR35. Terminal
3 is connected to one side of a resistive element CR3, to a terminal "E" and to one side of a varistor element CMV1.
Terminal "E" may have impressed thereupon a control voltage to ground. In one embodiment of the invention that value
may be 120V AC. The other side of resistive element CR1 is connected to one side of capacitive element CC1, and
to terminal CP2 and terminal PC1 of an integrated circuit chip CU1. The construction and operation of chip CU1 will
be described hereinafter. The other side of resistive element CR2 is connected to one side of a capacitive element
CC2 and to terminal CP1 and terminal PCO of chip CU1. The other side of resistive element CR3 is connected to one
side of a capacitive element CC3 and to terminal CPO of chip CU1. The other side of the varistor CMV1 and capacitive
elements CC1, CC2, CC3 are connected to ground. The three-phase sensors designated CL1A, CL1Band CL1C are
connected at one side each thereof to ground and to one side each of resistive elements CR6, CR5 and CR4, respec-
tively. The other side of resistive elements CR4, CR5, CR6 are connected to input terminals MUX2, MUX1, MUXO
respectively of chip CU1. The latter inputs are designated "PHASES3", "PHASE 2" and "PHASE 1", respectively. The
foregoing represents the current sensing arrangement for the system.

Referring now to FIGS. 10B and 10C, there is shown an input connector CJ2 which is externally interconnectable
with the communication module 200, in a manner to be described hereinafter. Terminal 7 of connector CJ2, designated
"BR", is connected to one side of a resistive element CR20 and one side of a resistive element CR32. The other side
of resistive element CR32 is connected to ground. The other side of resistive element CR20 is designated "REMOTE
RESET SENSE" and is connected to the CP3 terminal of the chip CU1. Terminal 6 of connector CJ2 is designated "R"
and is connected to one side of a resistive CR21, the other side of which is connected to terminal PC6 of chip CU1.
This is designated the "LEDOUT" terminal. Chip CU1 may be of the type known as a SURECHIP which is a proprietary
device of the Westinghouse Electric Corporation. The SURECHIP will be described in detail hereinafter. Terminal 2 of
connector CJ2 is designated "CC" and is connected to ground. Terminal 1 of connector CJ2 is designated "VAC" and
is connected to the "E" control voltage as described previously. Terminal 5 of connector CJ2 is designated "DO" for
data out and is connected to the output terminal SDO of the chip CU1. Terminal 4 of connector CJ2 is designated "DI"
for data in and is connected to one side of a resistive element CR24, one side of capacitive elements CC13, and to
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the input terminal SD1 of the chip CU1. The other side of resistive element CR24 and the other side of capacitive
element CC13 are connected to ground. Terminal 3 of the connector CJ2 is designated "CLK" for clock is connected
to one side of resistive element CR33, one side of a capacitive element CC5, and to the SCK terminal of the chip CU1.
This terminal is designated "COMMUNICATIONS SLAVE". The other side of resistive element CR33 and the other
side of capacitor element CC5 are connected to ground.

The terminal PC7 of the chip CU1 is connected to one side of a resistive element CR22 and one side of the switch
CSWa3. The other side of the switch CSW3 is connected to ground. The other side of resistive element CR22 is inter-
connected to have impressed thereupon voltage CVDD, the supply of which will be described hereinafter. Switch CSW3
is a normally open push-button switch. Terminals PAO through PA7 of chip CU1 are connected to separate terminals
of the programming switch CSW2. Each of the terminals PA1 through PA7 is connected to one side of an appropriate
resistive elements CR37 through CR43. The other side of resistive elements CR37 through CR43, respectively, is
connected to voltage source CVDD. Terminal AGND and terminal BSEN of chip CU1 is connected to ground.

Capacitive element CC12 is connected at one side thereof to ground. The other side capacitive element CC12 is
connected to terminal MUX4 of the chip CU1, and to one side of a resistive element CR7. The other side of resistive
element CRY7 is connected to the anode of a diode CCR12 and the cathode of a diode CCR13, as well as one side of
a resistive element CR17, the other side of which is connected to ground. The anode of diode CCR13 is connected to
the anode of a diode CCR11, to the anode of a zener diode CCRS5, to one side of a resistive element CR16, and to the
drain terminal of a field effects transistor CQ4. The cathode of the diode CCR12 is connected to the cathode of a diode
CCR10, to one side of a resistive element CR15, to the cathode of a diode CCR4 to the collector of a transistor CQ3,
and to terminal 1 of a connector CJ3. Connector J3 is interconnected to one side of a solenoid coil COIL SC in the
contactor 10 for control of the armature member or carrier 42 in a manner described previously with respect to the
incorporated-by-reference patent 4,893,102. The other side of the coil COIL SC is connected to terminal 2 of the
connector CJ3. Terminal 7 of connector CJ3 is connected to the source terminal of the field effects transistor CQ4, and
to the anode of diode CCR4. The other side of the resistive element CR15 is connected to the anode of zener diode
element CCR5. The junction point between the resistive element CR15 and the anode of zener diode CCR5 is con-
nected to the collector terminal of an output transistor of a chip CU2. The emitter terminal of the transistor of chip CU2
is connected to one side of a resistive element CR18, one side of a resistive element CR14, the base of transistor
CQa3. The emitter of transistor CQ3 is connected to the gate terminal of the field effect transistor CQ4, to the other side
of the resistive element CR14, and to the other side of the resistive element CR16. The other side of resistive element
CR18 is connected to the base of the transistor element of the chip CU2. The input circuit for the chip CU2 comprises
a light-emitting diode, the anode of which is connected to one side of a resistive element CR26 and the cathode of
which is connected to the system common or ground. The other side of the resistive element CR26 is connected to
receive the signal "FET DRIVE" from the chip CU1. The chip CU2 represents a diode-driven transistor output isolating
device comprising a light-emitting diode as the input and a light-receptive transistor as the output. It essentially acts
as an isolation device.

The anode of the diode CCR10 and the cathode of the diode CCR11 are connected together and to one side of a
resistive element CR44, one side of a capacitive element CC8, one side of a resistive element CR8, and to the control
voltage "E". The other side of the resistive element CR44 and the other side of the capacitive element CC8 are con-
nected to one side of a resistive element CR12 and one side of a resistive element CR46. The other side of resistive
element CR12 and the other side of resistive element CR46 are interconnected together, and the anode of a diode
element CCR2 and regulating terminal of a zener diode CCR1 the cathode of which is connected to ground. The other
side of resistive element CRS8 is connected to the anode of a diode element CCR8, the cathode of which is connected
to one of a resistive element CR9 and to the MUXS3 terminal of the chip CU1. The cathode of the diode CCR2 is
connected to the collector of a transistor CQ1, one side of a resistive element CR47, one side of a capacitive element
CC10, and one side of a resistive element CR13. The other side of resistive element CR13 is connected to one side
of a capacitive element CC14, the VA terminal of the chip CU1, and to the base of transistor CQ1. The other side of
resistive element CR9 is connected to one side of a capacitive element CC86, one side of a resistive element CR10,
the other side of capacitive element CC14, and ground. The other side of capacitive element CC6 is connected to the
MXO terminal of the chip CU1 which internally is connected to an A-to-D converter designated "A/D". The other side
of resistive element CR10 is connected to one side of a resistive element CR11 and to the VADJ terminal of the chip
CU1. The other side of resistive element CR11 is connected to the VREF terminal of the chip CU1. The terminal PD6
of the chip CU1 is designated "LINE MIMIC". The terminal PD7 of the chip CU1 is interconnected with ground and the
GND terminal of the chip CU1. The VDD terminal of the chip CU1 is connected to provide the power supply voltage
VDD as described previously and is connected to the emitter of previously described transistor CQ1, one side of ca-
pacitor CC4, one side of resistive element CR27, and to the IRQ terminal of chip CU1. The other side of capacitive
element CC4 is connected to ground. The other side of resistive element CR27 is connected to one side of a capacitive
element CC7, to the RESN terminal of the chip CU1, and to one input terminal of an integrated circuit CU3. The other
side of resistive element CR47 is connected to the anode of a zener diode CCR3 and to another terminal for the chip
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CUS. The ground terminal of chip CU3, the anode of the zener diode CCRS3, and the other side of the capacitive element
CC7 are connected to ground. Connected between the OS2 and OS1 terminals of the chip CU1 is a resistive element
CR19.

The terminal MUX5 of the chip CU1 is connected to one side of a resistive element R36 and is designated "POWER
DOWN SENSE". Terminal PC4 of the chip CU1 is connected to one side of a resistive element CR30 and is designated
"POWER DOWN SAVE". The other side of resistive element CR30 is connected to the other side of resistive element
CRS36, to one side of a resistive element CR31, and one side of a capacitive element CC11. The other side of capacitive
element CC11 and the other side of resistive element CR31 are connected to ground. Terminal PC2 of chip CU1 is
designated "NC". Terminal PC3 of chip CU1 is designated "RELAY OUT". Terminal PC5 of chip CU1 is designated
FET DRIVE, and as was described previously, is interconnected as an input to one side of a resistive element CR26.

CONSTRUCTION FEATURES OF THE COMMUNICATION MODULE 200

Referring now to FIG. 9 and FIGS. 11A-11D, there is shown a circuit board layout and circuit schematic diagram,
respectively, for the communication module 200, otherwise depicted in FIG. 1. The communication module 200 which
may be otherwise known as a smart minicomputer or PONI "PRODUCT OPERATED NETWORK INTERFACE" may
act as an interface device between a remote personal computer PC and the electrical contactor 10, relay, etc., as the
case may be. In this embodiment of the invention there are provided three rotary switches MSW1, MSW2, MSW3
representing the least significant address, the middle address, and the most significant address, respectively, for ex-
ternal access to the device 10 from a data highway, for example. Inputs MC2, MC5 of each of the aforementioned
switches are grounded. The hexadecimal outputs "1, "2", "4", "8" for each switch, respectively, are provided to INCOM
communication chip MU4 the INCOM chip is proprietary to the Westinghouse Electric Corporation and is further de-
scribed in U.S. Patent 4,644,547, issued February 17, 1987 to L. C. Vercellotti et al. and entitled, "Digital Message
Format for Two-Way Communication and Control Network". In this embodiment of the invention, INCOM chip MU4
operates in the expanded mode slave configuration. For the output of switch MSW1, the "1" output is provided to the
AO input of the chip MU4. The "2" output is provided to the A1 input, the "4" is provided to the A2 input, and the "8" is
provided to the A3 input. In a like manner, for switch MSW2 the "1", "2", "4" "8" outputs are provided to the A4, A5,
A6, A7 inputs of the chip MU4. Finally, for the switch MSW3 the "1", "2", "4", "8" outputs are provided to the A8, A9,
A10, A11 inputs, respectively, of the chip MU4. The RX input and TX output of the communication chip MU4 are con-
nected with complementary inputs and outputs of other portions of the communication module 200 in a manner which
will be described hereinafter. Signal MRX is provided to the RX input and signal MTX comes from the TX output. There
is provided a capacitor element MC1 one side of which is grounded and the other side of which is connected to the
OSC1 input of the chip MU4, one side of a crystal MY 1, and one side of a resistive element MR1. The other side of
the crystal MY 1 and the other side of the resistive element MR1 are connected to the OSC2 input of the communication
chip MU4 and one side of a capacitive element MC4, the other side of which is grounded. The crystal MY1 may, in one
embodiment of the invention, be a 3.6864 MHz crystal. The BUSY output of the communication chip MU4 is connected
tothe PA4 input of a microprocessor MU3. Microprocessor MU3 may be a Motorola chip of the type designated MC6805.
The INT output of the communication chip MU4 is connected to the PA3 input of a microprocessor MUS3. The SERDAT
terminal of the communication chip MU4 is connected to the terminal PA2 of the microprocessor MU3. The SCRCLK
terminal of the communication chip MU4 is connected to the PA1 terminal of the microprocessor MU3 and the R/W
terminal of the communication chip MU4 is connected to the PAO terminal of the microprocessor MU3. The VDD terminal
of the communications chip MU4 is connected to the MVDD power supply voltage from power supply module 202 for
power and to one side of capacitive element MC3. The other side of the capacitive element MC3 is connected to
ground. The terminal PBO of the microprocessor MUS is connected to one side of a resistive element MR19 and one
side of a resistive element MR20. The other side of the resistive element MR19 is connected to ground and the other
side of the resistive element MR20 is connected to the MVDD voltage. All of the following terminals in the microproc-
essor MU3 are connected to ground PA7, PAS, PA5, PB3, PB4, PB5, PB6, PB7, VSS, PC7, PC6, PC5, PC4, PC3,
PC2, PC1, PCO. The following terminals of the microprocessor MU3 are connected together, to one side of a capacitive
element MC12, and to the MVDD power supply voltage: VPP, IRQ, VDD, TCAP, PD7, SS, RD1. The RESET terminal
of the microprocessor MU3 is connected to receive a RESET signal from power supply module 202 in a manner to be
described hereinafter. There is provided a capacitive element MC11, one side of which is connected to or ground, and
the other side of which is connected to one side of a crystal MY3, one side of a resistive element MRS, and to the
OSC1 terminal of the microprocessor MU3. The other side of the crystal MY 3, the other side of the resistive element
MRS, and one side of a capacitive element MC5 are connected to the OSC2 input terminal of the microprocessor MU3.
The other side of the capacitive element MC5 is connected to system common or ground. Terminals TCMP and TDO
of microprocessor MU3 are not externally connected. The SCK terminal of the microprocessor MU3 is connected to
one side of a resistive element MR7. The MOSI terminal of the microprocessor MUS3 is connected to one side of a
resistive element MR5. The MISO terminal of the microprocessor MU3 is connected to one side of a resistive element
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MR8 and one side of a resistive element MR4, the other side of which is grounded. The other side of the resistive
elements MR5, MR7, MR8 are connected to the DO, CLK, DI terminals of a connector MJ2.

INPUT NETWORK 201

Referring specifically to FIG. 11D, there is provided an input network for module 200 which includes an input port
or connector MP2. Terminal 1 of input connector MP2 is connected to one side of a resistive element MR9 and one
side of a capacitive element MC9. The input terminal 1 of the connector MP2 is designated "COMM IN". The other side
of capacitive element MC9, and the other side of resistive element MR9 are connected to one side of a first primary
winding MP1 of a transformer MT1. Terminal 2 of connector MP2 is connected to the other terminal of the transformer
winding MP1 of the transformer MT1. Terminal 2 of connector MP2 is designated "COMM OUT". The secondary wind-
ings of the transformer MT1 are designated MS1 and MS2. Connected in parallel across the secondary winding MS1
are resistive element MR10 and a capacitive element MC10. Connected to the high side of the capacitive element
MC10 is a voltage MVU which is provided from a power supply which will be described hereinafter. Connected to one
side of the secondary winding MS2 is one side of a resistive element MR11, the other side of which is connected to
the anode of a diode MCRS3. The cathode of the diode MCRS3 is connected to the other side of the transformer secondary
winding MS2. Connected in parallel with a diode MCRS3 is a second diode MCR4 connected in an anode-to-cathode,
cathode-to-anode relationship. Connected to the anode of the diode MCR3 is one side of a resistive element MR12
and one side of a resistive element MR13. The other side of a resistive element MR12 is connected to the positive
input terminal of a isolating comparator MU1A. The negative input terminal of the comparator MU1A, the anode of the
diode MCR4, and the cathode of the diode MCRS3 are connected to ground. The other side of the resistive element
MR13 is connected to the output of the comparator MU1A and to one side of a resistive element MR15. The output of
the comparator MU1A provides the MRX signal for the chip MU4 as described previously. The other side of the resistive
element MR15 is connected to one side of a resistive element MR16, one side of a resistive element MR18, and to
voltage MVDD. The other side of the resistive element MR16 is connected to the positive input terminal of a comparator
MU1B and to one side of a resistive element MR17. The negative terminal of the comparator MU1B receives the MTX
output signal from the chip MU4 as described previously. The comparator MU1B is interconnected with the voltage
source MVU from power supply 202 and with ground in an appropriate manner. The output of the comparator MU1B
is connected to the other side of the resistive element MR 18 and to the gate of a Field Effect Transistor (FET) device
MQ1. The drain of the transistor device MQ1 is connected to ground as is the other side of the resistive element MR17.
The source of the transistor device MQ1 is connected to one side of a resistive element MR14, the other side of which
is connected to the cathode of a light-emitting diode MLED1, the anode of which is connected to common terminal
between the previously described resistive element MR10, and capacitive element MC10.

POWER SUPPLY CIRCUIT 202

Referring specifically to FIGS. 11Band 11C, there is shown connected to the MJ2 connector a conductor designated
VAC which is provided to the anode of a diode MCR1. The cathode of the diode MCR1 is connected to one side of a
resistive element MRG6, one side of a resistive element MR25, one side of a resistive element MR22, one side of a
resistive element MR23, one side of a resistive element MR24, and one side of a resistive element MR26. The other
side of resistive element MR6 is connected to one side of a resistive element MR21, the cathode of a zener diode
MCRZ2, the other side of resistive element MR25, and the terminal IN of a RESET MU6. RESET device MU6 and
RESET device MU2 to be described hereinafter may be Motorola devices designated MC34064. Terminal RST of
RESET device MUB is connected to the other side of resistive element MR22 and to the gate terminal of a transistor
MQ2. Elements MR22, MR25, MCR2, MCR5, MQ2 and MUG6 form a voltage sensing and switching means as described
hereinafter. The drain terminal of the transistor MQ2 is connected to the other side of the resistive element MR23, the
gate terminal or control of a FET MQS, the cathode or regulating terminal of the zener diode MCRB, and the cathode
or regulating terminal of a zener diode MCR5. The other side of resistive elements MR24, MR26 are connected together
and to the drain or input terminal of the FET MQS3. The source or output terminal of the transistor MQS3 is connected
to the anode of the zener diode MCR6 and the anode of a diode MCR7. The cathode of the diode MCR7 is connected
to one side of a capacitive element MC6 and to provide the output voltage MVU. There is provided a voltage regulator
MUS5, the VIN input terminal of which is also connected the voltage MVU. There is a "+5" terminal for the device MU5
which is connected to one side of a resistive element MR2 and the IN terminal of a RESET device MU2. This later
terminal provides the voltage MVDD. The RST terminal of the device MUZ2 is connected to the other side of the resistive
element MR2, to one side of a capacitive element MC13, and to the previously described RESET terminal of the
microprocessor MU3 for providing a RESET signal thereto connected. Four terminals designated GND on the device
MUS are connected to ground. In a like manner, the other side of resistive element MR21, the anode of the zener diode
MCR2, the GND terminal of the device MUBG, the drain of the transistor element MQ2, the anode of the zener diode
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MCRS5, the other side of the capacitive element MC6, the other side of the capacitive element MC13, and the GND
terminal of the device MU2 are connected to ground.

OPERATION

Referring to FIGS. 10A and 10B, explanation of the operation of the preferred embodiment of the invention is
begun. Terminal 4 otherwise designated "C" of connector CJ1 is internally connected to ground. This terminal is inter-
connected externally with the user's ground. Connected to terminal 1 externally of connector CJ1 is a customer's
pushbutton or similar initiating device which provides the output signal "3" which is indicative of a start operation. This
is supplied to terminal CP2 of chip CU1 in order to begin operation. Connected externally to terminal 2 of terminal CJ1
is a "P" signal which is indicative that it is "permissible" to utilize the contactor circuit. This may be referred to as an
ENABLE signal which is supplied by the user. Finally, connected to terminal 3 is the user's control voltage which, in a
preferred embodiment of the invention, may be 120V AC. This latter voltage is designated "E". Varistor CMV1 operates
in conjunction with filter network CR3, CC3 to provide the control signal "E". Resistors CR29, CR35 operating in parallel
cooperate with resistor CR2 and capacitor CC2 provide the filtered signal "P". Resistive elements CR34, CR28 oper-
ating in conjunction with resistive element CR1 and capacitive element CC1 provide a filtered input for the "START"
signal. The "START" signal is supplied to the chip CU1 by way of voltage divider CR1, CC1, to the CP2, PC1 inputs
of the microprocessor CU1, to indicate a start operation is to begin. Enable or permission signal "P" is supplied to the
microprocessor CU1 by way of the voltage divider created by the resistive elements CR2, CC2 and provides an input
signal to terminals CP1 and PCO of the chip CU1 to indicate that it is permissive to utilize the chip.

With attention to FIG. 10B, a method for closing and opening the contacts of the contactor 10 is taught. In particular
there is provided, as is shown in FIG. 3 for example, the coil COIL SC for moving the member 42 for thus causing the
bridging member 44 to move in such a direction as to cause the contacts 22, 26, 46, 48 to close in the manner described
previously, or to open in the manner described previously, depending upon where energy is supplied to the coil COIL
CS or not. Energy may be supplied to the coil COIL CS in any convenient controllable fashion, but in a preferred
embodiment of the invention it is provided by way of interconnection with the control voltage "E" as actuated by a signal
designated FETDRIVE going positive as a function of action within the chip CU1. The diodes CCR10, CCR11, CCR12,
CCR13 provide a full-wave bridge rectifier for the AC voltage "E" as interconnected between terminal 3 and terminal
4 of connector CJ1. This voltage is impressed across the combination of the resistive element CR15 and the zener
diode CCR5 to provide a controlled voltage for the collector of the output of the transistor of the optocouple transistor
network CU2. Normally, if the FETDRIVE signal is zero, the diode portion of the optocoupler or input circuit thereof
remains unenergized, and the transistor output allows the base of the transistor CQ3 to assume a sufficient value of
current and voltage to allow the base of the transistor CQ4 to place transistor CQ4 in an open circuit disposition between
the collector and emitter thereof. However, if the FETDRIVE output signal is present, the diode of the optocoupler CU2
is energized, thus providing energizing light to the base of the transistor output thereof, thus causing the transistor
CQ8 to conduct in such a manner as to cause the transistor CQ4 to assume a short circuit disposition between the
emitter and collector thereof, thus providing the full voltage "E" between the terminals 1 and 2 of the connector CJ3
and across the diode CCR4. This causes the coil COIL CS to conduct electrical current, thus causing the contacts of
the aforementioned contactor to close, thus providing a path for current through the aforementioned contactor.

Referring to FIGS. 10B, 10A, it will be noted that the presence of the voltage "E" will cause the voltage divider-
filter represented by the resistive element CR3, and capacitive element CC3 to provide an input signal to the CPO
input of the chip CU1 by way of conductor LINE SENSE, thus indicating that line voltage is present and that any
operation within the chip CU1 or outside thereof which depends upon the presence of that voltage is allowable. In a
like manner, resistive element CR17 will conduct some of the current which flows through the coil COIL SC when the
coil is energized, thus providing an input indication back by way of the COIL | SENSE line to the filter represented by
resistive element CR7 and capacitive element CC12. The midpoint of this filter element is interconnected with the
MUX4 input terminal of the chip CU1, thus indicating that current is flowing in the coil, thus providing an implied input
that the contactor contacts are closed.

Coils CL1A, CL1B, CL1C are interconnected at one end thereof to ground. These coils sense phase current flowing
in phases A, B, C, or 1, 2, 3, as the case may be, of a three-phase electrical power system which is interconnected
connected with the contacts of the aforementioned These coils provide analog current information to the chip CU1 by
way of input terminals MUX0, MUX1, MUX2 for PHASES 1, 2, 3, respectively.

In order to generate the voltage +VU1, it is necessary to take the 120V control voltage "E" and capacitively couple
it to generate the appropriate voltage. Capacitor CC8 performs this function. The resistive element CR44 is a discharge
resistor which will discharge the capacitor CC8 in the event of a loss of power. Resistive element CR12 and resistive
element CR46 together act as a parallel current-limiting resistive network. Zener diode CCR1 clips the voltage to a
usable value which in the preferred embodiment of the invention is approximately 15V. Diode CCR2 is a half-wave
rectifier and resistive element CR13 and capacitive element CC10 act as a filter. Capacitive element CC10 is a charge

12



10

15

20

25

30

35

40

45

50

55

EP 0 493 003 B1

filter. The voltage +VU1 is therefore generated at the junction point between the resistive element CR13 and capacitive
element CC10. Voltage +VU1 then cooperates with resistive element CR13 in combination with capacitive element
CC14 and transistor CQ1 to create a 5V power supply. This value is designated CVDD and it exists at the emitter of
transistor Q1 and is supplied to the CVDD terminal of the chip CU1. Voltage CVDD cooperates with capacitive element
CC4 and resistive element CR27 to create a RESET network. This RESET network cooperates with the RESN input
terminal of the chip CU1. If the voltage VDD becomes noisy, thus creating a possibility that the chip CU1 will operate
in an erratic manner, the RESET network will reset the chip CU1 at terminal RESN. Element CU3 is part of an under-
voltage reset. If the voltage CVDD is above 4.5V, it will operate to pull the voltage up toward 5V at the top of capacitive
element CC7. If voltage VDD is below 4.5V, the chip CU1 will be reset by way of the reset network RESN. Zener diode
CCRS3 protects the input to the regulator circuit CU3 so that the voltage impressed thereacross does not get larger
than a predetermined value which, in a one embodiment of the invention, is about 5.6V. Resistive element CR19 which
is interconnected with terminals OS1, OS2 of the chip CU1 sets the frequency at which chip CU1 oscillates. Resistive
elements CR10, CR11 form atrim circuit which is utilized to set the VADJ (V adjust) and VREF (V reference) capabilities
of the chip CU1. In one embodiment of the invention, resistive elements CR10, CR11 are not adjustable.

Referring now to FIG. 10C, the power-down circuit will be described. An amount of electrical charge is stored in
capacitive element CC1 that is in proportion to the amount of heat in the motor controlled by the contactor or motor
control device 10. There is stored internally in the chip CU1 a model for what the heat of the motor will be as a function
of input variables such as motor current. The electrical charge is supplied by way of terminal PC4. There is also provided
a POWER DOWN SENSE line which is connected to terminal MUX5 of chip CU1. It utilizes the voltage on capacitor
C11 to decide how hot the motor was when power was lost. There is also provided a REMOTE RESET SENSE line in
which resistive element CR20 and resistive element CR32 cooperate with the RR signal on terminal 7 of connector
CJ2. These, in conjunction with resistive element R21, can provide a remote electrical reset and indication. Switch
element CSWa3 is a reset switch. When the contactor 10 has been tripped and switch CSW3 is actuated, the entire
unit will be reset and be prepared to run again. Capacitive element CC13 and resistive element CR24 act as a noise
filter for the communications channel or terminal designated DI. Likewise, resistive elements CR23, CR33 and capac-
itive element CC5 act as a noise filter for the clock channel CLK. Switch CSW2 in conjunction with its various terminals
and the associated pulldown resistive resistors CR37 through CR43 is an option setting switch, whereby the user can
throw certain parts of the switch to indicate heater settings, motor size, etc for programming chip CU1.

Referring now to FIGS. 11A-11D, the operation of the communications module 200 will be described. In particular,
there is provided a connector MP2 which represents the first stage of the input network 201 for the communications
device 200. Connector MP2 is interconnectable with a communications interface CONI "computer operated network
interface" in a remote personal computer PC in a manner which will described hereinafter. Terminal 1 of connector
MP2 interconnects with the line designated COMM IN which feeds through the capacitive element MC9 and a resistive
element MR9, which operate as afilter. There is provided transformer MT1 having the one side of the primary winding
MP1 thereof connected to COMM IN line and the other side thereof connected to the COMM OUT line which, in turn,
is connected to terminal 1 of connector MP2. The pair of secondaries MS1, MS2 for transformer CT1 interact with the
remaining part of the communications module 200. Resistive element MR11 is a current-limiting element and diodes
MCRS3, MCR4 are clipping diodes. The result of the action of the clipping diodes MCR3, MCR4 is to take the AC signal
which is provided by the secondary winding MS2 of the transformer MT1 and clip the voltage to near zero in both the
positive and negative direction. Resistive element MR12 feeds the positive terminal of the comparator MU1A, the
negative terminal of which is grounded. The output terminal of the comparator MU1 A provides the output signal MRX.
Comparator MU1A basically operates as a squaring device, which ensures that the signal MRX has an acceptable
square wave shape. Resistive element MR 13 provides hysteresis for the comparator MU1A so that it does not oscillate
about a single value. Resistive element MR15 is a pull-up resistor; that is because the output of the comparator MU1A
is of the open collector variety. There is also provided a similar comparator MU1B which has available to the negative
terminal thereof the signal MTX, which will be described more fully hereinafter. Signal MTX is eithera 5V or a OV signal.
Resistive elements MR16, MR17 are bias resistors which place a bias of approximately 2.5V on the positive terminal
of the comparator MU1B. Resistive element MR18 is a pull-up resistor similar to resistive element MR15. When the
output of the comparator MU1B is high or at a digital 1, the field effects transistor MQ1 is energized or turned on, thus
drawing electrical current through current-limiting resistive element MR14, and through the light-emitting diode element
MLED1. Energization of the light-emitting diode element MLED1 is an indication to the user that the entire unit is, in
fact, in a transmitting mode. Resistive element MR10 and capacitive element MC10 merely act in combination as a
noise filter. Field effects transistor MQ1 is an oscillating device, and when it is turned on it provides an oscillating AC
signal which generates a signal across the transistor secondary MS1 for application to the communications network
represented by the lines COMM IN and COMM OUT. This is true even though the signal MTX is an ON/OFF type DC
signal. Consequently, element MQ1, which may be a metal oxide FET transformer is a modulator. On the other hand,
the operation of the input circuit represented by resistive element MR11, diodes MCR3, MCR4 and resistive elements
MR12, MR13, MR15 and comparator MU1A act as a demodulator network.
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Attention is now called to the rotary switches MSW1, MSW2, MSW3 of FIG. 11A. Basically, these switches provide
address information for the entire network. It does this by providing a digital code to the INCOM chip MU4. Once the
INCOM chip MU4 has its address, when a signal MRX is delivered to the INCOM chip MU4 by way of the input network
201 previously described, the INCOM chip MU4 scans the address information provided in part of the transmission
from terminal MRX and decides whether the INCOM chip has been properly addressed or not. If the INCOM chip has
been properly addressed in compliance with the address information provided by the switches MSW1 through MSW3,
the INCOM chip MU4 will operate to receive further information from the communication network and provide useful
functions such as motor starting. Obviously, address information is provided from the switches MSW1 through MSW3
by way of the twelve lines interconnected with the input terminals AO through A11 of the INCOM chip MU4. The RX
and TX terminals which interconnect with the MRX and MTX signals, respectively, of the input circuit 201 as described
previously are shown on the INCOM chip MU4. INCOM chip terminals OSC1 and OSC2 are interconnected with a
well-known oscillator circuit arrangement comprising capacitive elements MC1, MC4, resistive element MR1, and crys-
tal MY 1. Capacitive element MC3 which is interconnected between ground and the combination of the input terminal
VDD and the power supply voltage CVDD is merely a bypass capacitor. Resistive elements CR19, CR20 provide a
voltage divider between ground and voltage VDD. The voltage divider point of the latter network is connected to the
PBO input of the microprocessor MUS3 for the purpose of preventing a user from effectuating commands into the mi-
croprocessor CU3, which are undesirable. It is therefore a disabler of certain microprocessor commands.

Referring additionally to FIG. 11B, terminals PAO through PA4 of the microprocessor MU3 are interconnected with
the R/W, SCRCLK, SERDAT, INT, and BUSY terminals of the INCOM chip MU4, respectively. Terminals BUSY and
INT provide information to the microprocessor MU3, the BUSY terminal telling the microprocessor when not to com-
municate with the INCOM chip and the remainder of the communications network under certain circumstances and
the INT terminal telling the microprocessor when to communicate. Terminal R/W is a READ/WRITE terminal whereby
the INCOM chip MU4 is alerted whether it is to write information to the microprocessor MU3 by way of the serial data
line SERDAT or to read information from the microprocessor MU3 by way of the serial data line SCRDAT. The serial
clock line SCRCLK is a pulsing or clocking network for the INCOM chip MU4 under the command of the microprocessor
MUS. Basically, data provided to the INCOM chip MU4 by way of the input terminal RX or taken from the input chip
MUA4 by way of the output terminal TX is transmitted back and forth by way of this serial data line SCRDAT to and from
the microprocessor MU3. Consequently, INCOM data from the external personal computer PC which comes into the
input network 201 by way of connector MP2 is properly demodulated and sent to the INCOM chip MU4 by way of
terminal RX, and fed from the INCOM chip MU4 to the microprocessor MU3 by way of the serial data line SERDAT.
Outgoing digital information from the microprocessor MU3 traverses the serial data line SCRDAT in the opposite di-
rection, is routed by way of the INCOM chip CU4 to the terminal TX, and thence to the input network 201 where it is
modulated and provided to the personal computer PC as an output by way of the connector MP2. The terminals SCK,
MOSI, MISO of microprocessor MU3 are interconnected to the connector MJ2 and from there to complementary ter-
minals on the connector CJ2 of the electronic circuit board 128 as described previously with respect to FIG. 10C, the
complementary terminals being shown to the extreme right on FIG. 10C. The aforementioned connectors MJ2 and
CJ2, and the lines or cables connected therebetween, represents the main communication path between the micro-
processor MU3 and the chip CU1. The clock signal which is provided by way of terminal SCK to line CLK for terminal
MJ2 is always generated in the microprocessor MU3. Consequently, the microprocessor MU3 represents a master and
the chip CU1 represents a slave as far as the clock signal CLK is concerned. Data is transferred back and forth between
microprocessor MU3 (master) and chip CU1 (slave) by the MOSI (master out/slave in) line, and the MISO (master in/
slave out) line, or terminals of the microprocessor MU3.

POWER SUPPLY 202

Referring specifically to FIGS. 11C and 13A-13C, a pseudo switching power supply 202 is taught. In particular, AC
power is delivered to the power supply 202 by way of the connector MJ2 at terminals 1, 2 thereof (see FIG. 11B). The
AC power is delivered between the lines VAC and CC from complementary lines on terminal 1 and 3 of connector CJ2.
One of the advantages of the present invention lies in the fact that the AC voltage applied as described may range
from a very low value to as high as 200V. The AC voltage is voltage "E" as shown in FIGS. 10A and 10C. Diode element
MCR1 half-wave rectifies the input voltage as shown at Point 202A and in waveform 202A in FIG. 13A. In one embod-
iment of the invention it is desirable to produce 24V as an output voltage MVU, and therefore the 24V line is shown in
FIG. 13A although that is not limiting. In the present embodiment of the invention, resistive elements MR6, MR21 are
chosen to produce the ultimate voltage wave shape at MVU as depicted in FIG. 13C. Zener diode element MCR2 clips
the voltage between resistive elements MR25 and MR21 at 5.6V to protect the low voltage reset device MU6 to thus
limit the input voltage on terminal IN thereof to no more than 5.6V. Resistive element MR25 is a current-limiting resistor.
Device MUS is a "low voltage" reset device which may be of the kind designated as Motorola MC34064. The low voltage
reset device MUB is such that if the voltage on the input terminal IN thereof, relative to ground, is below 4.5V, the reset
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output terminal RST produces a zero output voltage to ground; whereas, on the other hand, if the voltage on the input
terminal is above 4.5V, the reset output terminal RST produces approximately 4.5V to ground. Resistive element MR22
is a pull-down resistor element because device MUG operates in the open collector mode. Field effects transistor device
MQ2 acts as an inverter producing a signal opposite to the one at the RST output terminal of the device MU6. The
voltage between the Drain and Source of transistor MQ2 oscillates or changes between zero and 15V DC. The 15V
output is determined by the zener diode device MCR6. Field effects transistor device MQ3 acts as a series switch
relative to the voltage produced at the cathode of the diode MCR1, i.e., the voltage at point 202A. The output voltage
will be allowed to be imposed upon the source of field effects transistor MQ3 until a value of 24V is attained. At that
point the action of the transistor MUB, MQ2 will cause the conduction path between the drain and the source of the
field effects transistor MQ3 to open. The voltage at the drain will drop instantaneously to zero. This is shown as the
voltage at point 203A in FIGS. 11C and 13. Diode MCR7 and capacitive element MC6 act as a filter so that the output
voltage MVU at point 204A in FIGS. 11C and 13 is shown as a rather poorly regulated voltage MVU, which is approx-
imately 24V. It is necessary to regulate this latter voltage to produce the value MVDD, which is a highly regulated 5V
DC value in this embodiment of the invention. In order to accomplish that, a 5V regulator device MU5 is utilized. With
the voltage wave shape MVU imposed on the "VIN" terminal of Device MUS5, the output voltage at the "+5" terminal
thereof is the highly regulated 5V DC value MVDD as shown.

The operation of the power supply circuit 202 is as follows. At the beginning of the Region |, switch VSSM is on
and diode MCR?7 is conducting. The half wave rectified voltage is above zero but less than 24V and is increasing
towards 24V. Output voltage +MVU at .204A follows the rectified voltage VREC shown in FIG. 13A which exists at .
202A. At the end of Region |, the half wave rectified voltage VREC reaches 24V and turns switch VSSM off. This
immediately drops the voltage on the anode of the diode MCR7 to zero which causes that diode to cease conducting.
During the period Il, the switch VSSM is off and the diode MCR7 is nonconducting. The voltage +MVU is determined
by the discharge characteristic of the capacitor MC6 discharging through the remainder of the circuit connected to the
power supply terminal +MVU. This continues until the end of Region I, when the half wave rectifier voltage VREC
shown in FIG. 13 drops below 24V. When this happens, switch VSSM immediately turns on, however, the diode MCR7
remains in a nonconducting state as the voltage on the anode thereof is less than the voltage on the cathode thereof
which is represented by the decay characteristic of the capacitor MC6 as was described previously. It will be noted
that the voltage on the anode of the diode decreases rapidly towards zero during Region Il as it follows the wave
shape VREC. The voltage on the cathode of the diode MCRY is also decreasing but not as fast as the voltage on the
anode. At the beginning of Region |V the capacitive element continues its discharge because the switch VSSM though
still in a conducting or on state allows voltage to be impressed on the anode of the diode MCR7 which is increasing
but nevertheless still less than the discharge voltage of the capacitor MC6. The end of Region IV is defined as that
point where the increasing voltage VREC equals the decreasing voltage of the capacitive element MC6 in which case
the cycle begins once again. Note that once the output voltage approaches the switch control voltage, the switch is
automatically turned off, even if the voltage sense circuit has not been activated. This has the advantage of blocking
the higher input voltages when charging and allowing the circuit to continue to conduct if not fully charged. It also acts
as an internal phase angle controller.

Low voltage reset MU2, resistive element MR2, and capacitive element MC13 produce the signal RESET for
microprocessor MU3. In particular, as long as the voltage across the resistive element MR2, which is connected across
the IN-to-RST terminals of the device MU2, is above 4.5V, the RESET wave shape will be at OV. However, if the latter-
mentioned voltage across the resistive element R2 drops below 4.5V, the RESET value will step to a high value, which
be sufficient to reset the microprocessor MU3. This will occur as a result of a voltage loss on the power supply 202
which would cause the activity of the microprocessor MU3 to no longer be considered reliable.

CALIBRATION TECHNIQUE

Referring now to FIGS. 10A-10C, 11A, 11B, 11D, 12, 14 and 15, the process for calculating a digital calibration
factor for the electrical device 10 is described. In particular, the chip CU1 operating in conjunction with the remainder
of the circuits of FIGS. 10, 11, senses an electrical variable such as but not limited to an electrical current |AIN by way
of current sensors CL1A, CL1B, or CL1C, and provides that current to the chip CU1 by way of input terminals MUXO,
MUX1, and MUX2, respectively. Sequentially, those input terminals are supplied by terminal MUXS3 to an integrating
capacitor or integrator CC6 for producing a voltage representative of the currents in each case. That voltage is then
sequentially provided to an A/D converter through terminal MXO and thence to memory locations |AO, IA1, IBO, IB1,
ICO, IC1, in the chip CU1 for phase currents A, B, C, respectively.

Key elements of the process include an adjustable current source PCS and product hardware including analog
signal processing circuitry and a synchronous bidirectional serial communication link to an external computer PC (prod-
uct serves as "master" for link).

The procedure assumes that the product microprocessor CU1 utilizes a gain correction factor for each analog
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input which is used to adjust the digitally processed values derived from the A/D converter output. Also it is assumed
that for a time based calibration that the processor CU1 utilizes a timer "tick" derived from a programmable timer. The
timer consists of a free running counter and an output compare register. Whenever a timer interrupt occurs, corre-
sponding to the counter value equalling the compare register contents, the register is reloaded with the value required
to produce the next equally spaced timer interrupt. The computation of this reload value involves a timer correction
factor which can be used to adjust the time between timer interrupts. This can be used to correct for oscillator variations
due to the use of an RC oscillator rather than a crystal.

Referring to FIG. 12 specifically, it is recognized that for an ideal system, the actual current sensed |AIN in this
case should equal the current as derived or interpreted by the chip CU1; IOUT in this case. In an ideal situation a graph
representing the relationship between |AIN and |[AOUT for equal scales on both ordinates should be a straight line at
a 45° angular offset from the horizontal axis; that merely says that for any particular value of input current |AIN chosen,
the output current IAOUT or derived current utilized in the microprocessor CU1 should be exactly the same. On the
curve depicted in FIG. 12, that means that the angle j should be 45° and the offset OS should be zero. Therefore, the
line designated AGC (assumed gain correction) should represent a slope of "1", which means that, as was stated
previously, the input current will equal the output current. However, it is well recognized that the gain correction may
not be ideal and, furthermore, offsets may exist. In this embodiment of the invention no correction is made for the offset
OS. However, correction is made for gain error. This means that if, in actuality, the output current IAOUT does not
equal the input current lAIN but rather is related to the input current IAIN by the straight line designated ACT (for actual
current measurement), for example, that a gain correction can be made, which ignores offset OS but which nevertheless
places the corrected line COU at a relationship of j = 45° with respect to the horizontal axis of the graph of FIG. 12.
This corrected output utilizes the generation or calculation of digital gain correction factors in this embodiment of the
invention.

In order to calculate gain correction factors for electrical current, a remote personal computer PC designated PC
may be interconnected with terminal MP2 by way of a twisted pair of conductors TP. The remote personal computer
PC may be interconnected by way of a CONI card or module. A precision current source PCS is utilized to provide
precision known currents in the lines A, B, C, which are measured or monitored by the current sensors CL1A, CL1B,
CL1GC, respectively. The precision currents generated by the precision current source PCS are also made available to
the personal computer PC and is stored as a value in a memory portion thereof.

Referring now to FIG. 14, the flow chart designated thermal (THER) is provided as part of the microprocessor
control for the contactor of FIGS. 10. For purposes of simplicity of illustration, the phase correction and calibration will
be described only with respect to one current which, in this embodiment of the invention, is arbitrarily chosen to be
current IAIN. It is to be understood that correction and calculation with respect to gain correction factors for other circuit
variables follow the same process. As indicated by block TH10, the first operation is to place the "pointer" of the mi-
croprocessor of the chip CU1 to a phase that has been uncorrected, which in this embodiment of the invention will be
identified as the current contained in the 2-byte location |AQ, |1A1 for phase A. Each byte has eight bits of information
stored therein. This information represents a derived electrical value. According to block TH20, these two bytes of
data are then placed by the microprocessor portion of the chip CU1 into the TEMPO, TEMP1 random access memory
locations. According to block TH3O, the microprocessor then acquires corresponding correction constants such as
ACAL from the calibration factor memory region or EEPROM and places those correction constants or factors into
memory locations TEMP2 and TEMPA3. It is understood that how the correction constants are derived has not yet been
fully explained, but will be explained in detail with respect to FIG. 14. In the equation Y = MX + B for the lines of FIG.
12, M represents the slope or angle j for the various curves AGC, ACT, and COU. The offset OS as represented by
the symbol B in the above equation is ignored in this embodiment of the invention. The correction constant adjusts the
slope M. According to block TH40, the information stored in bytes TEMPO, TEMP1 is multiplied by the information
stored in the bytes TEMP2, TEMP3 to produce the results I2RESULT. This is done by a subroutine designated "MUL2".
The product of the multiplication is stored in the random access memory in locations 12RESULTO, 12RESULTT,
I2RESULT2, and I2RESULTS, as indicated by block TH40. The product is a 4-byte number. As is indicated in block
THS50, it is necessary to correct for the decimal point by rotating to the left the bytes I2RESULT 0, 1, 2, 3 one time. This
effectively places the decimal point in the correct place. In essence it means to move the decimal point one binary
place to the left. And then, as indicated by block TH60, the I2RESULT 2, 3 bytes are placed back to where the phase
current was found in the first place, which are locations |1AQ, IA1. This is equivalent of placing the most significant digits
of the I2RESULT information into memory. The new information in the locations |AO, IA1 now represents corrected or
derived out current or the current designated |AOUT in FIG. 12. The correction which has taken place has been one
of slope correction rather than offset correction.

Referringnowto FIG. 14aswellas FIGS. 10C, 11D, 12, the flow chart CALIBRATE for loading 2-byte gain correction
information into locations ACAL, BCAL, and CCAL of the EEPROM of the chip CU1 is described. In this embodiment
of the invention and for purposes of simplicity, only the calculation of the ACAL set of bytes is described. ACAL is a
2-byte, 8-bit per byte, word. In order to arrive at the word, the personal computer PC downloads by way of the apparatus
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of FIGS. 10, 11 into the contactor 10. The personal computer PC instructs the chip CU1 to place the binary number
1.000000 into the ACAL location. This is a starting point, and this is depicted in calibrate flow chart CAL. The loading
is specifically depicted in block CAL10. The personal computer PC is then utilized, as indicated at block CAL20, to
start the contactor 10 in such a manner that the contacts 22, 26, 44 and 46 thereof are closed, or at least it appears
to the chip CU1 that the contacts are closed. At this point, as indicated at block CAL30, a known precise current or a
first value of an input electrical variable is placed by way of the precision current source PCS through each of the three
phases A, B, C of the contactor 10, as the case may be, so that the sensing devices CL1A, CL1B, CL1C, operate in
the manner previously described to sense the input electrical variable (current) to thus place derived input current
information in the random access memory in locations 1AO, |A1, IBO, IB1, ICO, IC1, respectively. According to block
CALA40, the stored phase or derived currents are then read back or communicated to the personal computer PC in the
manner described previously. According to block CAL40, this may be done by a sampling technique in which phase
currents are sensed, stored, and read back to the personal computer PC a multiple number of times, which, in a
preferred embodiment of the invention, may be ten times, to provide an accumulated value of phase current in the
personal computer, which is then divided by the number of entries, which in this case is ten, to provide an average
value of phase current. This is done according to block CAL50. At this point it is important to recognize that the calibration
factor is "1", so that the data that has been read back to personal computer PC is uncorrected data indicative of what
the entire system represented by FIGS. 10C, 10D interpret the precision currents IA, IB, IC, to be. For instance, in a
preferred embodiment of the invention, current |A, IB, IC may be 5-ampere root mean square (RMS) current, and yet
when read back to the programmable controller PC one may appear to be 4.997 amperes, indicating an error of .003
ampere caused by error in the various elements shown in FIGS. 10C, 10D. It is interesting to note at this point that the
actual current, though being 5 amps, is derived by the system or interpreted thereby as being only 4.997 amps by the
apparatus of FIGS. 10C, 10D. It is also important to recognize, and it is an important part of the present invention, that
regardless of the value sensed by the personal computer, i.e., 4.997 amperes, the actual value being measured is 5
amperes, and therefore the interpreted or derived value of 4.997 amperes really represent 5 amperes. The personal
computer PC then takes these average samples and compares them against the known expected value, which is 5
amperes. The personal computer PC then calculates the calibration factor according to the relationship: the calibration
factor equals the first value of input electrical current divided by the first derived value. For example, in the personal
computer PC the expected or first value of 5 amperes is divided by the actual or derived value of 4.997 to produce a
correction constant 1.006; this is done according to block CALB0. Blocks CAL70, CALS8O digitally manipulate the data
to place it in a proper form for being resubmitted or communicated to the calibration factor memory of the chip CU1
for digital placement therein. Block CAL90 indicates that the correction constant should be downloaded into the cor-
responding locations in the contactor EEPROM memory. This is a memory which is nonvolatile, and once values are
stored or "locked" therein they cannot be easily removed. Consequently, once the device in question has been calibrated
at the factory and the proper calibration values have been loaded into the EEPROM memory, the customer/user cannot
inadvertently erase the valuable calibration data. This information is stored in the ACAL, BCAL, CCAL locations in the
EEPROM memory. As is shown in block CAL95, the personal computer PC interrogates the EEPROM to verify that
the values which were downloaded are correct. At this point the calibration procedure has been completed. It will be
noted by referring again to FIG. 14, block TH30, that when the chip CU1 is instructed to acquire the corresponding
correction constants and place them in RAM locations TEMP2,3, for example, it is the corrected calibration values
ACAL, BCAL and CCAL which are placed into the TEMP2,3 locations. Consequently, when device 10 performs its
useful function, the appropriate derived value will be effected by the calibration factor.

Referring once again to FIGS. 10, 11, the path of communication between the personal computer PC and the
memories of the chip CU1 is described. In particular, information travels from the personal computer PC to the memories
of the sure chip CU1 in the following manner: Information travels down the twisted pair TP to the connector MP2 in the
form of zeroes and ones represented by modulated high frequency AC signals from whence the information is provided
by way of the transformer MT1 to the demodulator represented by the circuitry associated with the comparator MU1A,
to then be provided as a series of digital ones and zeroes at the output terminal MRX. The output terminal MRX is
interconnected with the basic INCOM chip MU4 from whence it is supplied by way of the serial data channel SERDAT
to terminal PA2 of the microprocessor MU3, and from thence to the data OUT line DO to the connector MJ2 at terminal
5. There the data goes to the connector CJ2 at terminal 4 and the DI line. From thence the data moves to the SDI
terminal of the chip CU1 where it may be routed to an EEPROM location therein.

Data such as ACAL resident in the EEPROM of the chip CU1 may be transferred out by way of the SDO terminal
of the surechip CU1 and the DO output line to the connector CJ2 at terminal 5. From there the data is routed to the
connector MJ2 at terminal 6 and to the DI input line and thence to the MISO input terminal of the microprocessor MU3.
From there it is provided from terminal PA2 to the SERDAT terminal of the INCOM chip MU4, and from there to the TX
output terminal as signal MTX. The TX output terminal feeds the modulator circuit represented, for example, by the
comparator MU1B and the field effect transistor MQ1, as shown in FIG. 11D. From there the data is fed by way of the
resistor MR14 to the secondary winding MS1 of the transformer MT1, and then back through connector MP2 and the
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twisted pair TP and to the personal computer.

Amplitude Calibration Method 1

This procedure utilizes the product microprocessor MUS3 to calculate the gain correction factor based on a digital
message received from the external computer PC that the test currents are at the desired calibration values. In this
case the external computer PC could even be replaced by a jumper to other parts of the chip CU1 or the microprocessor
MUS3 which will cause the product to execute the calibration code, calculate the gain constants, and store the values
in nonvolatile memory.

This technique has the advantage that it is simple, reliable and does not require an external computer.

Amplitude Calibration Method 2

In this procedure the gain factor calculation is done by the external computer PC as described previously. The
product through the communications channel passes to the external computer PC both the value of currents and the
associated gain factors which the product used to calculate the current values. The external computer PC compares
the current values received from the product to those received from the current transducers. New gain factors are then
calculated and sent to the chip CU1 for storage in nonvolatile memory as shown below:

GAIN FACTOR new = GAIN FACTOR old * (CURRENT from the

reference / CURRENT from the product)

Time Calibration Method 1

The oscillator frequency can be measured directly by means of a frequency meter. The external computer PC can
calculate the timer compare register load value increment by

LOAD VALUE new =

LOAD VALUE ideal * (OSC.FREQ. actual / OSC.FREQ. ideal)

This value can be sent to product for storage in non-volatile memory.

Time Calibration Method 2

A more automatic method for time calibration uses circuitry associated with the external computer PC to measure
the frequency of the serial clock or some other product microprocessor output which is related to the product's execution
time and then automatically sends a request to the product to either increase or decrease compare the register load
increment.

Referring now to Table |, the pin reconciliation for the input pins of the INCOM chip MU4 of the present specification
and the INCOM chip of the incorporated-by-reference U.S. Patent 4,644,547 is set forth.

TABLE |
PIN RECONCILIATION

Pin Numbers This INCOM Chip (MU4) [ INCOM Chip of U.S. Patent 4,644,547
28

O O N O 01 b~ =
© 00 O 01 W b
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TABLE | (continued)

PIN RECONCILIATION
Pin Numbers This INCOM Chip (MU4) [ INCOM Chip of U.S. Patent 4,644,547
11 10
12 11
13 12
14 13
15 14
16 15
17 16
18 17
19 18
20 19
21 20
22 21
23 22
24 23
25 24
26 25
27 26

Ultrasonic Coil Current Begulator

An important aspect of the invention relates to an ultrasonic coil current regulator. As previously mentioned, phase
angle current regulator circuits, for example, as disclosed in U.S. Patent No. 4,893,102 can cause audible noise in the
electromagnet assembly. This noise is generated as a result of the relatively high rate of change of flux developed
within the solenoid coil SC in response to the abrupt changes in the electrical current pulses, for example, as shown
in FIG. 6 of the aforementioned patent applied to the solenoid coil SC during this condition. An important aspect of the
invention relates to the fact that a regulated source of electrical current is applied to the solenoid coil during both the
closing and hold in condition. The regulated source of electrical current eliminates abrupt changes in the magnitude
of electrical currents applied to the solenoid coil SC which, in turn, reduces the rate of change of flux therethrough
which eliminates audible noise from the electromagnet assembly. Moreover, by supplying a regulated source of elec-
trical current to the solenoid coil, the RMS value of the electrical current applied during the hold in condition will be
relatively less than the RMS current value in a phase angle regulated circuit as described in the aforementioned U.S.
patent. More specifically, in a phase angle regulated circuit, the force required to open the contacts is determined by
the lowest decay point of the electric current supplied to the solenoid coil SC between updates. Since the updates in
that circuit are so far apart, it is necessary to supply a relatively higher RMS electrical current to prevent the biasing
springs from causing the main contacts to open. This relatively higher RMS current provides additional heating of the
solenoid coil SC. This problem is solved by the present invention by providing a regulated source of electrical current
to the solenoid coil SC during a hold in condition.

The circuit in accordance with the present invention provides an electrical current profile to the solenoid coil SC
as shown greatly exaggerated in FIG. 10D. Since the circuit prevents the electrical current from decaying to a relatively
low value, such as in the aforementioned U.S. patent, the circuitry is able to automatically compensate for magnetic
coupling from the main poles which otherwise could cause the contactor to open. Consequently, a relatively high hold
in force is also provided which allows relatively lower input voltages than previously possible. Moreover, the circuitry
provides relatively fast on to off time, which allows the off time to be fairly large while also minimizing amplitude changes
in the output current which minimizes energy consumption of the coil which, in turn, reduces undesirable coil heating.

With reference to FIGS. 10E-10H, the circuitry in accordance with the present invention includes a pair of power
switches generally identified with the reference numerals UCR-1 and UCR-2, for connecting the solenoid coil SC to a
source of electrical power. The power switches UCR-1 and UCR-2 are under the control of a power drive circuit UCR-
5, atrigger circuit, identified with the reference numeral UCR-3 and a timing circuit, identified with the reference numeral
UCR-4. As will be described in more detail below, on power-up, the power drive circuit UCR-5 is under the control of
the timing circuit UCR-4. More specifically, during power-up, the timing circuit UCR-4 controls the power drive circuit
UCR-5 such that the power switches UCR-1 and UCR-2 close to connect the solenoid coil SC to a source of electrical
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power, for example, a full wave rectified unfiltered source of electrical power. Once the power switches UCR-1 and
UCR-2 close, the electrical current in the solenoid coil SC is monitored. When the electrical current reaches a prede-
termined level, the trigger circuit UCR-3 triggers the timing circuit UCR-4 to disable the power drive circuit UCR-5 for
a predetermined time period causing the power switches UCR-1 and UCR-2 to open, thus disconnecting the solenoid
coil SC relatively quickly from the source of electrical power for such time period. During the predetermined time period,
the electrical current in the solenoid coil SC is allowed to decay. The relatively quick disconnection of the solenoid coil
SC from the source of electrical power allows the energy applied to the solenoid coil to be reduced, which, in turn,
reduces undesirable heating in the solenoid coil SC. After the predetermined time period times out, the timing circuit
UCR-4 triggers the power drive circuit UCR-5 to cause the power switches UCR-1 and UCR-2 to close, which, in turn,
connects the solenoid coil SC to the source of electrical power. The cycle is then repeated.

Two embodiments of the invention are disclosed. In a first embodiment of the invention, the trigger circuit UCR-3
includes a feedback circuit illustrated in FIG.F for comparing the electrical current in the solenoid coil SC with a reference
value. More specifically, in both embodiments, a current sensing resistor is provided to convert the electrical current
flowing in the solenoid coil SC to a representative voltage. This representative voltage is then compared with areference
voltage by way of a comparator to provide a trigger signal to the timing circuit UCR-4 when the representative voltage
equals or exceeds the reference voltage. In the second embodiment of the invention, illustrated in FIG.10H, the feed-
back circuit is substituted with a bipolar transistor. In this embodiment, the representative voltage is applied across a
base-emitter junction of a bipolar transistor.

In both embodiments of the invention, the power switch and drive circuitry illustrated in FIG. 10b, which includes
the resistors CR14 through CR18, CR26, the optocoupler CU2, the transistor CQ3 and CQ4 as well as the diode CCR4,
is substituted with the circuitry illustrated in FIGS. 10E, 10F and 10G. The balance of the circuitry heretofore described
illustrated in FIGS. 10A, 10B, 10C, 11A, 11B and 11C is essentially the same as heretofore described. In these em-
bodiments, the solenoid coil SC is connected to terminals 1 and 2 of a terminal block CJ4 (FIG. 10E). As previously
discussed, a source of AC control power, for example 120 volis AC, is applied to terminals 3 and 4 of the terminal block
CJ1 (FIG. 10A). The control power is, in turn, applied to a full wave rectifier which includes diodes CD6, CD7, CD8
and CD9. The full wave rectifier defines a positive DC terminal identified as "E" and a negative DC terminal which is
applied to the SURE CHIP integrated circuit CU1 (described below) in a manner as discussed above. The negative
DC terminal is also connected to ground by way of a resistor CR17 as discussed above. The full wave rectifier provides
full wave unfiltered voltage to the solenoid coil SC. More specifically, the full wave rectifier defines a pair of terminals
identified in FIG. 10G as "+VDC" and "DC". As shown in FIG. 10E, the +VDC terminal is applied to terminal 1 of the
terminal block CJ4 while the DC terminal is connected to the current sensing circuitry (FIG.10F).

The balance of the circuitry illustrated in FIG. 10G relates to a regulated power supply for generating a DC voltage
identified as +V. This circuitry includes transistors CQ13, CQ14, Zener diodes CZ3 and CZ4, a diode CD12, capacitors
CC15and CC20 and resistors CR26, CR49, CR51, CR54, CR57, CR86 and CR95. In operation, the unfiltered, rectified
voltage +VDC is applied across the resistors CR54 and CR57 which, in turn, causes the transistor CQ14 to turn on.
The capacitor CC20 disposed in parallel with the resistors CR54 and CR57, prevents any rapid changes in +VDC.
Once the transistor CQ14 is turned on, this causes the collector to go low due to the voltage drop across the resistors
CR26 and CR51, which, in turn, gates the transistor CQ13. Once the transistor CQ13 turns on, electrical current through
the resistor CR95 generates the voltage +V. The diode CD12, disposed in parallel with the resistor CR95, provides
voltage clipping. The Zener diodes CZ3 and CZ4 as well as the resistor CR86 is for protection of the transistors CQ13
and CQ14.

Referring to FIG. 10E and 10F, the first embodiment of the ultrasonic coil current regulator in accordance with the
present invention is illustrated. The control circuit in accordance with the present invention includes the power switch,
disposed within the dashed box identified as UCR-1, which includes the field effect transistors CQ6 and CQ7, arranged
such that their respective drain and source terminals are connected in parallel. One end of the parallel connected
transistors CQ6 and CQ7 is connected to one end of the solenoid coil SC by way of the terminal block CJ4. The other
end of the transistors CQ6 and CQ7 is attached to another power switch, disposed within the dashed box identified as
UCR-2, which includes a pair of parallel coupled transistors CQ16 and CQ17. The power switch UCR-2, in turn, is
connected to a flyback diode CD10 which, in turn, is connected to the other side of the solenoid coil SC by way of the
terminal block CJ4.

The power switches UCR-1 and UCR-2 are utilized to connect the solenoid coil SC to the current regulator circuit
in order to regulate the electrical current that flows therethrough. More specifically, a current sensing resistor CR67 is
serially connected to the solenoid coil SC by way of the power switches UCR-1 and UCR-2. Thus, any electrical current
that flows through the solenoid coil SC is sensed by the current sensing resistor CR67 to develop a voltage proportional
to the magnitude of electrical current flow through the solenoid coil SC. This voltage is applied to a trigger circuit,
illustrated within the dashed box identified as UCR-3, by way of a voltage divider circuit which includes a plurality
resistors CR12 and CR66. In the first embodiment, the trigger circuit UCR-3 includes a plurality of transistors CQ11
and CQ12, a plurality of resistors CR14, CR15, CR16, CR63, CR64, CR65, CR75 and CR79, a plurality of capacitors
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CC9, CC16 and CC17, a diode CD11, an optocoupler CU5 and an operational amplifier CU4. The trigger circuit UCR-
3 is used to control a timing circuit illustrated within the dashed box identified as UCR-4. The timing circuit UCR-4
includes a monostable multivibrator CU6, an optocoupler CU2, a plurality of resistors CR18, CR60, CR61, CR80 and
CR91, a capacitor CC8 and a transistor CQ10. The timing circuit UCR-4 is used to control the power drive circuit shown
within the dashed box UCR-5 for controlling the switching of the power switches UCR-1 and UCR-2. The power drive
circuit UCR-5 includes a plurality of transistors CQ8, CQ9, CQ15 and CQ17, a plurality of resistors CR55, CR68, CR69,
CR70, CR81, CR83, CR84, CR93, CR96, CR98 and CR99, a capacitor CC19, a plurality of Zener diode Z5, 76, 77,
Z8 and Z10 and a diode D13. The power drive circuit UCR-5 functions to control the switching of the power switches
UCR-1 and UCR-2 in response to the timing circuit UCR-4 as well as the trigger circuit UCR-3 in order to regulate the
electrical current flowing through the solenoid coil SC as described below.

Two control signals from the SURE CHIP integrated circuit CU1 (described below), control the operation of the
ultrasonic coil regulator circuit in accordance with the present invention. These control signals are identified as "TIME-
OPEN" and "FETDRIVE", available at terminals PC2 and PC5 of the SURE CHIP integrated circuit CU1 (FIG. 10A),
respectively. These signals FETDRIVE and TIMEOPEN do not form a part of the present invention and are described
hereinbelow to the extent necessary to understand the present invention. In general, the FETDRIVE signal is a series
of pulses, generated to control the velocity of closing of the contactor in a manner similar as described in detail in U.
S. PatentNo. 4,893,102, assigned to the same assignee as the present invention and hereby incorporated by reference.
The TIMEOPEN signal is used to control the current regulator. Both the FETDRIVE and TIMEOPEN signals are utilized
in conjunction with the trigger circuit UCR-3 to control the closing of the contactor. More specifically, once a start request
has been received, for example, a contact closure is sensed between the terminals 1 and 4 of the terminal block CJ1
(FIG. 10A) and a permissive signal "P" is available as described above, both the TIMEOPEN signal as well as the
FETDRIVE signal go high. The FETDRIVE signal is applied to the optocoupler CU5, which forms a part of the trigger
circuit, UCR-3 by way of the resistor CR75. This, in turn, activates an output transistor within the optocoupler CU5 in
order to apply a voltage to the gate of the transistor CQ12. More specifically, once the input of the optocoupler CU5 is
activated, the output transistor is biased on by the resistors CR63 and CR73. This causes the transistor CQ12, whose
gate is connected to the output transistor, to transition from a low impedance state to a high impedance state. This
allows the transistor CQ12 to form a voltage divider with the resistor CR64 in order to provide a sufficient gate voltage
to the transistor CQ11.

The transistor CQ11 controls the current regulation of the circuit. More specifically, when the transistor Q11 is on,
the voltage applied to the negative terminal of the operational amplifier CU4 will be held below the reference value to
disable the timing circuit UCR-6. This allows for the normal closing current to flow through the solenoid coil SC. The
normal closing current is relatively larger, for example, ten times, then the value of the regulated current applied to the
solenoid coil SC during a hold in operation in order to maintain the separable main contacts in a closed position. Once
the closing profiles are complete, the FETDRIVE signal goes low. As will be discussed in more detail below, the con-
tactor will remain in a closed position until the TIMEOPEN signal goes low.

The TIMEOPEN signal is applied to the optocoupler CU2, which forms a part of the timing circuit UCR-4, by way
of the resistor CR91. The resistor CR91 is used to limit the electrical current to the light emitting diode forming the input
tothe optocoupler CU2. This, in turn, activates an output transistor in the optocoupler CU2. A resistor CR80 is connected
between the base and emitter terminals of the output transistor in the optocoupler CU2 for biasing. The collectorterminal
of the output transistor within the optocoupler CU2 is connected to a base terminal of the transistor CQ10. The transistor
CQ10, connected to the output transistor of the optocoupler CU2, is normally on (e.g., when the TIMEOPEN signal is
low) by way of the resistor CR60 connected between the base thereof and the voltage +V generated by the power
supply discussed above. However, since the collector terminal of the output transistor in the optocoupler CU2 is serially
connected to the base terminal of the transistor CQ10, once the output transistor of the optocoupler CU2 is turned on,
this action clamps off the transistor CQ10. Since the collector and emitter terminals of the transistor CQ10 are connected
in parallel with the capacitor CC8 by way of the resistor CR18, once the transistor CQ10 is turned off, the capacitor
CC8 is charged by way of the serially coupled resistor CR61. Once the voltage across the capacitor CC8 exceeds a
predetermined value, for example, two-thirds the value of +V, the output of the monostable multivibrator CU8, which
may be, for example, a Motorola MC14528B, transitions. More specifically, one end of the capacitor CC8 is applied to
a trigger terminal A1 within the monostable multivibrator CU6. Once the capacitor CC8 charges to a predetermined
voltage level, the Q1 output of the monostable multivibrator CU6 will go high. This causes the transistor CQ9 to turn
on. When CQ9 turns on, a voltage is applied to the gates of the power switch transistors CQ16 and CQ17. This voltage
causes the transistors CQ16 and CQ17 to turn on. As will be discussed in detail below, this also causes the power
switch transistors CQ6 and CQ7 to turn on, which, in turn, allows electrical current to flow through the solenoid coil SC.

This electrical current also flows through the current sensing resistor CR67 where it is converted to a voltage. The
voltage developed across the resistor CR67 is applied to an inverting input of the operational amplifier CU4 by way of
a voltage divider which includes the resistors CR12 and CR66. This voltage, which represents the electrical current
flow through the solenoid coil SC, is compared with a reference voltage, derived from the voltage V+ by way of the
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resistors CR14, CR15and CR16. The reference voltage is applied to the non-inverting input of the operational amplifier
CU4. Once the electrical current flowing through the solenoid coil SC builds up to a value which causes a voltage
across the resistor CR67 to be greater than the reference voltage at the operational amplifier CU4, the operational
amplifier CU4 transitions and resets the monostable multivibrator CU6. The output of the comparator CU4 is applied
to the trigger input B1 of the monostable multivibrator CU6 which causes the power switches UCR-1 and UCR-2 to
disconnect the solenoid coil SC from the circuit for a predetermined time period as will be discussed below.

The electrical current through the solenoid coil SC also passes through the resistor CR17 (FIG. 10G). The resistor
CR17 is used to convert the electrical current to a voltage which can be read by the SURE CHIP integrated circuit CU1
for selecting the proper closing profile.

Once the contactor is closed, the FETDRIVE signal remains active and the separable main contacts will remain
closed until the TIMEOPEN signal goes low. During this condition a hold in current is applied to the solenoid coil SC
to prevent the contactor from opening under the influence of the biasing springs.

The regulation of the electrical current through the solenoid coil SC after the contactor is closed (e.g., hold in
current) is controlled by the timing circuit UCR-4. More specifically, as the voltage across the capacitor CC8 exceeds
a predetermined value, for example, two-thirds of the magnitude of the voltage +V, the output of the monostable mul-
tivibrator CU6 goes low. This, in turn, turns on the P channel transistor CQ9. The P channel transistor CQ9, in turn,
turns on the power switching transistors CQ16 and CQ17 which, as will be described below turns on the transistors
CQ6 and CQ7. This allows electrical current to flow through the solenoid coil SC and be sensed by the current sensing
resistor CR67. The voltage developed across the sensing resistor CR67 is applied to the comparator CU4 by way of
the voltage divider formed from the resistors CR12 and CR66. When the electrical current through the solenoid coil
SC exceeds a predetermined value, the voltage applied to the comparator CU4 will exceed the reference voltage and
cause the comparator CU4 to go low. As previously mentioned, since the output of the comparator CU4 is connected
to the trigger input B1 of the monostable multivibrator CU6, this low causes the output of the monostable multivibrator
CUB6 to transition from high to low. This, in turn, allows the capacitor CC8 to be discharged to approximately one-third
of V+ which, in turn, causes the Q1 output of the monostable multivibrator CU6 to go high. This, in turn, causes the
transistor Q9 to turn off and the transistor Q8 to turn on. Once this occurs, this causes the transistors Q16 and Q17
as well as the transistors CQ6 and CQ7 to turn off. During this off time, the capacitor CC8 charges to a predetermined
value, for example, two-thirds +V. Once the voltage across the capacitor CC8 reaches this value, the Q1 output of the
monostable multivibrator CU6 will go high and the cycle will be repeated. The circuitry thus allows the transistors CQ16
and CQ17 to be cycled at a naturally varying frequency.

As discussed above, the state of the transistors CQ6 and CQ7 is controlled by the state of the transistors CQ16
and CQ17. More specifically, whenever the switching transistors CQ16 and CQ17 turn on, the parallel connected re-
sistors CR55 and CR84 pass electrical current through the Zener diode CZ8. The voltage reference, formed at the
Zener diode CZ8, forms an emitter follower with the transistor CQ15. The output of the transistor CQ15 is connected
to a diode CD13 which, in turn, is used to charge a serially coupled capacitor CC19. The voltage across the capacitor
CC19 is applied to the gate of the transistors CQ6 and CQ7. Thus, whenever the power transistors CQ17 and CQ16
turn on, the transistors CQ7 and CQ6 will also be on. Whenever the transistor CQ17 turns off, the capacitor C19
discharges through the resistor C83. This decay is usually short in duration because the transistor CQ17 turns on, for
example, every 100 microseconds.

As previously mentioned, the circuit will maintain a sufficient regulated holding current relative to the solenoid coil
SC until the TIMEOPEN signal is removed (e.g., goes low). More specifically, when the TIMEOPEN signal goes low,
the transistors CQ17 and CQ16 turn off, thereby opening the electrical current path to the solenoid coil SC. After the
transistors Q16 and Q17 are turned off, the voltage across the capacitor C19 begins to decay. The values of the
capacitor CC19 as well as the discharge resistor CR83 are selected such that the FET gate threshold is not reached
until a predetermined value, for example, approximately three-quarters of the holding energy remains in the solenoid
coil SC.

As the transistors CQ6 and CQ7 begin to turn off, a voltage builds thereacross which is applied to the base of the
transistor CQ18 by way of the resistor R97. When the transistor CQ18 turns on, the decay rate is increased since the
resistor CR98 is now in parallel with the resistor CR83. This forces the transistors CQ6 and CQ7 to turn off which, in
turn, separates the solenoid coil SC from the flyback diode CD10. The resistor CR83 holds the transistors CQ6 and
CQ7 off until the next time the transistors CQ16 and CQ17 are permitted to turn on.

In an alternate embodiment of the invention the trigger circuit UCR-3, connected between the terminals identified
as T1, T2 and T3 (FIG.10F), is substituted with the circuit illustrated in FIG. 10g which includes a transistor CCQ2 and
a resistor CCR10. More specifically, the emitter terminal of the transistor CCQ2 is connected to terminal T3 while the
base terminal is connected to terminal T1. The collector terminal is connected to terminal T2. The power supply voltage
+V is connected to the collector by way of the resistor CCR10.

In this embodiment, the collector voltage of the transistor CCQ2 is used to trigger the monostable multivibrator
CU6 instead of the feedback circuit. More specifically, as previously described, the FETDRIVE and TIMEOPEN signals

22



10

15

20

25

30

35

40

45

50

55

EP 0 493 003 B1

are used to control switching of the transistors CQ6, CQ7, CQ16 and CQ17 in a manner as discussed above. Once
these transistors CQ6, CQ7, CQ16 and CQ17 are turned on, electrical current flows through the solenoid coil SC which
is sensed by the current sensing resistor CR67. The voltage across the current sensing resistor CR6E7 is applied to the
base of the transistor CC12 by way of the voltage divider formed from the resistors CR12 and CR66. When the transistor
CCQ2 turns on, the voltage at the collector terminal drops. The collector terminal of the transistor CCQ2 is connected
to the trigger input B1 of the monostable multivibrator CU6 to cause the Q output to go high. This action causes the
transistors CQ6, CQ7, CQ16 and CQ17 to turn off for a fixed period of time as determined by the resistor CR61 and
the capacitor CC8 as discussed above. Once the fixed time period times out, the Q output of the monostable multivi-
brator CU6 goes low to turn on the transistors CQ6, CQ7, CQ16 and CQ17 in a manner as described above and the
cycle is repeated.

As was described previously, chip CU1 may be a SURE chip, the construction and operation of which will be
described hereinafter.

The following definitions apply to the following description:

DEFINITIONS

Bit designations: Bits within a register will be designated by placing the bit number within square brackets. For
example, bit 5 of register ABC is designated as: ABC[5]. Bits 5 through 0 of register ABC are designated: ABC[5...0].
Bits 4 and 5 of register ABC are designated as ABCJ[5,4], etc.

Hexadecimal. Base 16 numbers written with a dollar sign prefix. For example, $0100 = 256 decimal.

High-true: These signals are designated with the suffix "h" and are defined to be asserted (true or logical 1) when
their electrical level is at or near the +VDD supply and are defined to be negated false or a logical zero) when their
electrical level is at or near zero volts direct current (Vdc).

Low-true: These signals are designated by the suffix "b" and are defined to be asserted (true, or a logical 1) when
their electrical level is at or near zero Vdc and are defined to be negated (false or a logical zero) when their electrical
level is at or near +VDD supply.

Input: An input signal is received by the IC 10

Output: An output signal is driven by the IC 10.

Referring to the drawings, the IC is generally identified with the reference numeral 10. The circuitry of the IC 10
has been standardized to enable it to be utilized with various types of electrical equipment including circuit breakers,
motor controllers, and the like. For illustration and discussion purposes only, the IC 10 is shown utilized in a circuit
breaker 12 in FIG. 16. The circuit breaker 12 is shown as a three phase circuit breaker having phases identified as
"A", "B" and "C". It is to be understood by those of ordinary skill in the art that the IC 10 is capable of being utilized
with various other types of electrical equipment, such as motor controllers, and the like.

The circuit breaker 12 does not form a portion of the present invention. As shown, the circuit breaker 12 is provided
with three current transformers 14, 16 and 18. These current transformers 14, 16 and 18 are disposed on a load side
20 of the circuit breaker 12 to allow the circuit breaker 12 to be monitored and controlled. The line side 22 of the circuit
breaker 12 is generally connected to a three phase source of electrical energy (not shown). A load side 20 is generally
connected to a three phase load (not shown), such as an electrical motor.

An important aspect of the invention relates to the fact that the IC 10 is current driven as will be discussed below.
As illustrated in FIGS. 16 and 56, the output of the current transformers 14, 16 and 18 is applied to the IC 10 by way
of conditioning circuitry 19. The conditioning circuitry is used to provide electrical current of about 20 microamperes to
the IC 10.

A block diagram of the digital portion of an exemplary embodiment of the IC 10 is shown in FIG. 17. Various
configuration options are selectable by software programming and mask options for specific applications as will be
discussed below. In order to provide an IC 10 with universal application for controlling and monitoring various types of
electrical equipment, such as circuit breakers, motor controllers and the like, various peripherals may be provided.
These peripheral devices may include a microprocessor 30 with a multiply instruction, for example, a Motorola type
MCE8HOS5. The microprocessor 30 communicates with the various other peripherals and external pins on the chip 10
by way of an internal address, data and control bus 34. A clock generator 36 provides timing for the microprocessor
30. An on-board memory subsystem is provided which may include read only memory (ROM) 38, electrically erasable
read only memory (EEPROM) 40 and random access memory (RAM) 42. The EEPROM may be provided with an
internal charge pump 44 for obviating the need to provide an external high voltage source for erasure in programming
of the EEPROM 40.

Exemplary memory sizes are provided for illustration and discussion purposes only. For example, 256 bytes of
EEPROM 40 and 128 bytes of RAM 42 may be provided. The ROM 38 may include 2,048 bytes of mask programmable
user instruction memory, 240 bytes of self-test memory, 48 bytes of zero page memory and 16 bytes for vectors.

The IC 10 has separate digital and analog power supply systems. These power supply systems are segregated
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to prevent digital noise from affecting the analog circuitry. The digital power supply is directed to a VDD pin on the IC
10 formed from an external voltage regulator (FIG. 57). The analog power supply is directed to a AVDD pin. In many
applications, an external transistor, diode and resistor are adequate.

Dead-man and power monitor circuitry 46 is provided. The power monitor circuitry includes an internal voltage
level detector for monitoring the gate drive to the shunt regulator associated with the pin AVDD. The power monitor
circuitry deactivates a SHUNT output pin which, when connected to a RESN pin, provides a reset when the analog
supply voltage AVDD begins to fall below a preset threshold. The dead-man circuitry monitors operation of the micro-
processor 30 and activates a reset upon detection of spurious operation.

An analog power supply subsystem 48 is provided for the analog circuitry. This subsystem 48 includes a +1.25
Vdc band gap regulator and a buffer amplifier to generate a +2.5 Vdc reference. An external current source is used to
power the analog power supply subsystem 48. The current source is directed to an external pin AVDD. An adjustment
pin VADJ is provided to allow the voltage reference to be trimmed to exactly +2.5 Vdc. Trimming may be provided by
a voltage divider circuit, for example, two series connected resistors connected between the VREF pin and an analog
ground pin AVSS. The interface between the series connected resistors is connected to the VADJ pin. A shunt regulator
provides a nominal +5.0 Vdc source at the AVDD pin based on the reference voltage at the VREF pin. The buifer
amplifier is provided with an open drain output such that it can only source current. This will permit multiple devices to
be paralleled. The regulator can also be slaved to another IC. This is accomplished by connecting the VADJ pin to the
VREF pin on the slave IC and connecting the VREF pin on the slave IC to the VREF pin on the master IC.

A comparator subsystem is provided which includes a B+ comparator 50 and a quad comparator system 58. The
B* comparator 50 is provided for external power supply generation as discussed below and illustrated in FIG. 56. The
inverting input of the B+ comparator 50 is referenced to the VREF pin (nominally, +2.5 Vdc). The input signal is applied
to a non-inverting input pin, BSENSE, of the comparator 50. The B+ comparator 50 output is connected to an external
pin BDRIVE. The quadcomparators include four comparators referenced, for example, to +1.25 Vdc.

Various other peripheral devices may also be provided onthe IC 10 to allow it to be adapted for various applications,
such as circuit breakers, motor controllers, contactors and the like. For example, these peripheral devices, may include
an 8-bit bidirectional port A, identified with the reference numeral 52, a special purpose 3-bit bidirectional port B, iden-
tified with the reference numeral 54. The port B may be used as an input/output port or in conjunction with a synchronous
serial input/output port (SSIOP). A dual function 8-bit bidirectional port C, identified with the reference numeral 56, may
also be provided. This port may be used as an input/output port or as a special function port. For example, the least
significant bits of this port may be ORed with the output channels from the quadcomparator subsystem 58. A port D
timer 60 may also be provided. This timer 60 may be used for time base or waveform generation, periodic measurement
or other periodic functions.

An analog subsystem is identified by the function blocks 62 and 64 in FIG. 17. A block diagram for this subsystem
is illustrated in FIG. 18. The analog subsystem includes, for example, six analog input channels for receiving analog
voltage and current signals and converting these signals to an 8-bit digital signal with 12-bit resolution. Four of the
input channels 62 can be selected by the software to operate as either voltage inputs or current inputs. The other input
channels 64 can only be operated as voltage inputs. Current and voltage input operation of the input channels 62 and
64 is controlled by multiplexers (MUXes) 66 and 68, which are selected by the software.

The voltage input channels can accept positive voltages in the range of 0-2.5 Vdc and are applied to an auto-
zeroable adjustable gain voltage amplifier 80. These signals can be processed in either an auto-ranging mode or a
fixed gain mode, selectable by the software. If the auto-ranging mode is selected, the selected voltage input channel
62 or 64 is ranged by values stored in an internal auto-ranging register to allow the gain to be automatically adjusted
until the signal is at least one-half of full scale but not in overflow. The ranged signal is then converted directly to an
8-bit digital value by an A/D 78 and stored in an internal register. If fixed ranging is selected, the voltage mode inputs
62 or 64 can be operated at preselected gain settings, for example, 1, 2, 4, 8 or 16. The preselected gain settings are
provided by gain circuitry which includes a resistor network 84, connected to an inverting terminal of the voltage amplifier
80 by way of a MUX 86. The MUX 86 is controlled by the software. The output of the voltage amplifier 80 is connected
to the A/D circuitry 78 by way of another MUX 88. The MUX 88 is in the position shown in FIG. 18 when voltage gains
other than one have been selected. However, when a gain of one is selected, the voltage amplifier 80 is disconnected
from the ranging circuitry and the input voltage channel 62 or 64 is applied directly to the A/D 78.

Current mode inputs 62 accept negative currents (e.g., currents flowing out of a MXO pin) with a -1.6 mA, for
example, representing full scale. Unselected current input channels are tied to a digital ground pin (VSS) by the MUXes
68 which provide for make-before-break switching. The selected input current channel is connected to an inverting
input of an auto-zeroable current amplifier 90, referenced to analog ground (AVSS). The source follower output is
configured to maintain the inverting input at a virtual ground by providing current to the selected channels through an
adjustable current mirror 92. The current mirror 92 can be set by auto-ranging circuitry, which can be overwritten by
the software, to one of the following exemplary ratios: 1/1, 1/2, 1/4, 1/8 or 1/16. The ratioed mirror output current is
directed to the MXO pin. Thus, the current flowing out of the MXO pin will be a programmable fraction of the sum of
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the currents flowing out of the selected current input channel pin. Two modes of operation are possible:

Non-integrating mode. An external resistor (not shown) may be connected between the analog ground pin (AVSS)
and the MXO pin to convert the ratioed current to a voltage. This voltage may then be converted to a digital value in
a similar manner as discussed above. In this mode of operation, the default amplifier gain is set at times one unless
overwritten by the software.

Integrating mode. An external capacitor (not shown) may be connected between the analog ground pin (AVSS)
and the MXO pin to integrate the ratioed current. A shorting switch 96 is provided to discharge this capacitor under
program control. Integrated voltages are then converted by the A/D 78 as discussed above.

The voltage and current amplifiers 80 and 90 have offset voltage compensation circuitry 98 to compensate for
offsets inherent in CMOS amplifiers. These uncorrected offsets can be on the order of, for example, 20 millivolt (mV)
which can affect the accuracy of the least significant bits of the converted digital value. This circuitry 98 assures that
the offset is always a negative voltage between 0 and 0.5 mV and forces the amplifier 80, 90 to have a positive output
when the differential input voltage is zero. This offset correction can be done either automatically by the hardware or
controlled by the software.

Sample and hold capability is provided for the input channels 62 and 64. More specifically, the six analog input
channels 62 and 64 are grouped into three pairs of channels 102, 104 and 106. Each pair of channels 102, 104 and
106 can be used as a single channel with sample and hold capability. A capacitor (not shown) may be connected
between one channel input and the analog ground pin AVSS while the other channel of the pair is connected to a
voltage input. A sample command permits the software to connect the two channels of each pair together by way of
sample and hold MUXes 108, 110 and 112, thus storing the input voltage on the capacitor of the adjacent channel.
Only channel pairs in which both channels are configured for voltage mode operate in this fashion. All three channel
pairs 102, 104 and 106 may be sampled simultaneously.

There are other important aspects of the invention. For example, the IC 10 is adapted to respond to either analog
signals or digital signals and provide a digital output signal. Another important aspect relates to the fact that the IC 10
is provided with circuitry which enables it to sense the ambient temperature in which it is disposed and generate a
corresponding electrical signal.

CONFIGURATION METHODS

Since the IC 10 is intended for universal application of various types of electrical equipment, certain configuration
information is required to tailor the IC 10 for a specific application. The configuration information is defined by either
mask options, software, constants or run time configuration.

Regarding mask options, the contents of the ROM 38 may be specified at the time the IC 10 is manufactured.
Certain other mask configuration options may be determined by modification of a single mask. These other configuration
options include the dead-man subsystem 46, IRQN triggering, an oscillator option, comparator hysteresis option and
an SSIOP option. A predetermined hysteresis, for example, 20 millivolts (mV) or no hysteresis at all can be selected
on an individual comparator basis.

A mask programmable option also permits selection of the type of interrupt generated associated with an IRQN
pin. One of two triggering methods may be selected as follows: 1) negative edge sensitive triggering only, or 2) both
negative edge-sensitive and low level-sensitive triggering. If option 2) is selected, either type of input to the IRQN pin
will produce an interrupt. The IC 10 can be configured to accept either a crystal/ceramic resonator input or an RC
network to control the internal oscillator. More specifically, the IC 10 can be configured by mask option to accept either
a crystal/ceramic resonator input or an RC network to control the internal oscillator. The internal clocks are derived by
a divide-by-two of an internal oscillator, which operates with an AT-cut parallel resonant quartz crystal resonator in the
frequency range of 1 MHz to 8 MHz. Use of an external oscillator is recommended when crystals outside the specified
range are to be used. The crystal and components are mounted as close as possible to the input pins to minimize
start-up and stability problems. Table 1 shows recommended parameters for crystal resonators.

TABLE 1
CRYSTAL/CERAMIC RESONATOR PARAMETERS

CRYSTAL CERAMIC
PARAMETER | 2MHz | 4 MHz | 2-4 MHz UNITS

Rg 400 75 10 ohms
Co 5 7 40 pF
C,4 8000 | 12000 4.3 pF

25



10

15

20

25

30

35

40

45

50

55

EP 0 493 003 B1

TABLE 1 (continued)
CRYSTAL/CERAMIC RESONATOR PARAMETERS
CRYSTAL CERAMIC

PARAMETER | 2MHz | 4 MHz | 2-4 MHz UNITS
Cosci 15-40 | 15-30 30 pF
Cosco 15-30 | 15-25 30 pF
Rp 10 10 1-10 Megohms
Q 30 40 1.25 103

A ceramic resonator may be used in place of the crystal in cost-sensitive applications. The circuit shown in FIG.
19(a) is recommended when using a ceramic resonator. Its equivalent circuit is shown in FIG. 19(b). Table 1 shows
the recommended parameters for various resonators.

A mask programmable oscillator option may be selected to permit the use of a single external resistor R between
external oscillator pins OSC1 and OSC2 as illustrated in FIG. 19(c). With this option, frequencies between 5 MHz and
70 KHz are practical. An external clock input should be used with either mask oscillator option. This external clock is
connected to the OSC1 pin with the OSC2 pin unconnected as shown in FIG. 19(d).

Two mask options are available for the SSIOP. These mask options relate to serial data transmission format and
the clock rate. The first mentioned option allows data to be shifted out of an SSIOP register SPO either most significant
bit first or least significant bit first. The clock rate option is provided to select the master clock rate. This option permits
microprocessor's phase 2 clock to be divided either by 4 or 32 to provide the master clock rate. This will produce a
data transmission bit of 1 MHz or 125 KHz for a device operating with an 8 MHz crystal.

In addition to the mask options, software constants are also used for configuration of the IC 10. More specifically,
internal configuration registers are loaded by the microprocessor software from application dependent software con-
stants stored in the program ROM 38 or the EEPROM 40. A pair of internal configuration registers (CFR, ACFR) are
used to control these options in the IC 10. The CFR and ACFR registers are loaded on program initialization and are
not intended to be altered during normal program operation and will be discussed in detail below.

Lastly, the IC 10 can be configured by run time configuration. With this option, configuration data is read from
external devices through the microprocessor's I/O subsystem. This can be done by utilizing the input/output ports A,
B or C in either a parallel or serial fashion.

CONFIGURATION REGISTERS

The configuration registers CFR and ACFR are used to specify various software configuration options available
in the IC 10 architecture. These registers CFR, ACFR are programmed during software initialization to configure input/
output pins to their appropriate function as well as setting other major configuration parameters. In order to avoid
improper operation of the IC 10, the CFR and ACFR registers are not intended to be altered during normal operation.

The CFR register is a write only register. The ACFR register is a read-write register. The bit format for the CFR
and ACFR registers is illustrated in FIG. 21. Both the CFR and ACFR configuration registers are initialized to zeros on
power-up or reset. This defines the state of the IC 10 after power has been applied and before the microprocessor 30
alters it for the application.

CFR REGISTER

The CFR register is a write-only register used to configure the comparator output options. Bits 4-7 are unimple-
mented. The remainder of the bits in the CFR register are defined below.

CFR[3...0]: Comparator Mode Control. These four configuration bits enable the comparator outputs to be "ORed"
with the least significant four bits of Port C. A zeroin these configuration bits enables the OR operation for the associated
port pin. In this mode each output pin will be low during device reset if the respective comparator is above the threshold
voltage (+1.25 V). Reset will clear the microprocessor's Port C output register, making the output pin a function of the
comparator input. When the microprocessor writes a "1" into the port output register, the output pin will be forced high
independent of the state of the comparator.

A one in these configuration bits disables the OR operation. In this mode, the low port pins are in a high impedance
state after reset. The configuration bits are assigned in sequential order with CFR[0] controlling PCO/CMP0 and CFR
[3] controlling PC3/CMP3.
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ACFR REGISTER

The ACFR register is a 7-bit read-write register and is used to configure the analog subsystem. This register is set
to zero on device reset or power-up. Bit 4 is unimplemented. Bit definitions of the ACFR register are as follows:

ACFR[7]: Clock Source. This bit selects the clock source for the analog subsystem and the EEPROM charge pump
44. They can be configured to use either an internally generated clock or a clock derived from an external crystal
oscillator of the IC 10. If the crystal oscillator is selected (ACFR[7] = 1), the oscillator frequency must be in the range
of 2-8 MHz. Other crystal values must use the internal clock source option (ACFR[7] = 0). This bit is set to O (internal
clock source) by reset. Adelay of 10 milliseconds (ms) is required after selecting the internal clock to permit the oscillator
to stabilize. During the stabilization time, A/D subsystem and EEPROM 40 operations are not intended to be performed.
Table 2 defines the meaning of this bit.

TABLE 2

ACFR[7] DECODE

0 INTERNAL OSCILLATOR
1 CRYSTAL OSCILLATOR

ACFRJ6]: Divider ratio. This bit selects the clock divider ratio for the A/D 78. This bit selects a divider ratio of 1/2
or 1/4, permitting crystals in the range of 2-8 MHz to be used. The selection of the external crystal and the state of
ACFR[7] will determine the A/D conversion, autoranging and auto-zero times. Table 3 defines the configuration bit and
demonstrates the effect on conversion times.

TABLE 3
A/D CONVERTER CLOCK SOURCE
ACFR[7,6] | Divider | Crystal (MHz) | A/D Conv (us) Auto-zero* (us) Auto range™™ (us)
OX Internal NA 16 - 32 28 - 3,080 35 - 166
10 1/2 2 32 56 - 3,080 70 - 166
10 1/2 4 16 28 - 1,540 35-83
11 1/4 4 32 56 - 3,080 70 - 166
11 1/4 8 16 28 - 1,540 35-83

* The auto-range time depends on the number of gain steps required to range.
** The auto-zero time depends on the amount of offset correction required.

ACFR[5]: A/D power-down. This bit controls power down operation of the A/D 78. When set, it will power up the
A/D 78. When the bit is reset, the A/D 78 will power down. This bit is set to zero by reset on power-on. At least 100us
should be allowed for the A/D 78 to stabilize after power-up.

ACFR[3...0]: MUXS...MUX0 mode select. These configuration bits control the input mode of the analog input chan-
nels 62 and 64. The input channels 62 (MUXO0...MUX3) can be placed in either a voltage input mode or a current input
mode. A zero in these configuration bits selects the voltage mode, while a one selects the current mode. These bits
are assigned sequentially with ACFR[0] controlling MUXO0 and ACFR[3] controlling MUX3 as shown in Table 4.

TABLE 4
ANALOG INPUT MODE DEFINITIONS

ACFRI[0] | =0 = voltage mode, 1 = current mode
ACFRJ[1] | =0 = voltage mode, 1 = current mode
ACFRJ[2] | =0 = voltage mode, 1 = current mode
ACFRJ[3] | =0 = voltage mode, 1 = current mode

MICROPROCESSOR 30

The microprocessor 30 is based on a Motorola type MC68HCO5 architecture, a Von Neumann type machine, which
places all data, program and I/O interfaces into a single address map. This reduces the number of special purpose
instructions that must be supported and therefore results in a relatively small and easy to remember instruction set.

The microprocessor 30 is described in detail in M6805 HMOS/M146805 CMOS FAMILY USERS MANUAL by
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Motorola, Inc., copyrighted 1983. The microprocessor 30 architecture is based on five registers: an accumulator (A),
an index register (X), a program counter (PC), a stack pointer (SP) and a condition code register (CC).

The accumulator is a general purpose 8-bit register used by the program for arithmetic calculation and data ma-
nipulations. A full set of read/modify/write instructions operate on this register. The accumulator is used in the register/
memory instructions for data manipulation and arithmetic calculation. The index register is used in the index mode of
addressing or as an auxiliary accumulator. It is an 8-bit register that can be loaded either directly or from memory,
having its contents stored in memory, or its contents compared to memory. In index instructions, the index register
provides an 8-bit value that is added to an instruction provided value to create an effective address. The index register
is also used for limited calculations and data manipulation.

The program counter is a 16-bit register and contains the memory address of the next instruction that is to be
fetched and executed. Normally, the program counter points to the next sequential instruction, however, it may be
altered by interrupts or certain instructions. During an interrupt, the program counter is loaded with the appropriate
interrupt vector. Jump and branch instructions may modify the program counter so that the next instruction to be exe-
cuted is not necessarily the next instruction in memory.

The stack array or stack is an area in memory used for the temporary storage of important information. It is es-
sentially a sequence of RAM locations used in a last-in-first-out (LIFO) fashion. The stack pointer always points to the
next free location on the stack. Interrupts and subroutines make use of the stack to temporarily save important infor-
mation. The stack pointer is used to automatically store the return address (2 byte program counter) on subroutine
calls and to automatically store all registers (5 bytes: A, X, PC and CC) during interrupts. The stack starts at location
$OOFF and extends downward 64 locations.

The condition code register is a 5-bit register that indicates the results of the instruction just executed, as well as
the state of the processor. These bits can be individually tested by a program instruction and specified action taken as
aresult of their state. The following condition code bits are defined: half-carry (H), interrupt mask (1), negative (N), zero
(Z) and carry/borrow (C).

MEMORY MAPPING

The microprocessor 30 is capable of addressing 65,536 bytes of memory. However, the address decoding circuitry
only decodes 13 bits of address information, therefore, the memory space is limited to 8192 bytes in the range of $0000
to $1FFF. FIG. 20 is a diagram of memory allocation for the IC 10.

1. ROM 38

The IC 10 memory map has three sections of mask programmable ROM 38. This memory 38 is programmed at
device manufacture. The three sections of the ROM 38 are located as defined in Table 5.

TABLE 5
ROM ASSIGNMENTS
ADDRESS RANGE SIZE FUNCTION
$0050-$007F 48 bytes | Zero page
$1700-$1EFF 2048 bytes | User instruction memory
$1FO0-$1FEF 240 bytes | Self-check program
$1FFO-$1FFF 16 bytes | Vectors

2. RAM 42

The IC 10 is configured with 128 bytes of RAM starting at location $0080 extending to $00FF. The top of this area
is reserved for the stack. The stack starts at location $00FF and extends downward a maximum of 64 locations to
$00CO0. Unused stack locations may be used by the program for general storage. However, care must be exercised to
avoid data being stored in these locations being overwritten by stack operations.

3. EPROM 40

The IC 10 has 256 bytes of EEPROM 40 located at addresses $0100 through $01FF.
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4. INTERRUPT AND RESET VECTORS

The upper 16-bytes of the memory map are reserved for interrupt vectors. The address assignments for each are
described below:

$1FFE-1FFF: Reset Vector. This vector is used on processor reset.

$1FFC-1FFD: Software Interrupt. This vector is used during execution of an SWI instruction.

$1FFA-1FFB: External Asynchronous Interrupt. This interrupt is assigned the highest priority of the four interrupts.
The external interrupt (IRQN pin) uses this vector.

$1FF8-1FF9: Timer Interrupt. This interrupt is assigned the second-highest priority of the four interrupts. It is used
by the timer.

$1FF6-1FF7: Comparator Subsystem Interrupt. This interrupt is assigned the third-highest priority of the four in-
terrupts. It is used by the comparator subsystem.

$1FF4-1FF5; A/D Subsystem Interrupt. This interrupt is assigned the lowest priority of the four interrupts. It is used
by the A/D subsystem.

$1FF2-1FF3 and $1FF0-1FF1: Reserved.

5. DATA TRANSFER AND CONTROL

Data transfer and control functions are implemented using byte-wide register interfaces accessed by the micro-
processor 30 in its memory address space as defined in Table 6.

TABLE 6

REGISTER ADDRESS MAP
ADDR | REGISTER | ADDR | REGISTER | ADDR | REGISTER
$0000 PAD $0010 * $0020 ADCR
$0001 PBD $0011 * $0021 AMUX
$0002 PCD $0012 TCR $0022 ADC
$0003 PDD $0013 TSR $0023 ACFR
$0004 PAC $0014 TICH $0024 ADZ
$0005 PBC $0015 TICL $0025 AMZ
$0006 PCC $0016 TOCH $0026 AVSF
$0007 * $0017 TOCL $0027 ACSF
$0008 CMPST $0018 TCRH $0028 *
$0009 CMPI $0019 TCRL $0029 *
$000A SPCR $O01A TARH $002A *
$000B SPSR $001B TARL $002B *
$000C SPD $001C NVCR $002C *
$000D * $001D * $002D *
$000E * $001E CFR $002E *
$O00F * $001F TEST $002F *
$OFFO DMC
*Reserved

EEPROM CONTROL

The microprocessor 30 controls the operation of the EPROM 40 by a single read-write register NVCR, located in
memory address space. FIG. 22 shows the format of this register. Reset clears this register to zero. This will configure
the EEPROM 40 for normal read operation. A description of the bit assignments for the NVCR register is provided below:

NVCR[7...5]: Unused. These bits are reserved for device testing.

NVCR[4]: Byte Erase Select (BYTE). This bit selects byte erase operations. When set, it overrides the row bit. If
BYTE is set to a 1, erase operations effect the selected byte. If BYTE is set to zero, erase operations are either row
or bulk.

NVCR[3]: Row Erase Select (ROW). This bit selects row or bulk erase operations. If BYTE is set, this bit is ignored.
If ROW is set to a 1, erase operations effect the selected row. If ROW is set to a 0, bulk erase is selected.

NVCR[2]: EEPROM Erase (ERASE). This bit controls erase operations in the following manner: |f ERASE is set
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to a1, erase mode is selected. If ERASE is set to a 0, normal read or program mode is selected.

NVCR[1]: EEPROM Latch Control (EELAT). This bit controls EEPROM address and data latch operations as fol-
lows: If EELAT is set to a 1, address and data can be latched into the EEPROM 40 for programming or an erase
operation. If EELAT is set to a 0, data can be read from the EEPROM 40. If an attempt is made to set both the EELAT
and EEPGM bits in the same write cycle, neither will be set.

NVCR[0]: EEPROM Program Voltage Enable (EEPGN). This bit determines the operating mode of the EEPROM
40 as follows: If the EEPGM is set to a 1, the charge pump 44 is on and the resulting high voltage is applied to the
EEPROM array. If EEPGM is set to 0, the charge pump generator is off. If an attempt is made to set both the EELAT
and the EEPGM in the same write cycle, neither will be set. If a write to a EEPROM address is performed while the
EEPGM bit is set, the write is ignored and the programming operation currently in progress is not disturbed. These two
safeguards prevent accidental EEPROM 40 changes.

EEPROM OPERATION

Specifications for the EEPROM 40 are provided in Appendix A. An internal charge pump 44 avoids the necessity
of supplying a high voltage for erase and programming. To reduce programming time, bulk, row and byte erase oper-
ations are supported.

The erase state of an EPROM byte is $FF. Programming changes ones to zeros. If any bit in a location needs to
be changed from a zero to a one, the byte must be erased in a separate operation before it is reprogrammed. If a new
byte has no ones in bit positions which were already programmed to zero, it is acceptable to program the new data
without erasing the EEPROM byte first.

Programming and erasure of the EEPROM 40 relies on an internal high voltage charge pump 44. The clock source
for the charge pump 44 is the same as the A/D subsystem and is selected by ACFR[7,6] as discussed above. Clock
frequencies below 2 MHz reduce the efficiency of the charge pump 44 which increases the time required to program
or erase a location. The recommended program and erase time is 10 ms when the selected clock is 2 MHz and should
be increased to as much as 20 ms when the clock is between 1 MHz and 2 MHz. At least 10 ms should be allowed
after changing the clock source for the charge pump 44 to stabilize.

The EEPROM 40 operation is controlled by the NVCR register. Various operations are performed by the EEPROM
40 as described below. Other processor operations can continue to be performed during EEPROM programming and
erasure provided these operations do not require a read of the data from the EEPROM 40. The EEPROM 40 is dis-
connected from the internal read/data bus 34 during program and erase operations.

To read data from the EEPROM 40, the EELAT bit must be zero. When this bit is cleared, the remaining bits in the
NVCR register have no meaning or effect and the EEPROM 40 may be read as if it were a normal ROM.

During EEPROM 40 programming, the ROW and BYTE bits are not used. The zero bits in a byte must be erased
by a separate erase operation prior to programming. The following sequence of operations is required to initiate a
programming cycle as follows:

1. Set the EELAT bit with EEPGM =0

2. Store data to the EEPROM memory location

3. Set the EEPGM bit to turn on the high voltage

4. Wait 10 ms

5. Reset both EEPGM and EELAT bits to return to normal operation (clear NVCR)

The following sequence of operations is required to initiate a bulk erase of the EEPROM memory as follows:

1. Set the ERASE and EELAT bits with EEPGM = 0

2. Write any data to any EEPROM address

3. Set the EEPGM bit to turn on the high voltage

4. Wait 10 ms

5. Reset ERASE, EELAT and EEPGM bit to return to normal operation (clear NVCR).

A row in the EEPROM 40 is a group of 16 bytes whose starting address is $xxNO and whose ending address is
$xxNF. The x's indicate don't care address bits. The N is the row number. This type of erase operation saves time
compared 1o byte erase operations when large sections of EEPROM are to be erased. The sequence of operations
required to initiate a row erase in the EEPROM 40 is as follows:

1. Set the ROW, ERASE and EELAT bits with EEPGM =0
2. Write any data to any EEPROM address in the selected row
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3. Set the EEPGM bit to turn on the high voltage
4. Wait 10 ms
5. Reset ROW, ERASE, EELAT and EEPGM bit to return to normal operation (clear NVCR)

DEAD-MAN AND POWER MONITOR SUBSYSTEM 46

The power monitor circuitry is discussed below in connection with the analog power supply. The dead-man circuitry
monitors the microprocessor 30 for proper operation. This function is a mask-enabled option that interacts with the
microprocessor 30 through a single register (DMC) located at address $0FFO. The dead-man circuitry may implemented
as a 17-bit ripple counter that provides a timeout period of 32.8 milliseconds at a bus rate of 4 MHz (262,144 oscillator
cycles). If the counter overflows, a processor reset will occur and the device will be reinitialized.

The dead-man timer is reset by writing a zero to DMCJ[0]. This will reset the counter and begin the timeout period
again. The location of the DMC register was chosen such that a normal bit manipulation instruction cannot reset the
timer. Only extended or indexed, 16-bit offset addressing modes can access this location.

DEAD-MAN INTERFACE REGISTER

The dead-man subsystem is controlled by a 1-bit register (DMC) located in memory address space. FIG. 23 defines
the register's format.

DMC[0]: Dead-man Reset. This write-only bit is used to reset the dead-man timer. Writing a zero to it will reset the
dead-man counter and restart the dead-man timeout time.

ANALOG SUBSYSTEM INTERFACE REGISTERS

The microprocessor 30 interface consists of seven registers (ADZ, AMZ, AMUX, ACSF, AVSF, ADC, and ADCR)
located in the memory address space. The format of these registers is shown in FIG. 24.

ADZ: A/D Auto-zero Value. This 6-bit read-write register contains the offset correction value for the voltage input
amplifier 80. The ADZ register is loaded with the correction value at the completion of an auto-zero sequence. A value
of zero represents the intrinsic positive offset built into the amplifier 80. As the ADZ value increases, the offset de-
creases. A least-significant-bit represents approximately 0.5 mV offset. The correction value may be changed by writing
to this register. Write operations to the ADZ register are intended for diagnostic and verification purposes and are not
intended in normal operation. The auto-zero sequence should provide the proper offset value for nominal device op-
eration. At the completion of the auto-zero, the offset of the amplifier 80 should be in the range of 0 to -0.5 mV.

AMZ: Amplifier Auto-zero Value. This 6-bit read-write register contains the offset correction value for the current
amplifier 90. The AMZ register will be loaded with the correction value at the completion of an auto-zero sequence. As
the AMZ value increases, the offset decreases. A least-significant-bit represents approximately 0.5 mV offset. The
correction value may be changed by writing into this register. Write operations to this register are intended for diagnostic
and verification purposes and should not be done in normal operation. The auto-zero sequence should provide the
proper offset value for nominal device operation. At the completion of the auto-zero, the offset of the amplifier should
be in the range of 0 to -0.5 mV.

ACSF: Current Scale Factor. This read-write register is used to control operation of the current input auto-ranging.
The value written into this register determines the current subsystem auto-ranging operating mode. If a zero is written,
the current subsystem is placed in auto-ranging mode. A nonzero value inhibits auto-ranging and sets the current
mirror 92 into a fixed scale value. Table 7 defines possible values for ACSF write operations. Values other than these
will cause unpredictable operation.

This register is not a true 'read-write' register. The value read from it is not necessarily the value that was written
into it. Writing a zero into ACSF enables auto-ranging, however, a zero will never be read from ACSF. There are only
five possible values that will be read: $10, $08, $04, $02, and $01.

The value read from this register is one of the scale factors required to properly scale the 8-bit A/D output. Five
values are possible: x1, x2, x4, x8 and x16. Scale factors are shown in Table 7.

TABLE 7
CURRENT SCALE FACTOR CONTROL VALUES
ACSF[7...0] | HARDWARE MODE | SOFTWARE SCALE FACTOR

$00 Auto-ranging enable
$10 Divide by 16 X 16
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TABLE 7 (continued)
CURRENT SCALE FACTOR CONTROL VALUES

ACSF[7...0] | HARDWARE MODE | SOFTWARE SCALE FACTOR
$08 Divide by 8 x8
$04 Divide by 4 X 4
$02 Divide by 2 X2
$01 Divide by 1 X1

AVSF: Voltage Scale Factor. This read-write register is used to control operation of the voltage input auto-ranging.
The value written into this register determines the voltage amplifier 80 auto-ranging operating mode. If a zero is written,
the voltage amplifier 80 is placed in auto-ranging mode. A nonzero value inhibits auto-ranging and sets the voltage
amplifier 80 in a fixed-gain mode of operation. Table 8 defines legal values for AVSF write operations. Values other
than these will cause unpredictable operation.

This register is not a true read-write register. The value read from it is not necessarily the value that was written
into it. Writing a zero into AVSF enables auto-ranging, however, a zero will never be read from AVSF. There are only
five possible values that will be read: $10, $08, $04, $02 and $01.

TABLE 8
A/D VOLTAGE AMPLIFIER CONTROL VALUES
ACSF[7...0] | HARDWARE MODE | SOFTWARE SCALE FACTOR

$00 Auto-ranging enable

$01 X 16 gain X1

$02 X 8 gain X2

$04 X 4 gain X4

$08 X 2 gain X8

$10 X 1 gain X 16

The value read from this register is one of the scale factors required to properly scale the A/D output. Five values
are possible: x1, x2, x4, x8 and x16. Scale factors are shown in Table 8. This register should not be read or written to
while a conversion is in progress.

AMUX: Input Multiplexer Controls. This 8-bit read-write register is used to select the MUXes 66 and 68 connected
to the voltage and current input channels 62 and 64. The register is divided into two 4-bit fields; one for controlling the
voltage input channels and the other for controlling the current input channels. It is also used to initiate the A/D con-
version process. Writing to this register will initiate an A/D conversion.

AMUX[3...0]: A/D Channel Select. These four bits control operation of the voltage input channels 62 and 64. These
bits are decoded as shown in Table 9. Values indicated as "reserved" are dedicated to test and verification and should
not be selected during normal operation. When the current channels 62 are selected (AMUX[3...0] = 1000), auto-
ranging of the voltage amplifier 80 will be inhibited and the gain set to x1. If a nonzero value has previously been written
into the AVSF register, the selected gain will be used instead of an x1 gain factor.

TABLE 9
A/D CHANNEL SELECT DECODE
AMUX[3...0] | SOURCE | AMUX[3...0] | SOURCE
0000 MUXO 1000 MXO (Current Channel)
0001 MUX1 1001 Reserved
0010 MUX2 1010 Reserved
0011 MUX3 1011 Reserved
0100 MUX4 1100 Reserved
0101 MUX5 1101 Reserved
0110 Reserved 1110 Temp. Sensor
0111 Reserved 1111 AVSS (0 volts)
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AMUX[7...4]: Current MUX Select. These four bits control operation of the current input channels 62. Each bit
controls a channel independent of the other three bits. Bits are assigned sequentially with AMUX[4] assigned to input
pin MUX0 and AMUX]7] assigned to input pin MUX3. These bits have no effect if the associated channel is configured
for voltage mode by the CFR register. A zero in AMUX]7...4] connects the appropriate input pin(s) to digital ground
(VSS), while a one connects the pin(s) to the current mirror 92 output. The currents can be summed by selecting
multiple current inputs. If all four bits of this field are zero, no input channels are connected to the current mirror 92
output. Since the inverting input of the current amplifier 90 remains connected to the current mirror 92 output, the
current amplifier 90 output will be low, and the current mirror 92 will have no current flowing out of it.

ADC: A/D CONVERTER OUTPUT This read-only register is used to return the 8-bit output value. The least-sig-
nificant bit is in ADCJ[0]. This value must be multiplied by the voltage and current scale factors found in ACSF and
AVSF. Depending on the mode of operation, both scale factors may not be needed:

Voltage Inputs: The ADC register should be multiplied by AVSF for all voltage inputs. The contents of ACSF register
should not be used to scale a voltage reading.

Current Inputs: The ADC register should be multiplied by the value in the ACSF register and then the AVSF register
for scaling of the current subsystem output (MSO). If the voltage amplifier 80 is set to auto-ranging, the AVSF software
scale factor will always be x16, since the voltage gain will be forced to x1 by the selection of MXO.

If an input voltage is converted that is not in the range of AVSS to VREF, the A/D converter will return either $00
(voltages less than AVSS) or $FF (voltages greater than VREF). No additional indication is provided.

ADCR: A/D Subsystem Control This byte-wide register is used to control operation of the A/D 78. It is implemented
as a read-write register to permit read-modify-write instructions to properly manipulate bits. All command bits will read
as zero. Control bits will read the current value of the control bit.

ADCRIO]: Unused. This bit is not used. The ADCR[0] bit will always read zero.

ADCR[1]: Sample Inputs. This control bit is used to close the three MUXes 108, 110 and 112 that connect the pairs
of channels 102, 104 and 106 together to form the sample and hold function. The channels are closed when ADCR[1]
=1 and open when ADCR[1] = 0. ADCR[1] is set to zero by device reset. Each of the sample and hold switches 108,
110 and 112 will close only if both channels it is associated with are configured in the voltage mode.

ADCRJZ2]: Initiate Auto-Zero Sequence. When this command bit is written with a one, the voltage and current
amplifiers 80 and 90 will initiate an autozero sequence. When the sequence is completed, the ADCR[6] bit will be set
to a one. An interrupt will be generated, if enabled, at the completion of the autozero sequence. The ADCR[2] bit will
always read zero.

ADCR(3]: Integrator Reset. When this control bit is written with a one, the MUX 96 disconnects the MXO pin from
the current mirror 92 and shorts MXO to analog ground. The MUX 96 will remain shorted as long as this bit remains
set. To open the MUX 96 a zero must be written to ADCR][3]. This bit will read the present state of the MUX 96.

ADCRJ4]: Enable Interrupt. This control bit enables interrupts from the A/D subsystem 78. When the ADCR[4] bit
is set to one, interrupts are enabled. The ADCR][4] bit will read the present state of the interrupt enable.

ADCR([5]: Acknowledge Interrupt And Operation Complete. This command bit resets the operation complete flags
when written with a one. It will reset ADCRJ6...7], removing the interrupt request from the processor. ADCR[5] should
be written with a one prior to initiation of another conversion. This bit will always read as a zero.

ADCRJ6]: Auto-Zero Sequence Complete. This read-only status bit indicates the completion of an auto-zero se-
quence. It will be set to a one after completion of the auto-zero cycle. Registers ADZ and AMZ will be updated with
the new value of offset correction calculated by the auto-zero sequence. This bit is reset by writing to the ADCR[5] bit
with a one. The ADCR][6] bit cannot be written.

ADCR]7]: Conversion Complete. This read-only status bit indicates the completion of an A/D conversion cycle. It
will be set to a one after completion of the A/D conversion and indicates that data is available in the ADC, ACSF, and
AVSF registers. It is reset by writing the ADCR[5] bit with a one. This bit cannot be written.

A/D SUBSYSTEM OPERATION

The A/D subsystem should be initialized during the power-up routine. The following initialization operations are
required.

The ACFR register should be written with the appropriate value to select the proper operating mode of the MUX4...
MUX1 inputs. Care should be used when placing an input channel in the current mode, since this will produce a low-
impedance on the input pin.

The clock source and divider ratio should be selected with the ACFR[7,6] bits based on the application's crystal
value. If the RC oscillator mask option is selected, the clock source should be set to internal (ACFR[7] = 0). The ACFR
[5] bit should be written with a one to enable A/D subsystem operation.

The control register (ADCR) should be written with an appropriate value. Bits 1, 3 and 4 should be set to establish
initial operation conditions. An auto-zero sequence should be initiated by setting the bit ADCR[2] = 1. This will cause

33



10

15

20

25

30

35

40

45

50

55

EP 0 493 003 B1

the offset voltages in the voltage and current amplifiers 80 and 90 to be canceled and the ADZ and AMZ registers to
be set to the correct values.

The two scale factor registers (ACSF and AVSF) should be initialized. If auto-ranging is desired, a zero should be
written into both registers, otherwise the required scale factors should be selected.

OPERATION WITH VOLTAGE INPUTS

To initiate a conversion of a voltage input, the AMUX register should be written with a value that contains the
desired input channel in the low-order four bits and the present current switch selection in the high-order four bits. This
will start the conversion of the selected voltage input. When the conversion is complete, an interrupt will be generated
(if enabled) and the ADCR][7] bit will be set. The ADCR][5] bit should be written with a one to clear the interrupt and
acknowledge the operation complete flag. This will reset the ADCR][7] bit. The conversion value is read from ADC
register and then multiplied by the value in the AVSF register to produce a 12-bit value. It should be noted that a voltage
gain factor of x1 produces a scale factor of x16.

Moreover, it is not intended to write to the AVSF register prior to each conversion. The ADCR[7] bit must be cleared
after every conversion operation by writing to the ADCR[5] bit with a one.

OPERATION WITH CURRENT INPUTS

To initiate a conversion of a current input, the AMUX register should be written with a value that contains $8 in the
low-order four bits and the present current switch selection in the high-order four bits. This will start the conversion of
the MXO input. When the conversion is complete, an interrupt will be generated (if enabled) and ADCR[7] will be set.
ADCR([5] should be written with a one to clear the interrupt and acknowledge the operation complete flag. This will
reset ADCR[7]. The conversion value is read from the ADC register and then multiplied by AVSF and ACSF to produce
a 16-bit value. If voltage auto-ranging has been enabled by writing AVSF with a zero, it is not necessary to multiply the
result by AVSF as long as a 12-bit result is desired. It should be noted that a voltage gain factor of X1 produces a scale
factor of X16. As long as AVSF is not written with an overriding gain factor, the X16 scale factor can be ignored for
current conversions.

The A/D subsystem generates a synchronous interrupt at vector address $1FF4-$1FF5. The interrupt must be
acknowledged prior to resetting the 1 bit in order to not reprocess the interrupt.

SUBSYSTEM OPERATION

1. QUADCOMPARATORS SUBSYSTEM 58

Four individual inverting comparators are available. The non-inverting input of each is referenced to +1.25 volts.
The comparators are discussed in detail below. Specifications for the subsystem are provided in Appendix B. The
comparator output states can be read from a register (CMPST) and can also be directly connected to the least significant
four output pins of port C. One comparator interrupts on both rising and falling output signals while the other three
comparators interrupt only on rising outputs.

The quadcomparator subsystem 58 is controlled by 4 bits of the Configuration Register as defined in FIG. 21.

CFR[3...0]: Comparator Mode Control. These four configuration bits enable the comparator outputs to be ORed
with the least-significant four bits of port C. A zero in a configuration bit enables the OR operation for the associated
port pin. In this mode, each output pin will be low during device reset if the respective comparator input is above the
threshold voltage (+1.25 V). A reset will clear the port C output register making the output pin only a function of the
comparator input. When the microprocessor 30 writes a 1 into this port output register bit, the corresponding output
pin will be forced high independent of the state of the comparator input.

A one in these configuration bits disables the OR operation. In this mode, the port pins behave as a normal output
pin. The configuration bits are assigned sequentially, with CFR[0] controlling PCO/CMPO and CFR[3] controlling
PC3/CMP3. See Table 10 for assignments.

TABLE 10

COMPARATOR MODE CONTROL
CFRI3]: PC3/CMP3
CFR[2]: PC2/CMP2
CFR[1]: PC1/CMP1
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TABLE 10 (continued)

COMPARATOR MODE CONTROL
CFRI0] | PCO/CMPO

The comparator subsystem 58 communicates with the microprocessor 30 through a set of two control and status
registers (CMPI and CMPST) located in memory address space. The state of each comparator output can be read
through the CMPST register. An external interrupt facility is provided to generate interrupts on selected edges of the
comparator outputs. These comparators have approximately 20 mV of optional hysteresis. FIG. 25 shows the format
of these registers.

CMPI REGISTER

CMPI[7...4]: Interrupt Acknowledge. These four command bits are used to reset the interrupt request generated
by the quadcomparator subsystem 58. They always read as zero. When a one is written into a command bit, the
corresponding interrupt request is cleared. These four bits are not read-write registers. The interrupt request must be
reset prior to clearing the 1-bit to prevent reprocessing the interrupt. Bit assignments are defined in Table 11.

TABLE 11
CMPI[7...4] BIT ASSIGNMENTS
CMPI[4] CPO
CMPI[5] CP1
CMPI[6] cP2
CMPI[7] CP3

CMPI[3...0]: Interrupt Enable. These four control bits are used to enable the comparator interrupts. A one enables
a comparator interrupt, while a zero disables it. They are true enables in that transitions prior to the enable will be
ignored. Clearing the enable with an interrupt pending will remove the interrupt request. These four bits are implemented
as true read-write registers. Bit assignments are defined in Table 12.

TABLE 12
CMPI3...0] BIT ASSIGNMENTS
CMPI0] CPO
CMPJ[1] CP1
CMP[2] cP2
CMPI[3] CP3

CMPST REGISTER

CMPST]7...4]: Interrupt Request. These four read-only status bits indicate which comparator interrupt(s) are active.
They are read to determine the cause of the microprocessor interrupt. A one indicates an interrupt request for its
respective comparator output. Bit assignments are defined in Table 13.

TABLE 13

CMPST[4] i CPO
CMPSTI[5] i CP1
CMPST[6] | CP2
CMPST[7] | CP3

CMPST]I3...0]: Comparator Output. These four read-only status bits indicate the state of the four comparator out-
puts. Aone indicates the comparator output is high and that the comparator input is below the threshold. Bit assignments
are defined in Table 14.
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TABLE 14

CMPST[0] | CPO
CMPST[1] i CP1
CMPST[2] | CP2
CMPST[3] | CP3

The comparator subsystem 30 generates a synchronous interrupt at vector address $1FF6-$1FF7.

2. B+ COMPARATOR 50

The B+ comparator 50 is discussed in detail below. This comparator is provided for power supply generation (see
FIG. 56). The negative input of this comparator is connected to the VREF pin (+2.5 V nominal). The positive pin is
BSENSE. The comparator output is located at BDRIVE. Comparator specifications are provided in Appendix B.

3. PORT A SUBSYSTEM 52

Port A is an 8-bit bidirectional input/output port. FIG. 27 illustrates the operation of typical parallel port I/O circuitry
discussed in detail below. The eight port A pins can be individually programmed as input or output. The port A subsystem
52 communicates with the microprocessor 30 through a set of two registers (PAD, PAC) located in memory address
space. The direction of each port bit is determined by PAC, while the state of the port pins is controlled by PAD. The
format of these registers is provided in FIG. 26.

PAC REGISTER

PAC[7...0]: Port Direction. These eight bits are used to control the direction of the corresponding port pin. The port
pin is an input if the port direction bit is zero. At reset, the port direction bits are cleared to zero, defining the port pins
as inputs.

PAD REGISTER

PAD[7...0]: Port Data. These eight bits are used to read the state of the port pin if an input, and to control the state
of a port pin if it is an output. A zero corresponds to an electrical low on the port pin. Bits are assigned sequentially,
with PAD[O] controlling pin PAO. Device reset does not affect the data register.

PORT OPERATION

Each of the eight bits of the port operates independently of the others. The following paragraphs describe the
operation of a single port bit.

Each port pin can be programmed to be either an input or output as determined by the port direction register bits.
A pin is configured as an input if its port direction register bit is set to zero. At power-on or reset, all port direction
register bits are cleared, which configures port pins as inputs. When the port direction register bit is set, the port pin
becomes an output, driving the state of the port data register bit onto the port pin. A one in the port data register causes
a high on the port pin. When the port data register is written, the eight data bits are latched in the port data register.

When the port data register is read, the source of the data is determined by the port direction register. If the port
pin is configured as an output, the read operation data source is the port data register, not the port pin. If the port pin
is configured as an input, the read operation data source is the port pin itself. This prevents read-modify-write operations
from altering the state of output pins that may be loaded by external circuitry.

Whenever a port pin's direction is changed to output, its data register should be loaded with the desired output
state prior to direction change.

4. PORT B SUBSYSTEM 54

Port B is a 3-bit bidirectional input/output port. The three port B pins can be individually programmed as input or
output. They are shared with the synchronous serial /O port (SSIOP) and their functionality may be changed when
that system is in use.

The port B subsystem 54 communicates with the microprocessor 30 through a set of two registers (PBD, PBC)

36



10

15

20

25

30

35

40

45

50

55

EP 0 493 003 B1

located in memory address space illustrated in FIG. 28. The direction of each port bit is determined by PBC. while the
state of the port pins is controlled by PBD.

PBC REGISTER

PBCJ[7...5]: Port Direction. These three bits are used to control the direction of the corresponding port pin. The port
pin is an input if the port direction bit is zero. At reset, the port direction bits are cleared to zero, defining the port pins
as inputs. Bit assignments are in ascending order with PBC[5] assigned to pin PB5/SDO and PBC[7] assigned to pin
PB7/SCK. Bits O through 4 of this register are unused and read as ones.

PBD REGISTER

PBD[7...5]: Port Data. These three bits are used to read the state of the port pin if an input, and to control the state
of a port pin if it is an output. A zero corresponds to an electrical low on the port pin. Bits are assigned sequentially,
with PBD[5] controlling pin PB5/SDO. Device reset does not affect the data register. Bits O through 4 of this register
are unused and read as ones.

5. SYNCHRONOUS SERIAL I/O PORT

The synchronous serial input/output port (SSIOP) subsystem is designed to provide a simple interface to peripheral
devices that communicate over a serial bus. It may also be used for inter-processor communication in a multi-processor
system. The SSIOP is essentially an 8-bit shift register with separate pins for incoming (PB6/SD1) and outgoing
(PB5/SDO) data and a third pin for serial clock (PB7/SCK).

The SSIOP communicates with the microprocessor 30 through three registers located in memory address space:
SPD, SPSR and SPCR. FIG. 29 defines the registers formats.

SPD: SSIOP DATA REGISTER

This 8-bit read-write register is used to transmit and receive data on the synchronous serial bus. This system is
not double buffered and thus any write to this register will destroy the previous contents. The SPD register can be read
at any time, but if a transmission is in progress, the results may be ambiguous. Writes to the SPD register while a
transmission is in progress can cause invalid data to be transmitted and/or received.

SPSR: SSIOP STATUS REGISTER

This 2-bit, read-only register is used to indicate operational status of the SSIOP. The two bits are cleared by device
reset.

SPSR[7]: SSIOP Interface Flag (SPIF). This operation flag is set upon occurrence of the last rising clock edge and
indicates that a data transfer has taken place. It has no effect on any further transmissions and can be ignored without
problem. SPIF is cleared by reading the SPSR with SPIF set (SPSR[7]) followed by a read or write of the serial data
register SPD. If SPIF is cleared before the last edge of the next byte, it will be set again. Reset clears this bit.

SPSR[6]: Data Collision (DCOL). This read-only status bit indicates an invalid access to the data register has been
made. This can occur any time after the first falling edge of PB7/SCK until SPIF is set. A read or write of the data
register during this time will result in invalid data being transmitted or received. DCOL is cleared by reading the SPSR
with SPIF set followed by a read or write of the data register. If the last part of the clearing sequence is done after
another transmission has been started, DCOL will be set again. Reset also clears this bit.

SPCR: SSIOP CONTROL REGISTER

This 2-bit register is used to control operation of the SSIOP subsystem. It is implemented as a read-write register
to permit read-modify-write instructions to properly manipulate bits. These control bits will read the current value of the
bit.

SPCR[6]: SIOP Enable (SPE). This control bit enables the synchronous serial /O port and initializes the port B
control register such that PB5 (SDO) is output. PB6 (SD1) is input and PB7 (SCK) is input (slave mode only). The port
B control register can be subsequently altered as the application requires and the port B data register (except for PB5)
can be manipulated as usual, however, these actions could affect the transmitted or received data. When the SPE
register is cleared, port B reverts to a standard parallel /O port without affecting the port B data or control register. The
SPE register is readable and writable any time, but clearing the SPE register while a transmission is in progress will
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abort the transmission, reset the bit counter, and return port B to its normal /O function. Reset clears this bit.

SPCR[4]: Master Mode (MSTR). This control bit is used to configure the SSIOP for master mode. In this mode the
transmission is initiated by writing to the data register (SPD). The PB7/SCK pin is configured as an output providing a
synchronous data clock at a fixed rate of either a processor phase 2 divided by 4 or 32 as determined by a mask option.
While the device is in master mode, the PB5/SDO and PB6/SD1 pins do not change function. These pins behave
exactly the same as in slave mode. Device reset clears SPCR[4] and returns the SSIOP to slave mode. This control
bit may be set at any time regardless of the state of SPE. Clearing MSTR will abort any transmission in progress.

SSIOP OPERATION

The SSIOP operates as a synchronous serial communication interface. Data is transmitted by the master device
in parallel to all slave devices over a single wire connected to the PB5/SDO pin. The selected slave device transmits
data over a separate wire connected to the PB6/SD1 pin in a full duplex fashion. A common clock PB7/SCK, serves
both input and output data streams. Thus, the byte transmitted by the master is replaced by the byte received from the
slave. Slave selection in multiple-slave configurations will require the use of additional port pins or external decoding
logic if more than one slave is employed.

This bidirectional /O pin PB7/SCK is used as the data clock for the SSIOP. The state of PB7/SCK between trans-
missions must be a logic one. The first falling edge of PB7/SCK signals the beginning of a transmission. At this time,
the first bit of transmitted data is presented at the PB5/SDO pin. Data is captured at the PB6/SD1 pin on the rising edge
of PB7/SCK. Subsequent falling edges shift the data and present the next bit. The transmission is ended upon the
eighth rising edge of PB7/SCK. The maximum frequency of PB7/SCK in slave mode is equal to the processor's phase
2 clock divided by 4. For an 8 MHz oscillator, the maximum PB7/SCK frequency is 1 MHz. There is no minimum clock
rate.

In master mode, the format is identical, except that the PB7/SCK pin is an output and the shift clock now originates
internally. The master mode transmission frequency is selected by mask option at either crystal frequency divided by
8 or 64.

The PB6/SK1 pin becomes an input as soon as the SSIOP is enabled. New data may be presented to the PB5/SD1
pin on the falling edge of PB7/SCK. Valid data must be present at least 100 ns prior to the rising edge of the serial clock.

The PB5/SDO pin becomes an output as soon as the SSIOP is enabled. A mask programming option configures
data transmission to be either MSB or LSB first. In either case, the state of the PB5/SDO pin will always reflect the
value of the first bit received on the previous transmission if there was one. Prior to enabling the SSIOP, PB5/SDO can
be initialized to determine the beginning state if necessary by normal port operations. While the SSIOP is enabled,
PB5/SDO cannot be used as a standard port since the pin is coupled to the last stage of the serial shift register On
the first falling edge of PB7/SCK, the first data bit to be shifted out is presented to the output pin.

6. PORT C SUBSYSTEM 45

Port C is an 8-bit bidirectional input/output port. The eight port C pins can be individually programmed as input or
output. Four pins can be assigned specialized output functions by the configuration register CFR.

CFR[3...0]: Comparator Mode Control. These four configuration bits enable the comparator outputs to be ORed
with the least-significant four bits of port C. A zero in these configuration bits enables the OR operation. In this mode,
device reset places the four port pins in input mode and causes the port pins to be low unless the respective comparator
outputs are above the threshold of +1.25 V.

A one in these configuration bits disables the OR operation. In this mode, the port pins behave as normal 1/O pins.
The configuration bits are assigned in sequential order with CFR[O] controlling PCD/CMPO and CFR[3] controlling
PC3/CMP3.

INTERFACE REGISTERS

The port C subsystem 56 communicates with the microprocessor 30 through a set of two registers (PCD, PCC)
located in memory address space, illustrated in FIG. 30. The direction of each port bit is determined by PCC, while the
state of the port pins is controlled by PCD.

PCC REGISTER

PCCJ7...0]: Port Direction. These eight bits are used to control the direction of the corresponding port pin. The port
pin is an input if the port direction bit is a zero. At reset, the port direction bits are cleared to zero, defining the port pins
as inputs. Note that the low-order four bits can be set to be outputs by the CFR. Bit assignments are in ascending
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order with PCCJ0] assigned to pin PCO and PCC[7] assigned to pin PC7.
PCCI7...4]: The high-order nibble of the port control register operates as a normal set of bidirectional port control
bits. The following conditions apply:

Reset clears PCC[7...4].

Writing a zero to a PCCJ[7...4] bit will cause the corresponding port pin to become an input, with its state readable
by the respective bit in the PCD.

Writing a one to a PCC[7...4] bit will cause the corresponding port pin to become an output, with its state driven
by the last state written to the respective bit in the PCD.

Reading PCCJ7...4] will reflect the current state of those bits allowing for bit manipulation using read-modify-write
instructions.

PCCI8...0]: The low-order nibble of the port control register operates differently from the high-order depending on
the state of the configuration control register bits CFR[3...0]. The following conditions apply: A zero in one of the lower
four bits of the CFR (CFR[3...0]) will set the corresponding bit in the PCC.

Since device reset clears CFR[3...0], the low-order nibble of the port control register (PCC[3...0]) will be set after
reset.

Writing a zero to one of the lower four bits of the PCC (with the corresponding CFR bit set), will cause the respective
port pin to become an input, with the pin's state readable in the data register PCD.

Writing a one to one of the lower four bits of the PCC (with the corresponding CFR bit set), will cause the respective
port pin to become an output, with its state driven by the last state written to the appropriate PCD bit.

Writing a one to one of the lower four bits of the PCC will be ignored if the respective bit in the CFR is clear.
Reading the lower four bits of the PCC will reflect the current state of those bits as stored in the PCC allowing for
bit manipulation using read-modify-write instructions.

PCD REGISTER

PCDJ7...0]: Port Data. These eight bits are used to read the state of the port pins if configured as an input and to
control the state of a port pin if it is configured as an output. A zero corresponds to an electrical low on the port pin.
Bits are assigned sequentially, with PCD[0] controlling pin PCO. Device reset does not affect the data register PCD[3...
0]. The high-order four bits are not changed by reset.

PCDJ7...4]: The high-order nibble of PCD operates as a normal bidirectional port data register. The following con-
ditions apply:

Reset does not affect the upper four bits of the PCD.

A read of the upper four bits of the PCD will reflect the state of the respective port pin if the corresponding PCC
bit is clear (input mode).

A read of the upper four bits of the PCD will reflect the last state of the respective bit in the PCD if the corresponding
PCC bit is set (output mode).

7. PORT D SUBSYSTEM 60

Port D is a 1-bit special function port associated with the timer.

PDD REGISTER

The port D subsystem communicates with the microprocessor 30 through a single data register (PDD) located in
memory address space (FIG. 31).

The port D data register is a special purpose 1-bit register associated with the timer.

PDD[7] is a read-only bit associated with the PD7/TCAP pin. This bit can be read at any time, even if the TCAP
function is enabled. Write operations have no effect on this register bit.

All other PDD bits are unimplemented and read as zeros. Bits O through 6 of the port D data register are unimple-
mented. Bit 4 always reads as one, while the others read as zeros.

8. PROGRAMMABLE TIMER

The IC 10 contains a single 16-bit programmable timer 60. The timer 60 is driven by the output of a fixed divide-
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by-four prescaler operating from the microprocessor 30 phase 2 clock. It can be used for many purposes, including
input waveform measurements. The timer 60 is also capable of generating periodic interrupts or indicating passage of
an arbitrary number of internal clock cycles. A block diagram of the timer is shown in FIG. 32. Timing diagrams are
shown in FIGS. 33(a)-33(d).

Because the timer has a 16-bit architecture, each specific functional capability is represented by two registers.
These registers contain the high and low byte of that function. Generally, accessing the low byte of a specific timer
function allows full control of that function; however, an access of the high byte inhibits that specific timer function until
the low byte is also accessed. The 1-bit in the condition code register should be set while manipulating both the high
and low byte register of a specific timer function to ensure that an interrupt does not occur. This prevents interrupts
from occurring between the time that the high and low bytes are accessed.

The key element in the programmable timer 60 is a 16-bit free running counter preceded by a prescaler which
divides the microprocessor internal phase-2 clock by four. The prescaler gives the timer aresolution of 2.00 s assuming
a crystal frequency of 4 MHz. The counter is clocked to increasing values during the low portion of the internal phase
2 clock. Software can read the counter at any time without affecting its value.

The double-byte free running counter can be read from either of two locations: the counter register (TCRH, TCRL),
or the alternate counter register (TARH, TARL). A read sequence containing only a read of the least significant byte of
the counter register will receive the counter value at the time of the read. If a read of the counter at either location first
addresses the most significant byte, it causes the least significant byte to be transferred to a buffer. This buffer value
remains fixed after the first most significant byte read, even if the user reads the most significant byte several times.
The buffer is accessed when reading the counter register (TCRL) or alternate counter register (TARL) least significant
byte, and thus completes a read sequence of the total counter value. In reading either the counter register or alternate
counter register, if the most significant byte is read, the least significant byte must also be read in order to complete
the sequence.

The free running counter cannot be loaded or stopped by the program. During a power-on-reset or device reset,
the counter is set to $FFFC and begins running after the oscillator start-up delay. Because the counter is 16 bits and
is preceded by a fixed divide-by-four prescaler, the value in the counter repeats every 262,144 microprocessor 30
phase 2 clock cycles. When the counter rolls over from $FFFF to $0000, the timer overflow flag bit (TOF) is set. An
interrupt can also be enabled when counter rollover occurs by setting its interrupt enable bit (TOIE).

The programmable timer capabilities are provided by using the following twelve addressable 8-bit registers. Note
that the names high and low represent the significance of the byte. The format of these registers is shown in FIG. 34.

The timer has one 16-bit output compare register. It consists of two 8-bit registers. The output compare register
consists of TOCH and TOCL, with TOCH the most significant byte. This output compare register can be used for
indicating when a period of time has elapsed. These registers are unique in that all bits are readable and writable and
are not altered by the timer hardware. Reset does not affect the contents of these registers, and if the compare function
(s) are not utilized, the two bytes of these registers can be used as storage locations.

The contents of the output compare register is compared with the contents of the free running counter every fourth
rising edge of the microprocessor phase 2 clock. If a match is found, the output compare flag (OCF) bit is set. The
value in the output compare register should be changed after each successful comparison in order to establish a new
elapsed timeout. An interrupt can also accompany a successful output compare, provided the corresponding interrupt
enable bit, OCIE, is set.

After a processor write cycle to the output compare register containing the most significant byte (TOCH), the cor-
responding output compare function is inhibited until the least significant byte is also written. The user must write both
bytes if the most significant byte is written. A write made only to the least significant byte will not inhibit the compare
function. The free running counter is updated every four internal phase 2 clock cycles due to the internal prescaler.
The minimum time required to update the output compare register is a function of the software program rather than
the internal hardware.

A processor write may be made to either byte of the output compare register without affecting the other byte.

Because neither the output compare flag (OCF) or output compare register is affected by reset, care must be
exercised when initializing the output compare function with software. The following procedure is recommended:

1. Write to the high byte of the output compare register to inhibit further compares until the low byte is written.

2. Read the timer status register to clear the output compare flag if it is already set.

3. Write to the low byte of the output compare register to enable the output compare function with the output
compare flag clear.

The objective of this procedure is to prevent the output compare flag from being set between the time it is read
and the write to the output compare register. A software example is shown below.
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B7 16 | STA | OCMPHI | INHIBIT OUTPUT COMPARE
B6 13 | LDA | TSTAT ARM OCF BIT IF SET
BF 17 | STX | OCMPLD | READY FOR NEXT COMPARE

The two 8-bit registers (TICH, TICL) which make up the 16-bit input capture register, are read-only and are used
to latch the value of the free running counter after a defined transition is sensed by the input capture edge detector.
The level transition which triggers the counter transfer is defined by the input edge bit (IEDG). Reset does not affect
the contents of the input capture registers.

The result obtained by an input capture will be one more than the value of the free running counter on the rising
edge of the phase 2 processor clock preceding the external transition (FIG. 33). This delay is required for internal
synchronization. Resolution is affected by the prescaler allowing the timer to only increment every four phase 2 clock
cycles.

The free running counter contents are transferred to the input capture register on the proper signal transition
regardless of whether the input capture flag (ICF) is set or clear. The input capture register always contains the free
running counter value which corresponds to the most recent input capture.

After a read of the most significant byte (TICH) of the input capture register, counter transfer is inhibited until the
least significant byte of the register is also read. This characteristic forces the minimum pulse period attainable to be
determined by the time used in the capture software routine and its interaction with the main program. For example,
a polling routine using instructions such as BRSET, BRA, LDA, STA, INCX, CMPX, and BEQ might take 34 internal
phase 2 cycles to complete. The free running counter increments every four processor clock cycles due to the prescaler.

A read of the least significant byte (TICL) of the input capture register does not inhibit the free running counter
transfer. Minimum pulse periods are ones which allow software to read the least significant byte and perform needed
operations. There is no conflict between the read of the input capture register and the free running counter transfer
since they occur on opposite edges of the internal processor clock.

TIMER CONTROL REGISTER

The timer control register (TCR) is a read-write register which contains four control bits. Three of these bits control
interrupts associated with each of the three flag bits found in the timer status register. The other bit controls which edge
is significant to the capture edge detector. The timer control register and the free running counter are the only sections
of the time affected by reset. The timer control register bit assignment is defined in FIG. 34.

TCRI[O]: Unused.

TCRJ[1]: Input Edge Polarity (IEDG). The value of the input edge (IEDG) bit determines which level transition on
the PD7/TCAP pin will trigger a free running counter transfer to the input capture register. Reset does not affect the
IEDG bit. A zero selects the falling edge.

TCR[2]: Unused.

TCR[4]: Unused.

TCRI5]: Timer Overflow Interrupt Enable (TOIE). If the timer overflow interrupt enable (TOIE) bit is set, a timer
interrupt is enabled whenever the TOF status flag (in the timer status register) is set. If the TOIE bit is clear, the interrupt
is inhibited. The TOIE bit is cleared by reset.

TCRI6]: Output Compare Interrupt Enable (OCIE). If the output compare interrupt enable (OCIE) bit is set, a timer
interrupt is enabled whenever the OCF status flag is set. If the OCIE bit is clear, the interrupt is inhibited. This bit is
cleared by reset.

TCR([7]: Input Capture Interrupt Enable (ICIE). If the input capture interrupt enable (ICIE) bit is set, a timer interrupt
is enabled when the ICF status flag (in the timer status register) is set. If the ICIE bit is clear, the interrupt is inhibited.
The ICIE bit is cleared by reset.

TIMER STATUS REGISTER

The timer status register (TSR) is a 3-bit register containing read-only status information. These four bits indicate
the following:

A proper transition has taken place at the TCAP pin with an accompanying transfer of the free running counter
contents to the input capture register.

A match has been found between the free running counter and one of the output compare registers.

The free running counter contains $FFFF (timer overflow).
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The timer status register is illustrated in FIG. 34. The timing diagrams are shown in FIGS. 33(a)-33(d) illustrate
the timing relationships to the timer status register bits.

TSR[4]: Unused.

TSR[5]: Timer Overflow Flag (TOF). The timer overflow flag (TOF) bit is set by a transition of the free running
counter from $FFFF to $0000. It is cleared by accessing the timer status register (with TOF set) followed by an access
of the free running counter least significant byte. Reset does not affect the TOF bit.

TSR[6]: Output Compare Flag (OCF). The output compare flag (OCF) is set when the output compare register
matches the contents of the free running counter. The OCF is cleared by accessing the timer status register (with OCF
set) and then writing the low byte of the output compare register. Reset does not affect the output compare flag.

TSR[7]: Input Capture Flag (ICF). The input capture flag (ICF) is set when the selected edge has been sensed by
the input capture edge detector. It is cleared by a processor access of the timer status register (with ICF set) followed
by accessing the low byte of the input capture register. Reset does not affect the input compare flag.

Accessing the timer status register satisfies the first condition required to clear any status bits which happen to be
set during the access. The only remaining step is to provide an access of the register which is associated with the
status bit. Typically, this presents no problem for the input capture and output compare function.

A problem can occur when using the timer overflow function and reading the free running counter at random times
to measure an elapsed time. Without incorporating the proper precautions into software, the timer overflow flag could
unintentionally be cleared if: 1) the timer status register is read or written when TOF is set; and 2) the least significant
byte of the free running counter is read but not for the purpose of servicing the flag. The counter alternate register
contains the same value as the free running counter; therefore, this alternate register can be read at any time without
affecting the timer overflow flag in the timer status register.

During the WAIT instruction, the programmable timer continues to operate normally and may generate an interrupt
to trigger the CPU out of the wait state. The STOP instruction has been disabled in the IC 10.

ANALOG SUBSYSTEM SCHEMATICS

The analog subsystem for the IC 10 is illustrated in FIGS. 35-65. FIGS. 35-50 illustrate the digital circuitry while
FIGS. 51-65 illustrate the analog circuitry.

DIGITAL CONTROL LOGIC

1. QUADCOMPARATOR SUBSYSTEM LOGIC

The quadcomparator subsystem 58 includes four individual comparators 200, 202, 204 and 206 (FIGS. 36 and
58). Each of these comparators 200, 202, 204 and 206 is referenced to a predetermined voltage, for example, +1.25
Vdc connected to a non-inverting input (FIG. 53). Input signals are applied to external pins CP0O, CP1, CP2 and CP3
illustrated in FIG. 36.

The comparator subsystem 58 communicates with the microprocessor 30 through two registers CMPIl and CMPST
located in memory address space. An internal interrupt facility is provided to generate interrupts on selected edges of
the comparator outputs Qq, Q¢, Q, and Q3. The comparator outputs Qq, Qy, Qs and Qg are read at the data bus DATA
[3...0]. More specifically, each of the comparator outputs Q, Q;, Q, and Q4 is connected to a pair of serially coupled
inverters 208 and 210; 212 and 214; 216 and 218; and 220 and 222, respectively, for high gain. The outputs of the
inverters 210, 214, 218 and 222 are applied to tristate devices 224, 226, 228 and 230. The outputs of these tristate
devices are connected to the data bus DATA[3...0] as CMPST[3...0]. These comparator outputs comprise the CMPST
[3...0] status bits. Reading of these status bits is controlled by a read signal RDCMPSTh, which is active any time the
microprocessor 30 addresses the CMPST register and initiates a read as discussed below.

The CMPI register is used for interrupt control. More specifically, CMPI [3...0] is used to enable interrupts while
CMPI[7...4] is used to reset the interrupt request generated by the comparator subsystem 58. The interrupt request
must be reset prior to clearing the | bit to prevent reprocessing the interrupt.

An interrupt request signal INTREQ is generated on selected edges of the comparator outputs Qg, Q4, Qo and Qa.
More specifically, the INTREQ signal is generated on rising and falling output states of the comparator 200 and on
rising output states of the comparators 202, 204 and 206. This INTREQ signal is available at the output of a quad NOR
gate 232. Comparator interrupt request signals REQOh, REQ1h, REQ2h and REQSh are applied to the inputs of the
NOR gate 232. These interrupt request signals are available as outputs at an OR gate 234 for the comparator 200 and
flip-flops 236, 238 and 240 for the comparators 202, 204 and 206, respectively. More specifically, the interrupt request
signal REQOh for the comparator 200 is generated at the output of the dual input OR gate 234. The inputs to the OR
gate 234 are from flip-flops 242 and 244. The output Qg of the comparator 200 is applied to the clock input CK of the
flip-flop 244 by way of the high gain inverters 208 and 210. The complement of this signal, available at the output of
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the inverter 208 is applied to the clock input CK of the flip-flop 242. The Q outputs of the flip-flops 242 and 244 are
applied to the OR gate 234 to generate the REQOh signal on rising and falling output states of the comparator 200.
The Q4, Q; and Qg outputs of the comparators 202, 204 and 206 are applied to clock inputs CK of the flip-flops 236,
238 and 240 to generate the REQ1h, REQ2h and REQS3h signals. These REQOh, REQ1h, REQ2h and REQ3h signals
may be read as status bits CMPST[7...4] by the microprocessor 30 on the data bus DATA[7...4]. More specifically, the
REQOh, REQ1h, REQ2h and REQS3h signals are applied to tristate devices 246, 248, 250 and 252. The outputs of
these tristate devices 246, 248, 250 and 252 are connected to the data bus DATA[7...4]. The tristate devices 246, 248,
250 and 252 are under the control of the RDCMPSTh signal.

Four command bits CMPI[7...4] are used to reset the interrupt request. These command bits CMPI[7...4] are used
to reset the flip-flops 236, 238, 240, 242 and 244, which generate the REQOh, REQ1h, REQ2h and REQ3h signals.
These command bits CMPI[7...4] may be written by way of the data bus DATA[7...4] and are applied to dual input NAND
gates 254, 256, 258 and 260 along with a WRCMPIh signal. These NAND gates will only be enabled when the micro-
processor 30 addresses the CMPI register and initiates a write. The outputs of the NAND gates 254, 256, 258 and 260
are applied to tri-input AND gates 262, 264, 266 and 268. The outputs of these AND gates are applied to the reset
inputs R of the flip-flops 236, 238, 240, 242 and 244. The other two inputs to the AND gates 262, 264, 266 and 268
are the reset signal RESETb from the microprocessor 30, available at the output of an inverter 270 and interrupt enable
signals ENAOh, ENA1h, ENA2h and ENAS3h, available at Q outputs of flip-flops 272, 274, 276 and 278. The ENAOh,
ENA1h, ENA2h and ENA3h signals allow the interrupt request to be cleared once acknowledged. The RESETb signal
allows the microprocessor 30 to reset these flip-flops. In order to prevent reprocessing of the interrupt, a WRCMPIb
signal, available at an output of an inverter 271, is applied to the D inputs of the interrupt enable flip-flops 272, 274,
276 and 278. These flip-flops are thus reset after the write signal WRCMPIh becomes inactive.

The command bits CMPI[7...4] are always read as zero on the data bus DATA[7...4]. More specifically, these
command bits are read at the output of the tristate devices 278, 280, 282 and 284. The input to these tristate devices
is connected to digital ground. The tristate devices 278, 280, 282 and 284 are under the control of a RDCMPIh signal
which indicates that the microprocessor 30 has addressed the CMPI register and initiated a read.

Four status bits CMPI[3...0] are used to read comparator interrupt enable signals ENAOh, ENA1h, ENA2h and
ENAS3h. These signals ENAOh, ENA1h, ENA2h and ENA3h are available at the Q outputs of the flipflops 272, 274,
276 and 278. These outputs are connected to tristate devices 286, 288, 290 and 292. The outputs of these tristate
devices are connected to the data bus DATA[3...0]. The tristate devices 286, 288, 290 and 292 are under the control
of a RDCMPIh signal which indicates that the microprocessor 30 has addressed the CMPI register and has initiated a
read.

The RDCMPSTh, RDCMPIh and WRCMPIh signals are generated by a comparator decode system 294. The
comparator decode subsystem 294 decodes addresses applied to the internal address bus ADDR[4:0] to allow the
registers CMPST and CMPI to be written to and read. More specifically, as illustrated in Table 6 the CMPST register
is located at address location $0008. Thus, when the address $0008 is placed on the internal address bus ADDR[4...
0] an AND gate 296 (FIG. 37) is enabled. More specifically, the AND gate 296 is an eight input AND gate. The address
inputs ADDR[4,2,1,0], identified as A4h, A2h, A1h and AOh, are applied through inverters 298, 300, 302 and 304. The
address bit ADDR[3], identified as A3h, is applied directly to an input of the AND gate 296. Also applied to the AND
gate 296 are signals SELh, DISABLEb and PH2h from the microprocessor 30.

The hexadecimal address $0008 corresponds to binary bits 01000. When the address 01000 is applied to the
address inputs of Adh, A3h, A2h, A1h and AOh, the output of the AND gate 296 will be a logical one indicating that the
CMPST register is being addressed by the microprocessor 30. More specifically, the RDCMPSTh signal is available
at an output of a dual input AND gate 306 (FIG. 36). The inputs to the AND gate 306 are Q outputs of flip-flops 308
and 310. The CMPSTh signal, available at the output of the AND gate 296, is applied to a D input of the flip-flop 310.
Timing for this flip-flop is provided by the microprocessor's phase 2 clock signal PH2h. More specifically, a PH2h signal
is applied to a clock input CK of the flip-flop 310 by way of a pair of serially connected inverters 312 and 314. An
inverted phase 2 clock signal, available at the output of the inverter 312 is applied to the CK input of the flip-flop 310.
A READh signal, available from the microprocessor internal control bus CPUCTL[3...0], is applied to a D input of a flip-
flop 308. The READh signal indicates that the microprocessor 30 is requesting a read operation. Timing signals are
applied to the clock CK and CK inputs of the flip-flop 308 in the same manner as the flip-flop 310. Thus, whenever the
microprocessor 30 addresses $0008, the signal RDCMPST is generated at the output of the AND gate 306, which
indicates that the microprocessor 30 is reading the CMPST register.

An RDCMPIh signal is available at the output of a dual input AND gate 316. The output of the flip-flop 308 is applied
to one input of the AND gate 316 which indicates that the microprocessor 30 has initiated a read. The other input to
the AND gate 316 is a Q output of a flip-flop 318. A CMPIh decode signal is applied to a D input of the flip-flop 318.
Timing control for the flip-flop 318 is identical to the flip-flops 308 and 310. The CMPIh signal is available at an output
of an AND gate 320 (FIG. 37). The circuitry including the AND gate 320 and the inverters 298, 300, 302 and 304
generates the CMPIh signal whenever the microprocessor 30 addresses $0009.
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The WRCMPIh signal is available at an output of a dual input AND gate 322 (FIG. 36). One input to the AND gate
322 is the output of the flip-flop 318, which indicates that the CMPI register was addressed. The other input to the AND
gate 322 is from a NOR gate 324. The NOR gate 324 is used to develop a microprocessor write signal. Specifically,
the output of the flip-flop 308 is applied to one input of the NOR gate 324. The output signal from the NOR gate 324
will be low during write operations. The other input is from the phase 2 clock, available at the output of the inverter 278.

Four configuration bits CFR[3...0] from the configuration register CFR are used for comparator mode control. These
configuration bits CFR[3...0] allow the outputs of the comparators 200, 202, 204, 206 to be ORed with port C. A zero
enables the OR operation while a one disables it. More specifically, the CFR register is a write only register and includes
the flip-flops 326, 328, 330 and 332. The D inputs of these flip-flops are connected to the data bus DATA[3...0]. The Q
outputs of these flip-flops are tied to an internal bus CFR[3...0] which allows the OR operation. These flip-flops 326,
328, 330 and 332 are under the control of a dual input NAND gate 334, connected to the D input, which enables the
write operation. One input to the NAND gate 334 is from the output of the NOR gate 324 which indicates a write
operation. The other input is from a flip-flop 336. A CFRh signal, which indicates that the microprocessor 30 addressed
the CFR register is applied to the D input of the flip-flop 336.

The CFRh signal is a decode signal and is available at the output of an AND gate 338 (FIG. 37). The AND gate
338 and the inverter 298 decode the address bus ADDR[4...0] to enable the AND gate 338 and generate the CFRh
signal any time the microprocessor 30 addresses $001E.

The microprocessor 30 is adapted to reset the comparator subsystem 58. More specifically, a reset signal RESETb
from the computer control bus CPUCTL][3...0] by way of the inverter 270 is applied to the AND gates 262, 264, 266
and 268 to reset the flip-flops 236, 238, 240, 242 and 244. The RESETb signal is also applied to the flip-flops 272,
274, 276, 278, 308, 310, 318, 326, 328, 330, 332 and 336 to allow the microprocessor 30 to reset the comparator
subsystem 58.

2. PROCESSOR BUS INTERFACE LOGIC

The microprocessor 30 communicates with the analog control system by way of, for example, seven registers
ADCR, AMUX, ACFR, ADZ, AMZ, AVSF and ACFR located in memory address space as identified in Table 6. The
format of the registers is illustrated in FIG. 24 These registers are selected by register select flip-flops 350, 352, 354,
356, 358, 360 and 362, illustrated in FIG. 39. These registers are all read-write registers and are decoded by a register
decode subsystem 364 illustrated in FIG. 40. These registers may be decoded in various manners, for example, seven
programmable logic arrays (PLA) 366, 368, 370, 372, 374, 376 and 378 may be provided. Each of these PLA's includes
address inputs ADDR[4...0] applied either directly or by way of inverters 365, 367, 369, 371 and 373 as shown in FIG.
40 and three control signals SELh, DISABLE and PH2h. The SELh signal corresponds to the microprocessor's ANABSh
signal. The ANABSh signal is a register select signal from the microprocessor master chip address decoder which
enables address decoding on a block basis. The DISABLED signal corresponds to the microprocessor's IOOFF signal,
used to disable all 1/O devices during a test mode. The IOOFF signal is available at the output of a buffer 375 (FIG.
39). The PH2 signal is the microprocessor's phase 2 clock.

The outputs of the PLA's 366, 368, 370, 372, 374, 376 and 378 represent register select signals ADZh, AMZh,
AVSFh, ACSFh, ADCRh, AMUXh and ACFRh indicating that a particular register has been addressed by the micro-
processor 30. For example if the address $0020 is placed on the address bus ADDR[4...0], the register ADCR will be
selected. Similarly, when the addresses of the other registers are placed on the address bus ADDR[4...0] in accordance
with Table 9, those registers will be selected.

The output signals from the PLA's 366, 368, 370, 372, 374, 376 and 378 are applied to D inputs of the register
select flip-flops 350, 352, 354, 356, 358, 360 and 362. Timing for these register select flip-flops is provided by the
phase 2 clock signal PH2h, applied to the clock inputs CK of these flip-flops 350, 352, 354, 356, 358, 360 and 362
through a pair of inverters 380 and 382 and an inverted phase 2 clock signal, available at the output of the inverter
380, applied to the CK inputs of these flip-flops. A reset signal RESETh from the microprocessor control bus CPUCTL
[3...0] is applied to the reset inputs R of the flip-flops 350, 352, 354, 356, 358, 360 and 362 by way of an inverter 384
to set these flip-flops to zero on reset. The output of the register select flip-flops 350, 352, 354, 356, 358, 360 and 362
are the register select signals ADCRh, AMUXh, ACFRh, ADZh, AMZh, AVSFh and ACSFh.

ACFR REGISTER

The ACFR register is a read-write register utilized by the A/D subsystem 78. This register includes the flip-flops
identified by the reference numerals 386, 388, 390, 392, 394, 396 and 398 (FIG. 39).

The ACFR register can be read or written to by the microprocessor 30. More specifically, the D inputs of the flip-
flops 386, 388, 390, 392, 394, 396 and 398 are tied respectively to the data bus DATA[7...0] to allow the microprocessor
30 to write to this register. The output Q of these flip-flops are also tied to the data bus DATA[7...0] by way of the tristate
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devices 408, 410, 412, 414, 416, 418, 420 and 422 to allow this register to be read.

During read operations the tristate devices 408, 410, 412, 414, 416, 418, 420 and 422 are under the control of a
read control NAND gate 424 and a read-write control flip-flop 426 to allow the Q outputs of these flip-flops to be tied
to the data bus DATA[7...0] and read by the microprocessor 30. The tristate device 422 for the ACFR[4] bit has its input
tied to ground. Thus, this bit will always read zero.

A read signal is developed by the NAND gate 424. The NAND gate 424 is a two input NAND gate and is under
the control of the read-write control flip-flop 426 and the ACFR select flip-flop 354. A read signal READh from internal
control bus CPUCTL[3...0] is applied to a D input of the read-write control flip-flop 426. Timing for this flip-flop is a
phase 2 clock signal PH2h, applied to a clock input CK and an inverted phase 2 clock signal from the output of the
inverter 380, applied to the CK input of a flip-flop 426. The Q output of the flip-flop 426 is a read clock signal RDCLKH,
which is applied to the NAND gate 424. Thus, any time the microprocessor 30 addresses the ACFR register (e.g.,
$0023) and places a read signal READh on the computer control bus CPUCTL[3...0], the flip-flops 386, 388, 390, 392,
394, 396 and 398 as well as the ACFR[4] bit will be read.

During write operations the tristate devices 408, 410, 412, 414, 416, 418 and 420 are normally in a high impedance
state. A write control signal is applied to the D inputs of these flip-flops. The write control signal is under the control of
a write control NOR gate 428 and a NAND gate 430. The NOR gate 428 is a two input NOR gate with a one input from
the phase 2 clock PH2h and one input from the read-write control flip-flop 426. The output of the NOR gate 428 is a
write signal WRCLKh. The write signal WRCLKh is applied to one input of the dual input NAND gate 430. The other
input to the NAND gate 430 is the ACFR register select signal ACFRh. The output of the NAND gate 430 is then applied
D inputs of the ACFR flip-flops 386, 388, 390, 392, 394, 396 and 398. The data bus DATA[7...5] and DATA[3...0] are
applied to the D inputs of these flip-flops to allow the microprocessor 30 to write to them. The bit ACFR[4] is tied to
digital ground.

The ACFR register may be reset by the microprocessor 30. More specifically, a reset signal RESETh from the
control bus CPUCTL[3...0] is applied to the reset inputs R of the flip-flops 386, 388, 390, 392, 394, 396 and 398 through
an inverter 432.

As heretofore discussed, the ACFR register is a configuration register used to configure the A/D subsystem 78.
Thus the Q outputs of the flip-flops 386, 388, 390, 392, 394, 396 and 398 are connected to inverters 434, 436, 438,
440, 442, 444 and 446. The outputs of the inverters 434, 436, 438 and 440 are tied to an internal bus ACFR[3...0]. The
outputs of the inverters 444 and 446 are tied to an internal bus ACFR[7,6]. The output of the inverter 442 is applied to
an internal bus ACFR[5] and also is used as a signal ADPUh.

The RDCLKh signal, available at the output of the read write control flip-flop 426, is used to develop a state machine
clock signal SMCLKh for use in auto-zero and auto-range state machines to be discussed below. The SMCLKh signal
is available at the output of a buffer 447. The input to the buffer is a MUX 448. The MUX 448 allows for inputs from an
external clock source signal CLKSRCh under the control of test circuitry applied to its select input SL. During normal
operation, the SMCLK signal is developed by a flip-flop 450. Timing for the flip-flop 450 is an inverted phase 2 clock
signal, available at the output of the inverter 380. This flip-flop 450 may be reset by the microprocessor 30. An output
from a NAND gate 452 is applied to a D input of the flip-flop 450. The NAND gate 452 is a dual input NAND gate. One
input to the NAND gate 452 is the RDCLKh signal. The other input to the NAND gate 452 is an output of an OR gate
454. The inputs to the OR gate 454 are the ACSFh and AVSFh signals which indicate that the AVSF or ACSF registers
have been addressed by the microprocessor 30 to allow the SMCLK signal to be generated when autozero and au-
toranging operations are initiated.

ADCR REGISTER

The ADCR register is used to control the operation of the A/D subsystem 78. This register is a byte wide read-
write register. This register includes the flip-flops 458, 460, 462, 464 and 466 (FIG. 41). Three bits ADCR[5], ADCR[2]
and ADCRJI0] are tied to ground and will always read zero. More specifically, the bit ADCR[0] is tied to ground and to
the input of a tristate device 468. The output of the tristate device 468 is tied to the data bus DATA[O]. The bit ADCR
[2] is also tied to ground and to a tristate device 470. The output of the tristate device 470 is tied to the data bus DATA
[2]. Similarly, the bit ADCR[5] is also tied to ground and to a tristate device 472. The output of the tristate device 472
is connected to the data bus DATA[5].

The balance of the bits may also be read by the microprocessor 30. More specifically, the Q outputs of the flip-
flops 458, 460, 462, 464 and 466 are coupled to tristate devices 474, 476, 478, 480 and 482. The outputs of these
tristate devices are applied to the data bus DATA[1,3,4,6,7].

The tristate devices 468, 470, 472, 474, 476, 478, 480 and 482 for all the bits ADCR[7...0] are under the control
of the read control NAND gate 484. Normally these tristate devices are in a high impedance state. However, during a
read operation the NAND gate 484 enables these tristate devices to connect the ADCR][7...0] bits the data bus DATA
[7...0]. The NAND gate 484 is a two input NAND gate. A ADCRh signal is applied to one input. This signal is a decode
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signal for the ADCR register. More specifically, the ADCR register is located at memory address $0020. Thus, any time
this address is written by the microprocessor 30 the ADCRh signal will be active. The other input to the NAND gate
484 is the RDCLKh signal discussed above. Thus, any time the microprocessor 30 addresses the ADCR register and
initiates a read, the NAND gate 484 will be enabled.

The bits ADCR[1], ADCR[3] and ADCR][4] are control bits which may be written by the microprocessor 30. More
specifically, the D inputs of the flip-flops 458, 460 and 462 are connected to the data bus DATA[1, 3, 4]. The D inputs
of these flip-flops are connected to an output of a dual input NAND gate 486. The ADCRh signal is applied to one input
of the NAND gate 486 which indicates that the ADCR registers have been addressed by the microprocessor 30. A
WRCLKh signal is applied to the other input. Thus, the NAND gate 486 will be enabled any time the microprocessor
30 addresses the ADCR register and initiates a write operation.

The bits ADCR[7] and ADCR[6] are read only status bits generated by the flip-flops 464 and 466. These bits indicate
that the auto-zero sequence is complete and the A/D conversion is complete. These flip-flops 464 and 466 are clocked
by the phase 2 clock signal PH2h by way of two inverters 488 and 490. Status signals EOCh and EOAZh, representative
of the status of the A/D subsystem 78 and the auto-zero operation, are applied to the D inputs of these flip-flops 464
and 466 by way of control circuitry discussed below. More specifically, an end of auto-zero signal EOAZh, which indi-
cates that the auto-zero process has finished is applied to an S input of a flip-flop 492 by way of an inverter 494. The
Q output of the flip-flop 492 is applied to a D input of a flip-flop 496. The Q output of the flip-flop 496 is applied to the
D input of the flip-flop 464 by way of a buffer amplifier 498. The Q output of the flip-flop 464 is applied to the data bus
DATA[6] by way of the tristate device 480 and a buffer amplifier 500 to generate an end of auto-zero flag.

An EOCh signal is applied to the flip-flop 466, by way of an inverter 504 and control circuitry discussed below. The
EQCh signal indicates the end of the A/D conversion process. The output of the inverter 504 is applied to an S input
of a flip-flop 502. A Q output of the flip-flop 502 is applied to a D input of a flip-flop 506. The Q output of the delay flip-
flop 506 is applied to the D input of the flip-flop 466 by way of a buffer amplifier 508. The output of the buffer 508 is
applied to the D input of the flip-flop 466. The Q output of the flip-flop 466 is applied to the data bus DATA[7] by way
of the tristate device 482 and a buffer amplifier 510 to generate an A/D conversion complete flag.

Timing for the flip-flops 496 and 506 is an inverted phase 2 clock signal available at the output of the inverter 488.
The flip-flops 496 and 506 as well as the flip-flops 464 and 466 may be reset by the microprocessor 30 by way of a
RESETD signal available at the output of an inverter 516.

ACFR[5] is a command bit which resets the auto-zero complete and A/D conversion complete flags and resets the
bits ACFR[6] and ACFR[7] to remove an A/D interrupt request SYlIb signal from the microprocessor 30. The command
bit ACFR[5] is available on the data bus DATA[5] and is applied to one input of a dual input NAND gate 512. The other
input to the NAND gate 512 is a non-inverting output of the NAND gate 486 which enables write operations to the
ADCR register. The output of the NAND gate 512 is applied to one input of a dual input AND gate 514. The other input
to the AND gate 514 is the microprocessor reset signal RESETb available at the output of the inverter 516. The output
of the AND gate 514 is applied to the reset inputs R of the flip-flops 492 and 502 to reset the complete flag and remove
the A/D interrupt SYIB.

The A/D interrupt signal SYlIb is generated at an output of a three input NAND gate 516 at the completion of the
autozero sequence and the A/D conversion when the A/D interrupt ADCRJ[4] is enabled. One input to the NAND gate
516 is an output of a two input OR gate 518. The inputs to the OR gate 518 are status bits ADCR[6] and ADCR][7],
available at outputs of buffers 517 and 519, which are connected to the Q outputs of the flip-flops 464 and 466. These
bits ADCR[7,6] indicate that the autozero operation is complete and the A/D conversion is complete, respectively.
Another input to NAND gate 516 is the ADCR[4] bit, which indicates an interrupt enable. The third input is from the test
circuitry, normally used only during testing.

The ADCR][2] is a command bit which may be written by the microprocessor 30 and is used to initiate an A/D
sequence. This bit is available on the data bus DATA[2] and is applied to dual input NAND gate 520. The other input
to the NAND gate 520 is from the ADCR register write control NAND gate 486. The output of the NAND gate 520 to
an S input of a flip-flop 522. A Q output of the flip-flop 522 is applied to a D input of a flip-flop 524. The output of the
flip-flop 524 is applied to a D input of another flip-flop 526 by way of a buffer 525. A Q output of the flip-flop 526 is used
to generate the start auto-zero signal STAZh. More specifically, the Q output of the flip-flop 526 is applied to one input
of a dual input AND gate 528 by way of a buffer 530. The other input to the AND gate 528 is from test circuitry. The
output of the AND gate 528 is the STAZh signal.

The STAZh signal is cleared when the auto-zero state machine is busy (AZBSYh). More specifically, a AZBSYh
signal is applied to one input of a two input AND gate 530 by way of an inverter 531. A RESETb signal from the
microprocessor 30 is applied to the other input. The output of the AND gate 530 is applied to an R input of the flip-flop
522 to reset this flip-flop. Timing for the flip-flops 524 and 526 is provided by the SMCLKh signal available at an output
of an inverter 527. The flip-flops 524 and 526 are reset by the microprocessor 30 by way of the RESETb signal applied
to their reset inputs R.

The ADCR]J1] bit is used to control the three sample and hold switches 108, 110 and 112. Specifically the D output
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of the flip-flop 458 is applied to one input of a AND gate 532. The other input to the AND gate 532 is from the test
circuit. The output of the AND gate 532 is a signal SAMPh which controls the sample and hold switches 108, 110 and
112.

The ADCR[3] bit available at the Q output of the flip-flop 462. This bit ACDR[3] is used to control the integrator
reset. More specifically, the output of the flip-flop 462 is applied to a two input AND gate 534. The other input to the
AND gate 534 is from the test circuit. The output of the AND gate 534 is an integrator reset signal INTRESh. This signal
is applied to a buffer 757 (FIG. 45) to generate a DISCHh signal and applied to the switch 96 (FIG. 62). When the
DISCHh signal is high, the switch 96 (FIG. 18) disconnects and MXO pin from the current mirror 92 and shorts the
MXO pin to analog ground AVSS. The switch 96 remains shorted as long as this bit remains set. The shorting switch
96 may be open by writing a zero to ADCR[3]. This signal is also representative of the present state of the switch 96.

INPUT MULTIPLEXER CONTROLS

An 8 bit read-write register AMUX[7...0] is used to control the voltage and current input MUXes 62 and 64. This
register is divided into 2 four bit fields, one field controls the voltage inputs and generates a signal VMUX[3...0] and
the other controls the current inputs and generates a signal CMUX[3...0].

The VMUX[3...0] signal is developed by the flip-flops 536, 538, 540 and 542 (FIG. 41). The D inputs of these flip-
flops are tied to the data bus DATA[3...0] to allow the microprocessor 30 to write to them. The output of these flip-flops
are tied to the data bus DATA[3...0] by way of tristate devices 544, 546, 548 and 550 to allow the contents of these
flip-flops to be read by the microprocessor 30. The tristate devices 544, 546, 548 and 550 are normally in a high
impedance state and are under the control of a NAND gate 552. The NAND gate 522 is a two input NAND gate. A read
clock signal RDCLKh is applied to one input. The RDCLKh signal indicates a read operation by the microprocessor 30
as previously discussed. An AMUXh signal is applied to the other input. The AMUXh signal represents that this register
has been addressed by the microprocessor 30. More specifically the AMUX register is located in memory at $0021.
Thus any time the microprocessor 30 addresses this location, the AMUXh signal will be active high. This allows the
microprocessor 30 to read the contents of the flip-flops 536, 538, 540 and 542 by connecting the Q outputs of these
flip-flops to the data bus DATA[3...0].

Write operations to the flip-flops 536, 538, 540 and 542 are controlled by a NAND gate 554. This NAND gate 554
generates a write WRMUXb that is applied to the D inputs of these flip-flops. The NAND gate 554 is a three input
NAND gate. The write clock WRCLKh signal is applied to one input. An AMUXh signal is applied to another input.
Lastly, a signal ARBSYh is applied to the NAND gate 554. The ARBSYh signal represents that the autoranging system
is busy and will be discussed in detail below.

The flip-flops 536, 538, 540 and 542 are reset by a RESETb signal, applied to the reset inputs R of these flip-flops.
The RESETb signal allows the microprocessor 30 to reset these flip-flops.

The CMUX][3...0] signal is developed by the flip-flops 556, 558, 560 and 562. The D inputs of these flip-flops are
tied to the data bus DATA[7...4] to allow the microprocessor 30 to write to them. The Q outputs of these flip-flops are
connected to the data bus DATA[7...4] by way of tristate devices 564, 566, 568 and 570 for read operations. The tristate
devices 564, 566, 568 and 570 are normally in a high impedance state and are under the control of the NAND gate
552 which allows these flip-flops to be read when the microprocessor 30 initiates a read operation and places the
address $0021 on the address bus ADDRJ[4...0]. Write operations to the flip-flops 556, 558, 560 and 562 are controlled
by the NAND gate 554 in a similar manner as the flip-flops 536, 538, 540 and 542.

The outputs of the flip-flops 536, 538, 540, 542, 556, 558, 560 and 562 are used to generate a MUX control signal
MUXCTL][26...0] to control the current and voltage MUXes 66 and 68 as shown in FIGS. 18 and 52. More specifically,
the voltage channel MUXes 66 and 68 are controlled by the control signal VMUX[3...0] while current channel MUXes
66 are controlled by the CMUX[3...0] signal. These signals are decoded by a series of inverters, OR gates and AND
gates (FIG. 44) to generate the MUX control signals MUXCTL to allow individual control of each of the voltage and
current channel MUXes. More specifically, the CMUX[3...0] signal is applied to one input of dual input AND gates 572,
574,576 and 578.. The other inputs to these AND gates is a signal CAZh, which is applied tothe AND gates 572,574,576
and 578 by way of an inverter 580. The signal CAZh is also used to develop a signal CSHRTh, used in the A/D subsystem
78. The signal CSHRTh is available at the output of an inverter 581, serially coupled to the inverter 580. The signal
CAZh indicates that the current amplifier 90 is being auto-zeroed.

The output of the NAND gate 572 is coupled to a chain of serially connected inverters 582, 584, 586, 588, 590,
592 and 594. The output of the NAND gate 574 is coupled to a chain of serially connected inverters 596, 598, 600,
602, 604, 606 and 608. Similarly, the output of the NAND gate 576 is coupled to a chain of serially connected inverters
610,612,614, 616, 618, 620 and 622. Lastly, the NAND gate 578 is applied to a chain of serially connected inverters
624, 626, 628, 630, 632, 634 and 636. The outputs of the inverters 594,608, 622 and 636 are coupled to inputs of dual
input OR gates 638, 640, 642 and 644. The other inputs to these OR gates are the outputs from the inverters 582,
596, 610 and 624. The outputs of the NAND gates 572, 574, 576 and 578 are applied to inputs of dual input OR gates
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646, 648, 650 and 652, respectively. The other inputs to these OR gates are from the outputs of the inverters 592, 606,
620 and 632, respectively. The outputs of the OR gates 638, 640, 642, 644, 646, 648, 650 and 652 are applied to
inputs of dual input AND gates 654, 656, 658, 660, 662, 664, 666 and 668, respectively. The ACFR[3...0] bits from the
internal bus ACFR[3...0] are applied to the other inputs of these AND gates to control whether the input MUXes 66
(FIG. 18) are in a current mode or a voltage mode. A one in these bits selects the current mode. More specifically, the
ACFR[3] bit is applied to the inputs of the AND gates 654 and 656. The ACFR[2] bit is applied to the inputs of the AND
gates 658 and 660. The ACFR[1] bit is applied to the inputs of the AND gates 608 and 610. Lastly, the ACFR[0] bit is
applied to the inputs of the AND gates 666 and 668. The outputs of the AND gates 654, 656, 658, 660, 662, 664, 666
and 668 are decode signals MUXCTL[20...13] which allow for individual control of the current channel MUXes 66.

The sample and hold switches 108, 110 and 112 may also be individually controlled by decode circuitry (FIG. 44)
which includes inverters 670, 672, 674, 676, 678 and 680 and three input AND gates 682 and 684. More specifically,
the inverters 670, 672, 674 and 676 are tied to the internal ACFR bus ACFR[3...0]. The outputs of the inverters 670
and 672 are applied to the AND gate 682 along with a SAMPh signal, available at its output of the NAND gate 532
(FIG. 41), which indicates that the command bit ACFR[1] has been set. The outputs of the inverters 674 and 676 are
applied to the AND gate 684 along with the SAMPh signal. The SAMPh signal is also tied to the inverters 678 and 680
and the AND gate 684 represent the signal MUXCTL[24...21] which allows individual control of the sample and hold
switches 108, 110 and 112.

The VMUX]3...0] bits of the AMUX register control the voltage channel MUXes 66 and 68 to generate the MUXCTL
[10...0] signals and to generate the MUXCTL][10...0] signals (FIG. 45). The MUXCTL[26, 25, 12, 11] signals (also shown
on FIG. 45) are used during a testing mode. More specifically, the voltage channel MUXes 66 and 68 are selected by
the VMUX]3...0] bits. These four bits are decoded by circuitry (FIG. 45) consisting of buffer amplifiers 686, 688, 690
and 692; inverters 694, 696, 698 and 700; quad input AND gates 702; 704, 706, 708, 710, 712, 714, 716, 718, 720
and 722; and dual input AND gates 724, 726, 728, 730, 732, 734, 736, 738, 740, 742 and 744. More specifically, the
VMUX[3...0] bits are applied to the inputs of the buffer amplifiers 686, 688, 690 and 692 and the inverters 694, 696,
698 and 700. The output of the buffer amplifier 686 is applied to the inputs of the AND gates 718, 720 and 722. The
output of the inverter 694 is applied to the inputs of the AND gates 702, 704, 706, 708, 710, 712, 714 and 716. The
output of the buffer amplifier 688 is applied to the inputs of the AND gates 710, 712, 714, 716, 718 and 722. The output
of the inverter 696 is applied to the inputs of the AND gates 702, 704, 706, 708 and 720. The output of the buffer
amplifier 690 is applied to the inputs of the AND gates 706, 708, 714, 716, 718 and 722. The output of the inverter 698
is applied to the inputs of the AND gates 702, 704, 710, 712 and 720. The output of the buffer amplifier 692 is applied
to the inputs of the AND gates 704, 708, 712, 716 and 722. Lastly, the output of the inverter 700 is applied to the inputs
of the AND gates 702, 706, 710, 714, 718 and 720. The output of the AND gates 702, 704, 706, 708, 710, 712, 714,
716, 718, 720 and 722 are a decode of the AMUX]3...0] bits. The outputs of these AND gates are applied to the inputs
of dual input AND gates 724, 726, 728, 730, 732, 734, 736, 738, 740, 742 and 744. The other input to these AND gates
is an AND gate 746 which controls write operation to the voltage channel MUXes. More specifically, the AND gate 746
is a two input AND gate. A WRMUXb signal is applied to one input. The other input to the AND gate 746 is a signal
VAZh by way of an inverter 748. As will be discussed below, the signal VAZh is active high and indicates when the
voltage amplifier 80 is being zeroed. This signal will be discussed in detail below. The outputs of the AND gates 724,
726, 728, 730, 732, 734, 736, 738 and 740 represent the signal MUXCTL[9...0].

As will be discussed in more detail below, auto-ranging is inhibited when the current channels are selected. Thus
the output of the AND gate 720 is used to generate a signal MXOSELhI by way of an inverter 750. More specifically, a
signal MXOh, which indicates that a current channel has been selected, is generated at the output of an AND gate 752
and corresponds to an MUXCTL[9] signal. The AND gate 752 is a two input AND gate. One input is from the test circuit.
The other input is from an OR gate 754. The OR gate 754 is a two input OR gate. One input is from a test circuit. The
other input is from the AND gate 742 which indicates that the current channels have been selected.

A VNULLh signal is developed at the output of a buffer amplifier 756. This VNULLh signal controls the zero switch
86 (FIGS. 45 and 61) for auto-zeroing the voltage amplifier 80. The input to the buffer amplifier 756 is an output of a
two input AND gate 758. One input to the AND gate 758 is the VAZh signal indicating that the amplifier 80 is being
autozeroed. The other input to the AND gate 758 is the same signal VAZh applied by way of inverters 748 and 760.

An AGNDh signal is developed at the output of a two-input OR gate 761. One input to the OR gate 761 is the
output from the AND gate 744. The VNULLh signal is applied to the other input. The AGNDh signal is used to connect
the voltage channels to ground (FIG. 18). The AGNDh signal is available as MUXCTL[10].

Lastly, MUXCTL[26,25,12,11] are used in conjunction with the test circuit.

AUTO-ZERO REGISTERS ADZ AND AMZ

The ADZ and AMZ registers are used in connection with the auto-zero logic 98 for the current and voltage amplifiers
80 and 90. The auto-zero logic corrects for the offsets in the amplifiers 80 and 90 created by using a CMOS process
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to fabricate these amplifiers.

ADZ REGISTER

The ADZ register (FIG. 46) is a 6 bit read-write register which contains the offset correction value for the voltage
amplifier 80. As previously discussed, write operations to this register are intended for diagnostic and verification pur-
poses only. This register is loaded with the correction value for the amplifier 80 at the completion at the auto-zero
sequence.

More specifically, the data bus DATA[7...0] is applied to this register, which includes the flip-flops 762, 764, 766,
768, 770and 772. MUXes 774, 776, 778, 780, 782 and 784 allow the inputs of these flip-flops to be connected to either
the data bus DATA[7...0] or to a zero bus ZERQ[5...0]. The ZEROQ[5...0] bus contains the offset correction value for the
amplifier being zeroed and allows the offset correction value to be written to the ADZ register. The data bus DATA[5...
0] bits are applied to the A inputs of the MUXes 774, 776, 778, 780, 782 and 784. The ZER([5...0] bus signal is applied
to the B inputs of these MUXes. A ZERSEL signal is applied to the select inputs SEL of these MUXes. The ZERSEL
signal controls whether the ADZ register is loaded from the data bus or the zero bus. The outputs of the MUXes 774,
776, 778, 780 and 782 are applied to the D inputs of the flip-flops 762, 764, 766, 768, 770 and 772. The ZERSELh
signal (FIG. 48), generated by the autozero state machine, indicates that the state machine is in state S3. In state S3,
the offset correction value is latched into the ADZ register by the VZCLKh signal discussed below. The VZCLKh signal
is developed by the auto-zero state machine and is available at the output of a buffer 803. This signal VZCLKh is
applied to the G inputs of the flip-flops 762, 764, 766, 768, 770 and 772.

The Q outputs of the flip-flops 762, 764, 766, 768, 770 and 772 are applied to an internal bus VZERQ[5...0] for the
voltage amplifier 80. The Q outputs of these flip-flops are also connected to the data bus DATA[5...0] by way of tristate
devices 786, 788, 790, 792, 794 and 796 to allow these flip-flops to be read by the microprocessor 30. The bits ADZ
[7.6] will always read zero since these bits are tied to the data bus DATA[7,6] by way of tristate devices 798 and 800
which have grounded inputs.

The tristate devices 786, 788, 790, 792, 794, 796, 798 and 800 are normally in a high impedance state except
during a read operation when these tristate devices allow the outputs of the flip-flops 762, 764, 766, 768, 770 and 772
o be tied to the data bus DATA[7...0]. These tristate devices are under the control of a NAND gate 802. The output of
the NAND gate 802 is a signal VZRDb signal, which represents a ADZ register read. The inputs to the NAND gate 802
are the signals RDCLKh and ADZh. The read signal RDCLKh is the read clock signal. The ADZh signal represents a
microprocessor 30 has placed the address $0024 on the address bus ADDR[4...0]. The ADZ register is loaded by a
VZCLKh signal.

The ADZ register can also be reset by the microprocessor 30. More specifically, a RESb signal is applied to the
reset inputs of the flip-flops 762, 764, 766, 768, 770 and 772.

AMZ REGISTER

The AMZ register is a 6 bit read-write register that contains the offset correction value for the current mirror amplifier
92. This register is loaded with the correction value at the completion of the auto-zero sequence. Write operations to
this register are diagnostic and verification purposes only.

The AMZ register includes the flip-flops 804, 806, 808, 810, 812 and 814. The Q outputs of the flip-flops 804, 806,
808, 810, 812 and 814 are tied to an internal bus CZERQ[5...0].. The data bus DATA[7...0] is applied to the inputs of
these flip-flops by way of the MUXes 774, 776, 778, 780, 782 and 784. These flip-flops are clocked by a CZCLKb
signal, developed by the auto-zero state machine to latch the offset correction value for the current amplifier 90 (FIG.
62) into the AMZ register in state S7 (Appendix C) as discussed below. The CZCLKb signal is applied to D inputs of
these flip-flops by way of a buffer 816. A RESb signal is applied to the reset inputs R of these flip-flops for reset. The
Q outputs of the flip-flops 804, 806, 808, 810, 812 and 814 are applied to the data bus DATA[5...0] by way of tristate
devices 818, 820, 822, 824, 826 and 828 The bits AMZ[7,6] are not used and will always read zero. More specifically,
the data bus DATA[7, 6] are connected to the outputs of tristate devices 830 and 832, respectively. The input to the
tristate devices 830 and 832 are connected to ground. Thus the AMZ[7, 6] bits will always read zero.

All of the tristate devices 818, 820, 822, 824, 826, 828, 830 and 832 are under the control of a NAND gate 834.
The output of the NAND gate 834 is a signal CZRDb, which indicates an AMZ register read. The RDCLKh is applied
to one input of the NAND gate 834. An AMZh signal is applied to the other input. The AMZh represents that the micro-
processor 30 has written to the address $0025.

The flip-flops 804, 806, 808, 810, 812 and 814 are reset by the microprocessor 30. More specifically, a RESb signal
is applied to the reset inputs of these flip-flops.
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AUTO-ZERO STATE MACHINE

An auto-zero state machine generates the sequencing required to zero the voltage and current amplifiers 80 and
90 by adjusting the internal bias currents. During an autozero sequence, the amplifier's inputs and outputs are isolated
from associated circuitry and the inputs are grounded. The autozero state machine differentially varies the bias currents
in discrete steps by way of current divider (FIG. 64) until the amplifier's output changes states. The autozeroable
amplifier is illustrated in FIG. 65. The number of steps corresponding to the change in state represents the offset
correction value. This correction value stored in the ADZ and AMZ registers as discussed above.

The auto-zero state machine is illustrated in Appendix C, FIG. C-1. An auto-zero state transition table, state diagram
and transition table state equations are provided in Appendix C.

The state machine includes three state register flip-flops 836, 838 and 840 as well as NAND gates 842, 844, 846,
848, 850, 852, 854, 856, 858, 860, 862, 864 and 866 and as shown in FIG. 48. There are also various inputs and
outputs from the state machine as discussed below. The state register flip-flops produce state variables ROh, ROb,
R1h, R1b, R2h and R2b. These variables, along with the variables R0d, R1d and R2d, available at the outputs of the
NAND gates 848, 856 and 866 are used in the development of the state equations in Appendix C.

Each of the state register flip-flops is clocked by the SMCLKh signal discussed above. The reset signal RESETDb,
available at the output of an inverter 892 is applied to the reset inputs R of these flip-flops.

The outputs of the state register flip-flops 836, 838 and 840 define the auto-zero state assignments for the auto-
zero state machine in accordance with Table C1, Appendix C. Eight permissible states S0-S7 are defined as follows:

S0 - Idle. The state machine is in the idle state waiting for a start auto-zero signal STAZh to become active. The
state machine also stays idle as long as the auto-range state machine is busy. This interlock between the two state
machines is implemented by an auto-range busy signal ARBSYh. When the STAZh signal is active, the ARBSYh signal
is inactive to allow the state machine to transfer to state S1.

S1 - Five microsecond delay. States S1 and S2 form a loop which is repeated until either the voltage amplifier
output changes state or a counter 868 reaches a final count. During state S1, a time request signal TIMREQh is active
and a time out signal TIMOUTh is monitored. The act of the time request signal going active, which happens in state
S1, triggers a five microsecond timer (FIG. 47). When the timer has timed five microseconds, the time out signal
TIMOUTh becomes active. This causes the state machine to transfer to either state S2 or state S3. The state machine
proceeds to state S2 if the amplifier output VAMPh signal is still high indicating that the bias current is not yet high
enough and the counter 868 has not yet reached the final count as indicated by a FULLb flag. The state machine
transfers to state S3 if either the amplifier output signal goes low or the counter 868 reaches the final count. The five
microsecond delay permits the amplifier 80 to settle and reach a stable output.

S2 - clock counter. State S2 is entered when the counter 868 does not yet contain a full count and the count is not
enough to generate a suitable bias current for zeroing the amplifier 80. The clock counter signal is active in state S2
incrementing the count value by one. The state machine always transfers to state S1 on the next clock pulse.

S3 - Latch ADZ value. State S3 is reached when either the voltage amplifier output has switched states or the
counter 868 has reached the final count. The present count in the counter is latched into the ADZ register by activating
the VZCLKh signal for one state time. The state machine always transfers to state S4.

S84 - Clear Counter. State S4 sets up the state machine for auto-zeroing the current amplifier 90. The counter is
cleared via a ZERRESD signal and the MUXes 774, 776, 778, 780, 782 and 784 on the output of the counter switch
todirect the count value to the AMZ register and the current amplifier 90. The state machine always transfers to state S5.

S5 - Five microsecond delay. State S5 and S6 are analogous to state S1 and S2 except the counter is applied to
the current amplifier 90 and the output of the current amplifier CAMPh is examined to transfer from S5 to S7.

S6 - Clock Counter. This state is identical to state S2. The state machine always transfers to state S5.

S7 - Latch AMZ value. This state is analogous to state S3. Current contents of the counter 868 are latched in the
AMZ register. Additionally the end of auto-zero signal EOAZh is active to indicate that the auto-zero operation has
been complete.

AUTO-ZERO INPUTS

There are various input and on signals to the auto-zero machine identified as follows:

ARBSYh - Auto-Range Busy. This signal is active high when the auto-range state machine is not idle. This signal
is applied to the state machine by way of an inverter 870. This signal is discussed in connection with the auto-range
state machine.

STAZh - Start Auto-Zero. This signal is active high when the initiate auto-zero bit of a command register has been
written. This signal is available at the output of the AND gate 528 (FIG. 41).

VAMPD - Voltage Amp Output. This signal is active low when the voltage amplifier 80 has been auto-zeroed. The
VAMPh signal is the output signal of the voltage amplifier 80 and is applied to a flip-flop 889.

50



10

15

20

25

30

35

40

45

50

55

EP 0 493 003 B1

CAMPD - Current Amp Output. This signal is low when the current amplifier 90 has been auto-zeroed. The CAMPh
signal is available at the output of the current amplifier 90. This signal is applied to a flip-flop 891.

TIMOUTh - Time Out. This signal is active high when a five microsecond time delay has expired. The TIMOUTh
signal is available at the output of a NAND gate 870 (FIG. 47). The NAND gate 870 is a two input NAND gate. One
input is active during the test mode. The other input is from a five microsecond timer comprised of flip-flops 872, 874,
876 and 878 and a NAND gate 880. The Q outputs of these flip-flops are tied to the inputs of the NAND gate 880. The
flip-flops 842 and 846 are configured such that their Q outputs are connected to their D inputs. The Q outputs of the
flip-flops 872, 874 and 876 are applied to clock inputs CK of the flip-flops 874, 876 and 878, respectively. A TIMOUTb
signal, available at the output of an inverter 871 (FIG. 48), is also applied to the autozero state machine. The TIMOUTb
signal is applied to the NAND gate 860. The SMCLKh signal is applied to an inverter 882, whose output is connected
to the clock input CK of the flip-flop 872. The reset inputs R of the flip-flops 872, 874, 876 and 878 are controlled by
an OR gate 884. The OR gate 884 is a two input OR gate. Signals AZTIMh and ARTIMh are applied to the inputs.

FULLDb - Counter Full. This signal is active low when the counter 868, used to set a bias current, is at 111111 count.
This is a maximum bias count value. The counter 868 includes the flip-flops 872, 874, 876, 878, 880 and 882 and a
NAND gate 884 connected as shown in FIG. 48. The Q outputs of the flip-flops 872, 874, 876, 878, 880 and 882 are
connected to the NAND gate 884, which is the FULLb flag and the internal ZERQ[5...0] bus. The FULLDb flag is applied
to the inputs of the NAND gates 842 and 854. |t is also applied to an OR gate 886 by way of an inverter 888. The other
input to the OR gate 886 is from a flip-flop 889. The input to the flip-flop 889 is a signal VAMPh, which is the output of
the voltage amplifier 80. This flip-flop is clocked by the complement of the SMCLKh signal, available at an inverter 890.
The flip-flop 889 is reset by a RESETb signal available at the output of an inverter 892. The output of the OR gate 886
is applied to the NAND gate 858.

RESETh - Reset. This signal is active high to reset the state register flip-flops 836, 838 and 840 during system
reset. This signal is available at the output of the inverter 892.

AUTO-ZERO OUTPUTS

ZERRESD - Zero Counter Reset. This signal is active low to reset the counter 868 used to generate the bias counter
and is active in states SO and S4. This signal is available at an output of a NAND gate 894.

ZERCLKh - Zero Counter Clock. This signal is active high to increment the bias current counter 868. This signal
is active in states S2 and S6 and is available at an output of a NAND gate 896.

TIMREQh - Time Request. This signal is active high to request a five microsecond delay period and is active in
states S1 and S5. This signal is available at an output of a two input OR gate 898. Outputs from AND gates 900 and
902 are applied to inputs of the OR gate 898. Inputs to these AND gates are from the state machine.

AZBSYh - Auto-Zero Busy. This signal is active high to indicate when an auto-zero operation is active. This signal
is used to interlock the auto-zero and autorange state machines. The AZBSYh signal also inhibits the microprocessor
30 from writing to the auto-zero registers by disabling NAND gates which decode the register select signals AMZh and
ADZh and the write clock signal WRCLKh. This signal is active in states S1, S2, S3, S4, S5, S6 and S7. This signal is
available at an inverting output of a NAND gate 904. The output of the NAND gate 904 is also the ZERSELh signal.

EOAZh - End of Auto-Zero. This signal is in active high signal which sets the flip-flop 492 (FIG. 41) in the ADCR
status register to indicate an auto-zero process has finished. It also clears a flip-flop which generates the STAZh signal
and is active in S7. This signal is available at an output of an AND gate 906.

CAZh - Current Auto-Zero. This signal is active high to indicate when the current amplifier 90 is being auto-zeroed.
This signal is active in states S4, S5 and S6. This signal is available at an inverting output of a two input NOR gate
908. Inputs to the NOR gate 908 are from AND gates 910 and 912 which is connected to the state machine.

VAZh - Voltage Auto-Zero. This signal is active high to indicate when the voltage amplifier 80 is being auto-zeroed
and is active in state S1 and S2. This signal is available at a non-inverting output of a NAND gate 914.

CZCLKh - Current Zero Register Clock. This signal is active low to clock the AMZ register for the current amplifier
bias count. When the state machine is idle, this signal is generated by decoding the register select signal AMZh and
the write clock signal WRCLKh. When the state machine is active, S7 is decoded to generate a clock pulse to the
register. This signal is active in S7. This signal is available at an output of a two input AND gate 916. One input to the
AND gate 916 is an inverting output from the NOR gate 908. The other input is from a three input NAND gate 918.
One input to the NAND gate 918 is a non-inverting output of the NAND gate 904. The other inputs are the AMZh and
WRCLKh signals.

VZCLKh - Voltage Zero Register Clock. This signal is active low to clock the ADZ register for the voltage amplifier
bias count. When the state machine is idle, this signal is generated by decoding the register select signal ADZh and
the write clock signal WRCLKh. When the state machine is active, S3 is decoded to generate a clock pulse to the
register. This signal is active in S3. This signal is available at an output of two input AND gate 920. An inverting output
of the NAND gate 914 is applied to one input. The other input is from a three input NAND gate 922. The ADZh and
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WRCLKh signals are applied to two inputs. A non-inverting output from the NAND gate 904 is applied to the other input.
AZST bus - Auto-Zero States. This three bit wide bus contains the auto-zero state machine flip-flops 836, 838 and

840. This bus is used to permit reading of these flip-flops during a test condition.

AUTO-ZERO STATE MACHINE OPERATION

The auto-zero state machine auto-zeros the voltage 80 and current amplifier 90. The auto-zero function is initiated
by the software setting a bit in the command register which includes the flip-flops 522, 524 and 526. More specifically,
referring to FIG. 41 when the command bit ADCR][2] is written to the NAND gate 520 this, in turn, controls the flip-flops
522, 524 and 526 to generate the start auto-zero signal STAZh at the output of the AND gate 528.

The voltage 80 and current 90 amplifiers are auto-zeroed in the following manner. After the generation of the start
auto-zero signal STAZh. First, the six bit counter 868 is cleared. This counter 868 is cleared by the ZERRESb signal
in states SO and S4. After the six bit counter 868 is cleared the voltage amplifier 80 is placed in the auto-zero state by
shorting its noninverting input to ground by way of the MUXes 66 and 86. This is accomplished by the VAZh signal
which is active in states S1 and S2. This signal generates an AGNDh signal at the output of an OR gate 924, which
shorts the noninverting input of the voltage amplifier 80 to ground by way of the MUX 80. MUX 88 removes the internal
compensation from the voltage amplifier 80. Next the output of the counter 868 is gated onto a ZER([5...0] bus for the
amplifier being auto-zeroed. Subsequently, a five microsecond delay is timed. This is accomplished by the circuitry in
FIG. 47 previously discussed. At the end of the five microsecond delay, a TIMOUTh signal is generated at the output
of the NAND gate 870. At the end of the delay, the output signal VAMPh, which is the output signal of the voltage
amplifier 80, is examined. Also, the counter 868 full counter count signal FULLb is examined. If either of these signals
is active, the count is latched into the ADZ register by the state machine. Otherwise, the counter 868 is incremented
and the five microsecond delay is timed again. After the count is latched the sequence is repeated with the current
amplifier 90.

AVSF AND ACSF AUTO-RANGE REGISTERS

The voltage scale register AVSF (FIG. 49) is a read-write register that is used to control operation of the voltage
input ranging circuitry (FIGS. 18 and 61). The value written into this register determines the voltage amplifier 80 auto-
ranging mode. If a zero is written to this register, the voltage amplifier 80 is placed in an auto-ranging mode. A nonzero
value inhibits the auto-ranging and sets the voltage amplifier 80 in a fixed gain mode. The register is not a true read-
write register. The value read from it will not necessarily be the value that was written into it. Writing a zero into the
AVSF register enables auto-ranging. However, a zero cannot be read from this register. The possible values are pro-
vided in Table 8. The value read from this register is one of the scale factors to properly scale the 8 bit A-D output.
Five values are possible: x1, x2, x4, x8 and x16.

The AVSF register includes six flip-flops 944, 946, 948, 950, 952 and 954. The D inputs of these flip-flops are
connected to the data bus DATA[5...0] for write operations during ranging. Any non-zero value written to the AVSF
register is detected by a NAND gate 998 which disables autoranging. The D inputs of the flip-flops 944, 946, 948, 950,
952 and 954 are tied to the output of a buffer amplifier 955. The input to the buffer amplifier 955 is the signal VRCLKb.
This signal will be defined in connection with the auto-range state machine and is used to control read and write
operations of the AVSF register. The Q outputs of the flip-flops 944, 946, 948, 950 and 952 are tied to the B inputs of
MUXes 956, 958, 960, 962 and 964, respectively. The D output of the flip-flop 954 is the signal VGAIN32h. This signal
VGAIN32h along with GAIN[4] from autoranging circuitry which includes counter 1170 (FIG. 50) are applied to ranging
circuitry 84 and MUXes 86 of the voltage amplifier 80 (FIGS. 18 and 61) to control the voltage gain. The counter 1170
as will be discussed below includes the ranged value as a result of autoranging of the voltage amplifier 80 and the
current amplifier 90. More specifically, the MUXes 956, 958, 960, 962 and 964 allow the Q outputs of the flip-flops 944,
946, 948, 950, 952 and 954 to be connected to either to a gain bus GAIN[4...0] or to A inputs of MUXes 966, 968, 970,
972 and 974. The B inputs of the MUXes 966, 968, 970, 972 and 974 are connected to ground which allows the output
signals of the flip-flops 944, 946, 948, 950, 952 and 954 to either be grounded or connected to the data bus DATA[S...
0] by way of tristate devices 976, 978, 980, 982 and 984 for read operations. The tristate devices 976, 978, 980, 982
and 984 are under the control of a signal VRRDb (FIG. 50) which read operations of the AVSF register.

The output of the MUXes 966, 968, 970, 972 and 974 are also tied to one input of a plurality of AND gates 986,
988, 990, 992 and 994. The other input to the AND gates 986, 988, 990, 992 and 994 is from an inverter 996. The
input to the inverter 996 is the VAZh signal (FIG. 48), the voltage auto-zero signal which indicates the voltage amplifier
80 autoranging is active. The output of the AND gates 986, 988, 990, 992 and 994 are connected to the VGAIN[4...0]
bus which controls the autoranging MUXes 86 (FIG. 61).

The MUXes 956, 958, 960, 962 and 964 are under the control of a NAND gate 998 which generates a signal
VRZERONh. This signal indicates that the microprocessor 30 wrote a zero to the AVSF register to initiate voltage auto-
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ranging. The signal VRZERORN is active high and determines whether the voltage amplifier 80 is placed in an auto-
ranging mode or a fixed gain mode. The input to the NAND gate 998 are the Q outputs of the flip-flops 944, 946, 948,
950 and 952. A zero written to the AVSF register will cause the Q outputs of the flip-flops 944, 946, 948, 950 and 952
to be high or true. This will, in turn, cause the signal VRZEROh to be active which, in turn, will cause the MUXes 956,
958, 960, 962 and 964 to connect the Q output signals from the flip-flops 944, 946, 948, 950, 952 and 954 to the VGAIN
[4...0] bus for auto-ranging. Non-zero values written to the register AVSF, detected by the NAND gate 998, will place
the circuitry in a fixed gain mode. This will cause the MUXes 956, 958, 960, 962 and 964 to connect the Q output
signals from the flip-flops 944, 946, 948, 950, 952 and 954 to the MUXes 966, 968, 970, 972 and 974. The MUXes
966, 968, 970, 972 and 974 either ground the Q outputs of the flip-flops 944, 946, 948, 950, 952 and 954 or allow them
to be tied to the AND gates 986, 988, 990, 992 and 994 which, in turn, are connected to the VGAIN[4...0] bus. The
MUXes 966, 968, 970, 972 and 974 are under the control of an AND gate 1000 which inhibits autoranging of the voltage
amplifier 80 when the current mode has selected and is being autoranged. The AND gate 1000 is a three input AND
gate 1000. The VRZERON, indicating voltage amplifier autoranging signal, is applied to one input. The AZBSYb signal,
which represents that the auto-zero signal is busy, is applied to another input. The output of an AND gate 1002 is a
signal CURRENTh, which represents that the current mode has been selected. The CURRENTh signal is applied to
the third input of the AND gate 1000. The AZBSYb signal, used to inhibit the auto-range state machine when the auto-
zero machine is active. The AND gate 1002 inhibits auto-ranging when the current subsystem is selected.

A REGRESDb signal is applied to the reset inputs R of the flip-flops 944, 946, 948, 950, 952 and 954. The REGRESb
signal is available at the output of an inverter 1004 (FIG. 50). The input to the inverter 1004 is the signal RESETh from
the CPCTL[3...0] bus.

The current scale factor register ACSF is a read-write register used to control the operation of the current input
auto-ranging circuitry. The value written to this register determines the current subsystem autoranging operating mode.
When zero is written the current subsystem is placed in an auto-ranging mode. A non-zero value inhibits the auto-
ranging mode and sets the current mirror into a fixed scale value. The register is not a true read-write register. In other
words, the value read from it is not necessarily the value that was written into it. Although writing a zero into the ACSF
register enables the auto-ranging mode, a zero will never be read from it.

The ACFR register (FIG. 49) includes the flip-flops 1006, 1008, 1010, 1012, 1014. The data bus DATA[4...0] is
applied to the D inputs of these flip-flops for write operations in a fixed gain mode. A NAND gate 1048 detects nonzero
values written to this register to enable a fixed gain mode. The D inputs of the flip-flops 1006, 1008, 1010, 1012 and
1014 are tied to a buffer amplifier 1016. The input to the buffer amplifier 1016 is a signal CRCLKb, which will be
discussed in connection with the auto-range state machine. The CRCLKb signal latches the gain value in this register
at the completion of the autoranging sequence. The signal REGESSb is applied to the reset inputs R. The MUXes
1018, 1020, 1022 and 1024 allow the Q outputs of the flip-flops 1006, 1008, 1010 and 1012 to be connected to the
GAIN[4...0] bus, indicating that the auto-range function has been selected, or to MUXes 1026, 1028, 1030 and 1032.
The CGAINJ[3...0] bus is applied to the current mirror 92 (FIG. 63) to control the divider ratio of the current mirror 92.
The MUXes 1026, 1028, 1030 and 1032 either allow the output signals Q from the flip-flops 1006, 1008, 1010 and
1012 to either be grounded or applied to the gain bus CGAIN[3...0] or tied to tristate devices 1034, 1036, 1038 and
1040 to allow the them to be read at the data bus DATA[3...0]. More specifically, the Q output of the flip-flop 1006 is
applied to a B input of the MUX 1018. An A input of the MUX 1018 is applied to the gain bus bit GAIN[3]. The Q output
of the flip-flop 1006 is also applied to inputs of OR gates 1042, 1044 and 1046. The Q output of the flip-flop 1008 is
also applied to other inputs of the OR gates 1042, 1044 and 1046. Also, the Q output of the flip-flop 1010 is applied to
the OR gates 1044 and 1046. Lastly, the Q output of the flip-flop 1012 is also applied to an input of the OR gate 1046.

The outputs of the OR gates 1042, 1044 and 1046 are applied to the B inputs of the MUXes 1020, 1022 and 1024.
The fixed gain bus bits GAIN[3...0] are applied to the A inputs of the MUXes 1018, 1020, 1022 and 1024. The MUXes
1018, 1020, 1022 and 1024 are under the control of a NAND gate 1048. The NAND gate 1048 generates a CRZEROh
signal which indicates that the microprocessor 30 has written a zero to the ACSF register to initiate current auto-ranging.
A non-zero value written to this register which places the current mirror 92 into a fixed scale value. The Q outputs of
the flip-flops 1006, 1008, 1010, 1012 and 1014 are applied as inputs to the NAND gate 1048. If a zero is written into
the ACSF register the MUXes 1018, 1020, 1022 and 1024 connect the Q output of the flip-flop 1006 and the Q outputs
of the flip-flops 1008, 1010 and 1012 to the gain bus GAIN[4...0]. Non-zero values written into the ACSF register causes
the MUXes 1018, 1020, 1022 and 1024 to be connected to the A inputs of the MUXes 1026, 1028, 1030 and 1032.
The B inputs of the MUXes 1026, 1028, 1030 and 1032 are grounded. The MUXes 1026, 1028, 1030 and 1032 are
under the control of an AND gate 1049 which disables the auto-ranging of the current amplifier 70 when the system is
in a voltage mode. In this condition, the output signals from the flip-flops 1006, 1008, 1010 and 1012 are grounded.
There are two inputs to the AND gate 1049. One input to the AND gate 1049 is from the NAND gate 1048. The output
of a NAND gate 1048 indicates that auto-ranging has not been selected. The Q outputs of the flip-flops 1006, 1008,
1010, 1012 and 1014 are applied as inputs to the NAND gate 1048. The other input to the AND gate 1049 is an inverter
1050. The output of the inverter is a VOLTAGEh signal which indicates that the MUX 66 is in a voltage mode. The input
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to the inverter 1050 is the output of the AND gate 1002 which indicates that the MUX 66 is in a current mode. The
inputs to the AND gate 1002 is a MXOSELh signal (FIG. 45) which indicates that a current mode has been selected.
The outputs of the MUXes 1026, 1028, 1030 and 1032 are connected to a pair of serially coupled inverter amplifiers
1052, 1054, 1056, 1058, 1060, 1062, 1064 and 1066. The outputs of the inverters 1054, 1058, 1062 and 1066 are
applied to the gain bus CGAIN[3...0] as well as to the tristate devices 1034, 1036, 1038, 1040 either directly or by way
of AND gates, 1068, 1070 and 1072. More specifically, the output of the inverter amplifier 1054 is applied to the tristate
device 1034. The output of the inverter amplifier 1058 is applied to an AND gate 1068 along with the output of the
inverter amplifier 1052. The output of the inverter amplifier 1062 is applied to the AND gate 1070 along with the output
of the inverter amplifier 1056. The output of the inverter amplifier 1066 is applied to the input of the AND gate 1072
along with the inverter amplifier 1060.

These tristate devices 1034, 1036, 1038 and 1040 are also applied to the data bus DATA[3...0] to allow the ACSF
register to be read. The output of the inverter amplifier 1064 is applied to a tristate device 1068. This tristate device
1068 is applied to the DATA[4] bit. The tristate devices 1034, 1036, 1038, 1040 and 1068 are controlled by a signal
CRRDb. This signal will be identified in connection with the auto-range state machine.

A signal AZST[2...0], representative of the states of the auto-zero state machine, is applied to AND gates 1070,
1072 and 1074. This signal represents the Q output signals of the auto-zero state register flip-flops 836, 838 and 840
(FIG. 48). Also applied to the AND gates 1070, 1072 and 1074 are test signals. The TEST signals are also applied to
the reset input R of the flip-flop 954. The outputs of the AND gates 1070, 1072 and 1074 are applied to tristate devices
1076, 1078 and 1080. The outputs of the tristate devices 1076, 1078 and 1080 are applied to the data bus DATA[7...
5] to allow these signals to be read by the microprocessor 30. The tristate devices 1076, 1078 and 1080 are under the
control of a signal CRRDb.

The states of the auto-range state machine ARST[2...0] are applied to the inputs of AND gates 1082, 1084 and
1086. Test signals are also applied to the inputs of the AND gates 1082, 1084 and 1086. The ARST[2...0] signal
represents the states of the auto-ranging state register flip-flops and will be discussed in connection with the auto-
ranging state machine. The outputs of the AND gates 1082, 1084 and 1086 are applied to tristate devices 1088, 1090
and 1092. The outputs of these tristate devices are applied to the data bus DATA[7...5]. The tristate devices 1088,
1090 and 1092 are under the control of a VRRDDb signal. This signal controls the reading of the auto-range state register
flip-flops states by the microprocessor 30 and will be discussed in connection with the auto-range state machine.

AUTO-BANGE STATE MACHINE

The auto-range state machine is illustrated in FIG. 50. A state transition table, state diagram and transition state
equations are provided in Appendix D.

This state machine auto-ranges the voltage 80 and current 90 amplifier gains before initiating an analog to digital
conversion. During voltage autoranging, the output signals of the voltage amplifier 80 is compared with a predetermined
value by the comparator 74 (FIG. 61) to determine if the amplifier output is either too large or out of range of the A/D.
At the start of the autoranging a gain shift register 1170 (FIG. 50) is initialized and incremented during a predetermined
time period (TIMOUTh). When either the comparator 74 switches state or the time period expires, the value of the gain
shift register will represent the gain. This gain value is stored in the AVSF register and is used to control the ranging
circuitry 84.

During current autoranging, ranged currents are directed out of the MXO pin and applied to an external resister.
The voltage across the external resister is then applied to a voltage input. Ranging is then accomplished in a similar
manner as the voltage autoranging. Gain values in this mode are stored in the ACSF register.

The auto-range state machine includes three state register flip-flops 1128, 1130 and 1132; NAND gates 1134,
1136, 1138, 1140, 1142, 1144, 1146; AND gates 1148, 1150, 1152, 1154, 1156, 1158, 1160 and 1162; OR gate 1164
and various output gates connected as shown in FIG. 50. The Q outputs of the state flip-flops 1128, 1130 and 1132
indicate the state variables ROh, R1h and R2h. The Q output of the state register flip-flops 1128, 1130 and 1132
generate the state variables ROb, R1b and R2b. The state variable ROd is generated at the output of the NAND gate
1138. The state variable R1d is generated at the output of the NAND gate 1146. The state variable R2d is generated
at the output of the OR gate 1164.

Each of the state register flip-flops 1128, 1130 and 1132 is clocked by the SMCLKh signal. The reset signal RE-
GRESD, available at the output of the inverter 1004, is applied to the reset inputs R of these state register flip-flops.

The outputs of the state register flip-flops 1128, 1130 and 1132 define permissible output states for the auto-range
state machine in accordance with Table D-1, Appendix D. The state register flip-flops 1128, 1130 and 1132 allow for
eight states. However, only seven are necessary and are defined as follows:

S0 - Idle. The state machine is in the idle state waiting for a start auto-range signal (STADCh) to be active. The
state machine also stays in the idle state as long as the auto-zero state machine is busy. This interlock between the
two independent state machines is implemented by the auto-range busy signal (ARBSYh). When the state start auto-
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range signal is active and the auto-range busy signal is inactive the auto-zero state machine moves to state S1.

S1 - Reset shift register. State S1 initializes a shift register 1170 for the type of conversion. For a voltage conversion
the shift register 1170 is initialized to the binary value 0001 where the least significant set bit is set. This corresponds
to a voltage gain of 1. For a current conversion the shift register 1170 is set to the binary value 00000. This corresponds
to a current gain of 1. Only the four least significant bits are used for setting the current gain. The least significant bit
is set or cleared by the GRESh signal by additional decoding of the VOLTAGEh and CURRENTh signals.

S2 - Five microsecond delay. State S2 and S3 form a loop that is repeated until either the comparator 74 (FIG.
18) output switches or the shift register 1170 reaches the final gain. During S2, the time request signal (TIMREQh) is
active in the time-out (TIMOUTNh) signal is monitored. When the time request signal goes active the state machine
enters the state S1, this triggers the five microsecond time delay. When the time delay has timed out, the time-out
signal becomes active. This causes the state machine to transfer either to state S3 or S4. State S3 is entered if the
RANGERHh signal is inactive indicating that either the gain setting is not high enough yet or the shift register 1170 has
not yet reached the final gain setting. The final gain setting is detected by decoding the VOLTh and CURRh signals
with the fourth and fifth bits of the shift register 1170. For a current channel, indicated by an active CURRh signal, a
fourth bit indicates that a maximum gain has been reached. Maximum gain for a voltage channel is decoded by a fifth
bit of the shift register 1170 and an active VOLTh signal.

The state machine transfers to state S4 when the RANGENh signal is active, if the auto-range function is active. If
the auto-range function is disabled indicated by an inactive ATORNGh signal, the state machine transfers to state S4
after the five microsecond time delay. This five microsecond time delay permits the amplifier 80, 90 to settle and reach
a stable output value.

83 - Clock shift register. State S3 is entered when the shift register 1170 does not yet contain a maximum gain
and the gain is not enough to generate a sufficiently high input signal. The clock signal is active in state S3 causing
the shift register 1170 to shift one bit. For voltage channel signals a zero is shifted into the least significant bit of the
shift register 1170. This causes the shift register to shift a one across the register generating the following sequence
of values: 00001, 00010, 00100, 01000, 10000.

For current channels a 1 is shifted into the least significant bit which results in the following sequence of values:
00000, 00001, 00011, 00111, 01111. Only the four bits of the gain are used in setting the current amplifier 90. The state
machine always transfers to the state S2 on the next clock pulse.

S84 - General SOC pulse. State S4 is used to generate a start of conversion pulse to the analog digital converter.
The state machine stays in state S4 until the SOC3b signal becomes active at which time the state machine moves to
state S5. The SOC3b signal is active when the start of conversion pulse has been active for three state machine clock
periods.

S5 - Wait for conversion. The state machine is waiting for the analog end of conversion signal while in state S5.
When the analog end of conversion goes high indicating that the conversion has finished, the state machine transfers
to state S6.

S6 - EOC pulse. End of Conversion EOAZh is active in state S6. This indicates to the commands/status register
section that the conversion process has been completed.

AUTO-BANGE INPUTS

The inputs to the auto-range state machine are as follows:

AZBSYh - Auto-Zero Busy. This signal is active high when the auto-zero state machine is not idle. This signal is
applied to the state machine by way of an inverter 1171.

ATORNGH - Auto-range Active. The auto-range active signal ATORNG represents that the auto-ranging has been
activated when the microprocessor 30 writes a zero into a shift register 1170. More specifically, the ATORNGh signal
is available at the output of an inverter 1164 (FIG. 49) while the ATORNGD signal is available at the output of a dual
input NOR gate 1166 (FIG. 49). The NOR gate 1166 is controlled by two AND gates 1168 and 1002. The VOLTAGEh
signal is applied to one input of the AND gate 1116. The signal VRZERON is applied to the other input. The output of
the AND gate 1002 in applied to the other input of the NOR gate 1166. The output of the AND gate 1002 indicates that
the current mode has been selected and that the microprocessor has a zero to the ASCF register to initiate auto-ranging.

The ATORNGb and ATORNGh signals are applied to the state machine by way of circuitry which includes an AND
gate 1172, an inverter 1173, an OR gate 1174 and an AND gate 1176. The OR gate 1174 is a two-input OR gate. One
inputis fromthe AND gate 1172. The AND gate 1172 is athree-input AND gate. The ATORNGb, TIMOUTh and RANGEh
signals are applied to the AND gate 1172. The other input to the OR gate 1174 is from a two input AND gate 1176.
One input to the AND gate 1176 is the ATORNGD signal. The other input is the TIMOUTh signal.

RANGEHh - In Range Signal. This signal is active high to indicate that either the comparator 74 output signal COMPb
has gone low or that the gain shift register 1170 has reached the maximum gain setting for the operating mode selected.
The auto-ranging sequencing circuitry 76 includes the gain register 1170, an OR gate 1178, AND gates 1180 and 1182
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and a flip-flop 1184. The RANGEh signal is available at the output of the NOR gate 1178.

The gain shift register 1170 is comprised of the flip-flops 1188, 1190, 1192, 1194 and 1196. The Q outputs of these
flip-flops are tied to the D input of the next flip-flop in succession. The Q outputs are also tied to the gain bus GAIN[4...
0]. A GCLKh signal is applied to the clock CK inputs of each of these flip-flops. The GCLKh signal is available at the
output of an AND gate 1198. The inputs to the AND gate 1198 are the state register signals ROb, R1h and R2b which
indicate the autorange state machine is in S3. Also applied to the AND gate 1194 is the signal SMCLKb.

The GCLKh signal is used to shift a zero into the flip-flop 1188 when a voltage channel has been selected and to
shift a 1 into the flip-flop 1188 when a current channel has been selected. More specifically, OR gates 1200, 1202,
AND gate 1204 and a NAND gate 1206 control this function. A CURRENTh signal which is active high is applied to
the input of the OR gate 1200. The other input to the OR gate 1200 is a signal GRESb available at the output of the
AND gate 1204. The output of the OR gate 1200 is applied to the preset input of the flip-flop 1188 to shift a 1 into this
flip-flop. This value is shifted across the shift register by the GCLKh signal.

Similarly, a VOLTAGEh signal is applied to one input of the OR gate 1202. The other input to the OR gate 1202 is
a GRESb signal. The output of the OR gate 1202 is applied to the reset input R of the flip-flop 1188 to shift a zero into
this flip-flop when the voltage channel is selected.

The comparator 74 output signal COMPb is monitored by the flip-flop 1184. The SMCLKb signal is applied to the
clock CK input of this flip-flop. The REGRESD signal is applied to the reset input R. The output of this flip-flop indicates
that the comparator 74 output signal has not yet switched which means that the comparator 74 output signal is less
than, for example, 1.25 Vdc to indicate that one-half the maximum has not been reached. This signal is applied to one
input of the OR gate 1178. The other inputs to the OR gate 1206 are from the outputs of the AND gates 1180 and 1182.
These AND gates indicate that the shift register 1170 has reached the maximum gain setting for the operation modes
specified. More specifically, the AND gate 1180 relates to the current mode. The CURRENTh signal is applied to one
input of the AND gate 1188. The other input is from the output of the shift register flip-flop 1194 which when active
indicates the highest gain setting when the current mode is selected.

Similarly, the VOLTAGENh signal is applied to an input of the AND gate 1182. The other input to the AND gate 1182
is the output of the shift register flip-flop 1196 which represents the highest gain setting when the voltage mode is
selected.

The outputs of the AND gates 1180 and 1182 are applied to the inputs of the OR gate 1178 along with the Q output
of the flip-flop 1184 to generate the RANGEh signal. The RANGEh signal indicates that either the comparator 74 output
signal COMPb has gone low or that the gain shift register 1170 has reached the maximum gain setting for the operating
mode selected.

TIMOUTh - Time Out. This signal is active high when the five microsecond time delay has expired. This signal is
available at the output of the NAND gate 870 (FIG. 47).

SOC3b - Start of Conversion Three. This signal is active low when the start of conversion pulse has been active
for three clock periods.

ANAEOCh - Analog End Of Conversion. This signal is active high when the A/D 78 has finished the conversion.
This signal is applied to the AND gate 1140 and to the AND gate 1162 by way of an inverter 1208.

RESETh - Reset. This signal is active high to reset the state register flip-flops during system reset.

STADCHh - Start Conversion. This signal is active high when the AMUX register is written. This signal is discussed
below.

AUTO-BANGE OUTPUTS

The output signals of the auto-range state machine are as follows:

GRESh - Gain Shift Register Reset. This signal is active high to reset the shift register 1170 used to generate the
gain. This signal is active in state S1.

GCLKh - Gain Shift Register Clock. This signal is active high to shift the shift register and is active in state S3.

TIMREQh - Time Request. This signal is active high to request a five microsecond delay period. This signal is
active in state S2. The TIMREQHh signal is generated at the output of an AND gate 1210. The signals ROb, R1h and
R2h are applied to the input of the AND gate 1210 to generate the TIMREQh signal when the auto-range state machine
is in state S2.

ARBSYh - Auto-Range Busy. This signal is active high to indicate when a conversion operation is active. This
signal is also used to interlock the auto-zero and auto-range state machines. The ARBSYh also inhibits the microproc-
essor 30 from writing to the gain registers by disabling the NAND gates which decode the register select signals (AVSFh,
ACSFh) and the write clock WRCLKh signal. This signal is active in states S1, S2, S3, S4, S5 and S6 and is available
at an inverting output of a NAND gate 1212. The state variables ROb, R1B, R2b are applied to the inputs to the NAND
gate 1212 to generate the ARBSYh signal in states S1, S2, S3, S4, S5 and S6.

The signal ARBSYb is used to control write and read operations to the ASCF and AVSF registers. More specifically,
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ARBSYb signals inhibits the microprocessor 30 from reading or writing to the ASCF or AVSF registers when the auto-
range state machine is active. The signal ARBSYb is generated at a non-inverting output of the NAND gate 1212. A
non-inverting output of this NAND gate is applied to inputs of NAND gates 1214 and 1216. The AVSFh signal, which
is generated when the microprocessor 30 places the address $0026 on the address bus ADDR[5...0], is applied to the
NAND gate 1214 and an AND gate 1218. An ACSFh signal is applied to the inputs of the NAND gate 1216 and a NAND
gate 1220. This ACSFh signal is generated any time the microprocessor 30 places the address $0027 on the address
bus ADDR][5...0]. The RDCLKh signal is applied to the inputs of the NAND gates 1218 and 1220. The WRCLKh signal
is applied to the inputs of the NAND gates 1214 and 1216. The outputs of the NAND gates 1214 and 1218 are the
VRRDb and VRCLKb signals, which are used to control read and write operations to the AVSF register. The outputs
of the NAND gates 1216 and 1220 are the CRRDb and CRCLKb signals which are used to control read and write
operations to the ACFS register.

EOCh - End of Conversion. This signal is active high which sets a flip-flop in the status register to indicate that the
conversion process has finished. It also clears the flip-flop 1246 (FIG. 41) which generates the STADCh signal and is
active in state S6. This signal is available at an output of an AND gate 1222. The signals ROh, R1b and R2b are applied
to the inputs of this AND gate to generate the EOCh signal only when the state machine is in state S6.

ANASOCh - Analog Start of Conversion. This signal is active high to initiate an analog to digital conversion and
is active for three clock cycles. This signal is active in state S4. The analog of start of conversion signal ANSOCh is
generated by circuitry which includes flip-flops 1224, 1226 and 1228, buffer amplifiers 1230, 1232 and 1234 and an
AND gate 1236. This signal is active high for three clock cycles and is active in state S4. A signal representing that
the auto-range state machine is in state S4 is available at the AND gate 1156 and applied to the D input of the flip-flop
1224. The state machine clock signal SMCLKh is applied to the clock input of the flip-flop 1224. The Q output of the
flip-flop 1170 is applied to the D input of the flip-flop 1226. The Q output of the flip-flop 1226 is applied to the input of
a buffer amplifier 1230. The output of the buffer amplifier 1230 is applied to the D input of the flip-flop 1228. The Q
output of the flip-flop 1228 is applied to the buffer amplifier 1232 and represents the analog start of conversion ANA-
SOCh. The AND gate 1236 controls resetting the flip-flops 1224 and 1226 after the flip-flop 1228 is reset. More spe-
cifically, the REGRESD signal is applied to one input of the AND gate 1226 as well as to the reset input of the flip-flop
1228. The Q output of flip-flop 1228 is applied to the other input of the AND gate 1236. The output of the AND gate
1180 is applied to the R reset inputs of the flip-flops 1224 and 1226.

The clock inputs of the flip-flops 1226 and 1228 are controlled by the microprocessor 30 interrupt signal INTEh.
More specifically, the interrupt signal INTEh, which is active high is applied to the input of an inverter 1234. The output
of inverter 1234 is applied to the clock CK inputs of the flip-flops 1226 and 1228.

AUTO-BANGE STATE MACHINE OPERATION

The auto-range function is initiated by the software writing to the AMUX register. More specifically, a STADCH
signal (FIG. 41) is active high whenever the register AMUX is written to by the microprocessor 30. This signal STADCH
is available at the output of an AND gate 1238. One input to the AND gate 1238 is a test circuit. The other input to the
AND gate 1238 is from circuitry which includes buffer amplifiers 1240, 1242, 1244; flip-flops 1246, 1248, 1250; a NAND
gate 1252 and AND gates 1254 and 1256. The WRCLKh signal is applied to one input of the AND gate 1254. This
signal indicates that the microprocessor 30 is writing to one of the registers. An AMUXh signal is applied to the other
input of the AND gate 1254. The AMUXh signal represents that the microprocessor 30 has written to the AMUX register
by writing the address $0021 on the ADDR][5...0] bus. The output of the AND gate 1254 is a begin conversion signal
BEGCONh which indicates that the AMUX register has been written to. This BEGCONh signal is applied to the input
of the NAND gate 1252. The other input to the NAND gate 1252 is from the TEST[4...0] bus. The output of the NAND
gate 1254 is applied to the D input of the flip-flop 1250 by way of the NAND gate 1252. The other input to the NAND
gate 1252 is from test circuitry. The output of the flip-flop 1250 is applied to the input of a flip-flop 1248. The R input
of the flip-flop 1250 is connected to the output of the AND gate 1256. The AND gate 1256 is a two input AND gate.
The RESETb signal available at the output of the inverter amplifier 516 is applied to one input. An ARBSYh signal is
applied to the other input by way of the inverter amplifier 1244. The AND gate 1256 resets the flip-flop 1250 when the
auto-range state machine is busy. A Q output of the flip-flop 1250 is applied to a D input of the flip-flop 1248. The output
of the flip-flop 1248 is applied to the input of the buffer amplifier 1242. The output of the buffer amplifier 1242 is applied
to the input of the flip-flop 1246. The clock inputs of the flip-flops 1246 and 1248 are tied to the output of the inverter
527. The SMCLKb is applied to the input of the inverter 527. The reset inputs R of both of the flip-flops 1246 and 1248
are controlled by the RESETb signal. The output of the flip-flop 1246 is applied to the input of a buffer amplifier 1240.
The output of the buffer amplifier 1240 is applied to the other input of the AND gate 1236 to generate the STADCh
signal to indicate that the microprocessor 30 has written to the AMUX register.

When the AMUX register has been written to, the control circuitry requests that the auto-range operation be per-
formed followed by an analog digital conversion. More specifically, the auto-range state machine performs the following
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functions. First, the shift register 1170 is initialized. The output of the shift register 1170 is tied to a GAIN[4...0] bus
which sets the gain for the amplifier. The initial state of the shift register 1170 depends on whether the voltage or current
channel has been selected for conversion. If a voltage channel has been selected, the initial value is a binary 00001.
If a current channel has been selected the initial value of the shift register 1170 will be a binary 0000. Next a five
microsecond setting delay is timed. The TIMOUTh signal will be active high at the output of the five microsecond delay.
When the TIMOUTh signal is active, the output of a comparator 74 is checked. If the comparator 74 has switched or
if the maximum gain setting has been reached, a start of conversion signal is generated. Otherwise the gain is increased
and the delay is timed again.

After the conversion has been initiated, the auto-range state machine waits for an end of conversion signal ANAE-
OCh to inform the microprocessor 30 to generate a processor interrupt.

A/D CONTROL LOGIC

The A/D converter 78 is an eight bit successive approximation A/D converter. The ranging circuitry for the voltage
80 and current amplifier 90 provides an additional four bits of dynamic range. The A/D converter 78 is described in
detail in Section 7 of MC68HCIIA8 HCMOS SINGLE-CHIP MICROCOMPUTER by Motorola, copyright 1987.

ANALOG CONTROL LOGIC

The function block diagram for the analog control logic is shown in FIG. 18. This figure, in connection with the
block diagram shown in FIG. 51 will be used to explain the analog control logic.

These figures illustrate the control logic for the current and voltage channel MUXes 66 and 68, zeroing of the
voltage amplifier 80 and the current amplifier 90 and ranging of the voltage amplifier 80 and the current mirror 92. Also
illustrated is an analog power supply subsystem 48 which consists of a band gap regulator subsystem 1400, a shunt
regulator 1402 and the power monitor portion of subsystem 46. Biasing circuitry 1404 is illustrated for the quadcom-
parator subsystem 58 (FIG. 53), the band gap regulator 1400, the B* comparator subsystem 50, the power monitor
subsystem 486, the voltage amplifier 80 and the current amplifier 90. Lastly, temperature monitoring circuitry 1406 is
illustrated which allows the microprocessor 30 to read the ambient temperature.

MUX CONTROL

The MUXes 66 and 68 are illustrated in FIG. 52. The input channels MUX0, MUX1, MUX2 and MUX3 can be used
for either voltage inputs or current inputs. The input channels MUX4 and MUX5 can only be used for voltage channels.
The channel MUX8 is for temperature sensing while the MUX 66K is tied to analog ground. More specifically, the input
channels are configured by MUXes 66a-66g. The MUXes 68a-68d allow the input channels MUX0, MUX1, MUX2 and
MUX3 to be tied to the current channel IMUX. The MUXes 68e-68h allow the input channels to be tied to digital ground
VSS.

Sample and hold MUXes 108, 110 and 112 are connected between the channels MUX0 and MUX1, MUX2 and
MUXS, and MUX4 and MUXS5, respectively. A sample and hold switch, shown connected between channels MUX6 and
MUX7, is reserved.

ANALOG POWER SUPPLY

The analog supply pins AVDD and AVSS are used to provide power to the analog portion of the IC 10. The analog
supply pin AVDD is designed to be connected to a current source. The IC 10 contains an internal shunt regulator (FIG.
55) to regulate the voltage on the AVDD pin to approximately 5.0 Vdc. More specifically, the analog power supply
consists of a 2.5 Vdc reference and a shunt regulator subsystem 1402. The 2.50 Vdc reference contains a +1.25 Vdc
band gap regulator reference circuit 1406 (FIG. 54) and a buffer amplifier 1412 to generate a +2.50 Vdc reference:
VREF. An adjustment pin VADJ is provided to allow the voltage to be trimmed to exactly +2.5 Vdc £0.5 Vdc. In order
to trim the reference, a two resistor voltage divider 1410 which includes resistors 1414 and 1416 is connected between
the VREF and AVSS pins with the mid-point connected to VADJ. The buffer amplifier 1412 has a source follower output
such that it can only source current. This will permit multiple devices to be paralleled. Also, the regulator of the IC 10
can be slaved to another by connecting its VADJ pin to the VREF pin.

The band gap regulator subsystem 1406 is illustrated in FIG. 54. A band gap reference is a precision voltage
reference. In general, the band gap reference circuit utilizes as a reference the base-to-emitter voltage of a parasitic
transistor which has a negative temperature coefficient (-TC) connected in series with a resistor which has a voltage
developed across a resistor having a positive temperature coefficient (+TC). The voltage developed across the resistor
is a function of a predetermined current supplied to the resistor from circuitry internal to the band gap regulated refer-
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ence. The difference in temperature coefficients between the base-to-emitter voltage of the parasitic transistor and the
voltage cross the series connected resistor provides a voltage reference signal having an essentially zero temperature
coefficient. As the base-to-emitter voltages of the parasitic transistors decreases with an increase in temperature, the
voltage across the current-fed series connected resistor increases generally proportionally to provide an output refer-
ence voltage which remains relatively constant. This reference voltage is then applied to a non-inverting input of an
amplifier and the inverting input of the amplifier is connected to an externally resistive divided portion of the output of
the amplifier. The output of the amplifier is a voltage proportional to the reference voltage, relatively independent of
temperature.

More specifically, the output of the band gap regulator reference circuit 1406 is nominally 1.25 Vdc. This output
voltage is doubled by a buffer comparator 1412 and the external resistors 1414 and 1416 to produce a +2.5 Vdc
reference at the external pin VREF. The external resistors 1414 and 1416 are connected in series between the output
of the buffer comparator 1412 and an analog ground pin AVSS. The midpoint of these resistors 1414 and 1416 is
connected to the inverting input of the buffer comparator 1412 to allow the reference voltage VREF to be adjusted.
The band gap regulator circuit includes diode connected parasitic transistors 1426 and 1428, a transistor 1418, resistors
1420, 1422 and 1424 and a comparator 1441. Start-up circuitry 1432 is provided for the condition when power is first
applied to the IC 10. The start-up circuitry 1432 includes the transistors 1434, 1436 and 1438. During this condition,
voltages begin to rise from a zero level to a level that will ultimately be regulated by the band gap reference circuit
14086. Initially there is no current in any of the devices. In this condition, the transistor 1438 is biased on by a PBIAS
circuit 1440 which will be discussed below. This, in turn, turns on the transistor 1434 to generate a current that flows
into a diode connected parasitic transistor 1428. This produces a voltage at the transistor 1428 which is applied to a
non-inverting input of the comparator 1441. That generates a positive signal at the output of the comparator 1441
which, in turn, turns on the transistor 1418 and produces currents in the transistors 1426 and 1428. Consequently, the
band gap reference approaches a stable regulating point based upon the voltages across the diode connected tran-
sistors 1426 and 1428. When these voltages reach a steady state value, the transistor 1436 is turned on which turns
off the transistor 1434, in which case all of the current is generated by the transistor 1418.

During regulation, the current applied to the emitters of the transistors 1426 and 1428 is essentially equal. This is
because the resistors 1420 and 1424 are the same value and are relatively large compared to the other voltage drops.
The base emitter voltage across transistors 1426 and 1428 is dependent upon the current density through these tran-
sistors. The current density is the total current divided by the area of the transistors. The current densities of the
transistors 1426 and 1428 are different by a factor of 11 to 1, thus, their base emitter voltages will be different. The
difference in base emitter voltages appears across the resistor 1422. Since the temperature coefficient is a function of
the voltage across the device, as the base emitter voltage across the transistors 1426 and 1428 goes down, their
negative temperature coefficient increases. Due to the relative current density in the transistor 1426 relative to the
current density in the transistor 1428, the series combination of the resistor 1422 and transistor 1426 will have a positive
temperature coefficient (+TC) and is applied to an inverting terminal of comparator 1441. The base emitter voltage of
the transistor 1428, which has a negative temperature coefficient (-TC), is applied to a non-inverting terminal of the
comparator 1441. As the temperature changes voltage across the base emitter junctions of the transistors 1426 and
1428, the voltage across the resistor 1422 will change by a proportional amount, thus yielding an output signal from
the comparator 1440 that is relatively temperature independent.

SHUNT REGULATOR

The shunt regulator 1400 (FIG. 55) provides a nominal +5.0 Vdc at the AVDD pin based on the reference voltage
at VREF. The shunt regulator 1400 includes an amplifier 1443 and resistors 1444 and 1446. More specifically, the
output VREF from the buffer comparator 1412 is applied to a non-inverting input of a amplifier 1443. The AVDD bus
is the regulated 5.0 Vdc supply. The inverting terminal of the amplifier 14483 is connected to the AVDD bus by way of
the resistor 1444. The inverting terminal of the amplifier 1443 is also connected to the AVSS bus by way of the resistor
1448. The resistors 1444 and 1446 have equal value which causes the output of the amplifier 1443 to be twice VREF
Since VREF is nominally 2.5 volts, the regulated supply bus AVDD will nominally be 5.0 volts. A shunt element transistor
1447 is connected between AVDD and AVSS. The gate of the shunt element is controlled by output of the amplifier
1443. When the regulated supply AVDD becomes a little too high, the negative terminal of the amplifier 1443 will be a
little higher than VREF. This will drive the output of the amplifier 1443 negative. This, in turn, will cause a shunt transistor
1447 to turn on a little bit more. This draws current away from the supply bus AVDD and brings the voltage down until
the two inputs to the amplifier 1443 are essentially identical.

The circuitry which includes the transistors 1448, 1450 and 1452 is part of the start-up circuitry. Transistors 1448,
1450 and 1452 turn off the shunt transistor 1447 during start-up to avoid sinking a lot of current away from AVDD.

An important aspect of the invention relates to the fact that the IC 10 is current driven. This provides immunity to
voltage spikes typical in applications in the automotive industry. More specifically, the IC 10 is driven by an input current,
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developed by an external resistor 1453 and an external voltage identified as VEXT applied to the AVDD bus.

POWER MONITOR SUBSYSTEM

The circuitry which consists of the transistors 1454, 1456, 1458 and 1460 and the comparator 1462 (FIG. 55)
performs the power on reset and loss of +5.0 Vdc function. Power on reset is a delay of 8128 oscillator cycles plus an
additional 1 ms from the time the reset is removed by clearing the external pin RESN.

The series connected transistors 1454, 1456, 1458 and 1460 form a voltage divider circuit. The drain of the tran-
sistor 1454 is applied to a non-inverting input of the comparator 1462. The output of the amplifier 1443 is applied to
an inverting input of the comparator 1462. The output of the comparator 1462 is a signal SHUNT, an output pin which
may be applied to the RESN pin of microprocessor 30 for the power monitor function to reset the microprocessor 30
upon detection of an undervoltage.

The comparator 1462 monitors the conductive state or gate voltage of the shunt transistor 1447. Whenever the
shunt transistor 1447 is determined to be off, as indicated by the amplifier 1442 output being at a more positive voltage
than the divided voltage at the drain of the transistor 1454, the comparator 1462 output signal shunt will be driven
negative indicating insufficient current available to maintain the AVDD bus regulated at 5.0 volts.

B+ COMPARATOR SUBSYSTEM 50

The B+ comparator subsystem (FIG. 55) is used for power supply generation and includes the following circuitry,
resistors 1462, 1464, a comparator 1466 and a transistor 1468. VREF is applied to an inverting input of the comparator
1466 providing a +2.5 Vdc reference. The output of the comparator 1466 is an external pin BDRIVE. Inputs to the
comparator 1466 are applied to a non-inverting terminal of the comparator 1466 by way of an external pin BSENSE.
The resistors 1464 and the transistor 1468 are exemplary of the hysteresis mask option, available for all comparators.
The register 1464 and the transistor 1468 are connected in series to provide feedback from the output of the comparator
1466 to the inverting terminal.

FIGS. 56 and 57 illustrate exemplary circuitry for power supply generation and power supply regulation for the IC
10. FIG. 56 also illustrates the conditioning circuitry 19.

Referring first to FIG. 56, the IC 10 is used to monitor the condition of the circuit breaker 12 (FIG. 16) by way of
the current transformers (CT) 14, 16 and 18. These CT's may be of the donut type which consist of a secondary winding
disposed about the A, B and C phase conductors of the circuit breaker 12. During certain loading conditions, the output
from the CT's may be of the order of 100 milliamps (ma). In order to reduce this output current to a level suitable for
the IC 10, for example, 20 microamps, the signal conditioning circuitry 19 is provided. Various conditioning circuitry
may be utilized. It should be understood that the conditioning circuitry illustrated in FIG. 56 is merely exemplary.

The CT's 14, 16 and 18 may be connected to the diode bridge 1467 in various ways. For example, the CT's 14,
16 and 18 may be connected in series with the output connected to the terminals 1469 and 1471. A single CT, for
example, the B phase CT 16, may be tied to the bridge 1467. Also, the CT's 14, 16 and 18 may be connected in parallel.

The conditioning circuitry 19 includes a full wave diode bridge 1467 defining a pair of alternating current terminals
1469 and 1471 and a pair of rectified terminals with the positive terminal identified as 1473 and the negative terminal
identified as 1475. The conditioning circuitry 19 also includes a resistor 1477 and a resistor 1479. Exemplary values
for the resistors 1477 and 1479 are 10 ohms and 50 kilo-ohms, respectively.

The resistor 1477 is connected between the negative terminal 1475 on the bridge 1467 and ground. One side of
the resistor 1479 is also tied to the negative terminal 1475. The other side of the resistor 1479 is then connected to
one of the MUX inputs MUX0, MUX1, MUX3 or MUX3.

In operation, the current from the current transformers 14, 16 and 18 will flow through the resistor 1477 from ground
to the negative terminal 1475 of the bridge 1469 to produce a negative voltage across the resistor 1477. If the value
of the resistor 1477 is, for example, 10 ohms, a -1.0 volts will be produced across the resistor 1477 for a CT current
of about 10 mA. This will, in turn, cause a -1.0 volt drop across the resistor 1479. If the resistor 1479 has a value of,
for example, 50 kilo-ohms, this will, in turn, produce a current of 20 microamps to be applied to one of the current inputs
62 (e.g., MUX0, MUX1, MUX2 or MUX3) to the IC 10 as discussed below.

The exemplary circuitry illustrated in FIG. 56, identified within the dashed box 1481, in conjunction with the B*
comparator system 50 (FIG. 55) is used for power supply generation. More specifically, the power supply circuitry 1481
includes a transistor 1483, connected between the positive terminal 1473 of the bridge 1469 and ground with its gate
terminal connected to BDRIVE (FIG. 55). Also connected to the positive terminal 1473 is the anode of a diode 1485.
The cathode of the diode 1485 is connected to a terminal, identified in FIG. 56 as B+. A power supply capacitor 1487
is connected between the B+ terminal and ground. A pair of series connected resistors 1489 and 1491 are connected
between the B+ terminal and ground with the junction between the resistors 1489 and 1491 identified as BSENSE.

In operation, the comparator 1466 (FIG. 55) is used to monitor the voltage at the BSENSE junction, a fraction of
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the voltage at the B+ junction, for example, 2.5 volts, and compare it with the voltage available at the VREF terminal.
When the BSENSE voltage is greater than the VREF voltage, the output of the comparator 1466 goes high and turns
on the transistor 1483 to shunt excess current to ground. When the voltage at the BSENSE junction drops below VREF,
the comparator 1466 goes low which allows the transistor 1483 to be turned off to allow the capacitor 1487 to be
charged up the desired value, for example, 30 volts.

FIG. 57 illustrates exemplary circuitry for regulating the voltages at the VDD and AVDD pins and does not form a
portion of the present invention.

BIASING CIRCUITRY FOR OPERATIONAL AMPLIFIER OFFSET CORRECTION

Biasing signal PBIAS 1440 for the comparators 1412, 1440 (FIG. 54) and 1442 (FIG. 55) is illustrated in FIG. 58.
Biasing signals PBIAS and NBIAS for the quadcomparator 200, 202, 204 and 206 (FIG. 53), the B+ comparator 1466
(FIG. 55), the power monitor comparator 1462 (FIG. 55), the voltage amplifier 80 (FIG. 61) and the current amplifier
90 (FIG. 62) are illustrated in FIG. 59. The PBIAS and NBIAS signals from such circuitry are reference voltages that
are used to set the operating current of the particular operational amplifier to which they are applied. The above-
mentioned biasing circuitry is in addition to the auto-zeroing circuitry for the voltage amplifier 80 and the current amplifier
90 are illustrated in FIG. 64 and identified as IOUT.

The circuitry illustrated in FIG. 58 is identified by the function block 1440. The PBIAS circuit 1440 includes a
transistor 1470 and a resistor 1493, connected in series between AVDD and AVSS, forming a voltage divider. The
voltage divider produces a gate to source voltage across the transistor 1470, identified as PBIAS.

The circuitry illustrated in FIG. 59 is used to generate the signals PBIAS and NBIAS for the quadcomparators 200,
202, 204 (FIG. 58), the voltage amplifier 80 and the current amplifier 90. This circuitry includes its own band gap
regulator reference circuit which includes diode connected parasitic transistors 1472, 1474, resistors 1476, 1478, a
comparator 1480 and capacitors 1482 and 1484. These signals are identified as PBIAS/l and NBIAS/| to indicate that
the signals are temperature independent since the circuitry includes the band gap reference. This band gap reference
operates in a manner similar to the band gap reference 1406 described above with the exception of the additional
capacitors 1482 and 1484 are used to control the biasing time of the circuitry. The output of the comparator 1480 is
applied to the gates of transistors 1486, 1488 and 1490, forming current mirrors. The current mirrors 1486 and 1488
are used to source the band gap regulator portion of the circuitry. The output current mirror 1490 is the NBIAS/I signal.
The current mirror 1490 turns on transistors 1492 and 1494 which develop a gate to source voltage across a transistor
1496 which is the PBIAS/I reference. The transistors 1498, 1500 and 1502 form start-up circuitry for the band gap
regulator portion of the circuit.

TEMPERATURE SENSING

The circuitry illustrated in FIG. 59 allows the microprocessor 30 to sense the ambient temperature in which the IC
10 is located. This circuitry includes a transistor 1504 and a diode connected parasitic transistor 1506. The voltage of
the parasitic transistors is temperature dependent as previously discussed. The resulting TEMP signal is applied to a
MUX 66j and converted to a digital value and read by the microprocessor 30

VOLTAGE AMPLIFIER RANGING

The voltage amplifier 80 and ranging circuitry is illustrated in FIG. 61. This circuitry includes the voltage amplifier
80, gain circuitry 84 and a plurality of MUXes 86 to produce a voltage signal for A/D conversion that is at least half
scale. The voltage ranging may be controlled either automatically or manually to provide gains of 1, 2, 4, 8 or 16 of the
input voltage signal VMUX applied to a non-inverting input of the voltage amplifier 80. The gain circuitry includes
resistors 84a-84h and MUXes 86a-86f. The gain circuitry is controlled by the VGAIN[4...0] bus and the gain signal
VGAIN32h as previously discussed. The resistor 84i and 1512 form test circuitry.

If the gain is one, the voltage signal is applied directly to the A/D converter 78 by way of a MUX 88a. In this condition
the MUXes 86e and 88b disconnect the voltage amplifier 80 from the A/D circuitry 78 and the signal is connected
directly to the A/D 78 by the MUX 88a. During ranging, the MUXes 86a-86f connect the gain circuitry 84 to an inverting
terminal of the voltage amplifier 80. For gains other than one, the MUX 88b connects the output of the voltage amplifier
80 to the A/D 78. The MUXes 88a and 88b are selected by the AVSF register.

The comparator 74 is used for auto-ranging. This comparator is referenced to a fixed voltage, for example +1.25
Vdc, developed by a pair of serially coupled resistors 1508 and 1510, connected between VREF and AVSS. The
midpoint of these resistors 1508 and 1510 is applied to a non-inverting terminal of the comparator 74. The output of
the comparator 74 is a CAMPH signal, which is monitored by the flip-flop 1184 FIG. 50 and forms a portion of the auto-
range logic as discussed above. The MUX 86f is used for auto-zeroing. This MUX 86f shorts the inverting and non-
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inverting terminals of the voltage amplifier 80 together to determine the offset correction value. During this condition,
the offset value of the voltage amplifier 80 is loaded into the flip-flop 888 (FIG. 48). The MUX 86f is controlled by the
VNULL signal available at the output of the buffer amplifier 756 (FIG. 45).

CURRENT AMPLIFIER BANGING

Current amplifier 90 ranging is accomplished by the current mirror 92 (FIG. 62) as previously discussed. Current
inputs are applied to the current channel IMUX (FIG. 52). This channel IMUX is tied to the current mirror 92 and to an
inverting input of the current amplifier 90. A non-inverting terminal of the amplifier 90 is tied to analog ground to maintain
the current input channels MUX0, MUX1, MUX2 and MUX83 at virtual ground. Negative currents (e.g., currents flowing
out of the MXO pin) to be ranged are generated, for example, by connecting an external resistor (not shown) between
the MUXO pin and a negative voltage source. This causes ranged currents to flow out of the MUX0, MUX1, MUX2 or
MUX 3 pins since these pins are maintained at virtual ground.

The MUXes 96a and 96b connect the output signal IOUT/I from the current mirror 92 either to the output pin MX0
or to the analog ground bus AVSS. More specifically, the MUX 96a is used to connect the output signal IOUT/| of the
current mirror 92 to the MXO0 pin under the control of a signal IOUTONh; available at the output of a NAND gate 759
(FIG. 50). The signal IOUTONh indicates that the integrator is not in a reset mode. An INTRESh signal as well as test
signals are applied to the NAND gate 759. The MUX 96b is used to connect the current mirror 92 output signal IOUT/
| to the analog ground bus AVSS under the control of a signal DISCHh, available at the output of a buffer 757. The
input to the buffer 757 is an integrator reset signal INTRESh, available at the output of the AND gate 534 (FIG. 46).

The MUX 111a is used for auto-zeroing the current amplifier 90. Specifically, the MUX 111a connects both the
inverting and non-inverting inputs of the current amplifier 90 to the analog ground bus AVSS under the control of a
signal CSHRTh, available at the output of an inverter 581 (FIG. 49). The inverter 581 is serially connected to the output
of the inverter 580. The input to the inverter 580 is the signal CAZh, which indicates the current amplifier 90 is being
auto-zeroed.

The MUX 111b is used to connect the inverting input of the amplifier 90 to the IMUX output of the MUXes 68 (FIG.
59) whenever the amplifier 90 is not being autozeroed.

The ranged current from the current mirror 92 may then be dropped across an external resistor (not shown) to
convert the signal to a voltage and converted by the A/D converter 78 as discussed above.

The current mirror 92 is illustrated in FIG. 63. The current mirror 92 includes current divider transistors 1512, 1514,
1516, 1518 and 1520, shunt transistors 1522, 1524, 1526 and 1528 and current mirrors 1530, 1532, 1534 and 1536.
MUXes 1538, 1540, 1542 and 1544 control current shunting while MUXes 1546, 1548, 1550 and 1552 control the gain
of the circuitry. These MUXes are controlled by the CGAIN[3...0] bus discussed above.

Negative currents are directed into the current mirror 92 at IIN/l. This input current is divided into five parts by the
current divider transistors 1512, 1514, 1516, 1518 and 1520 which are all connected in parallel. More specifically, the
sizes of the transistors 1512 and 1514 are maintained equal at a value, for example, A. The sizes of transistors 1516,
1518 and 1520 are 2A, 4A and 8A, respectively. Since the transistors 1512, 1514, 1516, 1518 and 1520 are connected
as current mirrors, the current through each of the transistors will be a function of the size of the transistor. Thus, the
output of transistors 1512 and 1514 each will be 1/16 of IIN/l. The output of transistor 1516 will be 1/8 [IN/I. The output
of transistor 1518 will be 1/4 lIN/I. The output of the transistor 1520 will be 1/2 [IN/I. These fractions of the input current
IIN/I are either summed together to produce the desired gain which is controlled by the MUXes 1546, 1548, 1550 and
1552 and directed to the output by way of the current mirrors 1530, 1532, 1534 and 1536 or shunted around the mirrors
1530, 1532, 1534 and 1536 by way of the transistors 1522, 1524, 1526 and 1528 and the MUXes 1538, 1540, 1542
and 1544,

This is an important aspect of the invention. Specifically, in known bipolar current ranging circuitry (for example,
as disclosed in U.S. Patent No. 4,626,831), the current dividers are cascaded. However, cascading of the current
dividers is not viable for the IC 10 because of the relatively small operating voltage (e.g., +5.0 Vdc).

CURRENT AND VOLTAGE AMPLIFIER ZEROING

Representative circuitry for the voltage and current amplifier 80 and 90 is illustrated in FIG. 65. These amplifiers
are differential input amplifiers defining an internal bias current ITRIM/I. The differential inputs are identified as PLUS/
I and MINUS/I. This internal bias current flows through resistors 1546 and 1548 which controls the offset voltage that
appears at the amplifier 80 and 90 output. Known techniques have attempted to control the offset voltage by externally
adjusting the resistor values of resistors 1546 and 1548, which requires precision variable resistors, such as digital-
to-analog converter (DAC). Such DACs are relatively expensive. The auto-zeroing circuitry in accordance with the
present invention, obviates the need for DACs and instead controls the bias current ITRIM/I to control the voltage
across the resistors 1546 and 1548 to control the offset voltage. The bias current is ranged by a current dividing circuitry
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illustrated in FIG. 64. The ranged bias current is then applied to the amplifier 80 or 90 to control the bias current and
the offset voltage.

The bias current ranging circuitry includes the MUXes 1600, 1602, 1604, 1606, 1608 and 1610, the current mirrors
1612, 1614, 1616, 1618, 1620, 1622 and 1624 and the transistors 1626 and 1628. The MUXes 1600, 1602, 1604,
1606, 1608 and 1610 are controlled by the VZERQ[5...0] bus for the voltage amplifier 80 and the CZERQ[5...0] bus for
the current amplifier 90, as discussed below. These current mirrors are connected in parallel to allow the bias current
to be divided into composite values and allow selected portions to be added together to generate the ranged current
and operate in a similar manner as the current mirror 92.

GENERAL

The IC 10 is a semi-custom CMOS integrated circuit. This integrated circuit is packaged in a 44-pin Plastic Leaded
Chip Carrier (PLCC) J-lead, surface mount package. The IC 10 is illustrated in FIG. 66. Signal definitions are provided
below. A pin summary is provided in Table 15. Stress ratings, recommended operating conditions and DC characteristics
are provided in Appendix E. Current subsystem specifications and A/D specifications are provided in Appendix F.

SIGNAL DEFINITIONS

PA7...PAQ. These eight bidirectional port pins can be individually programmed to be inputs or outputs by the soft-
ware.

PB7/SCK, PB6, SDI, PB5/SDO0. These three bidirectional port pins can be individually programmed to be inputs
or outputs by the software. They are shared with the Synchronous Serial I/O Port (SSIOP) and their functionality may
be changed when that system is in use.

PC7...PCO. These eight bidirectional port pins can be individually programmed to be inputs or outputs by the
software. The low-order four pins can also be configured to be the logical OR of the outputs of the four comparators.

PD7/TCAP. This input only pin is the most-significant bit of port D. Its function is shared with timer O and is the
input capture pin of the timer.

SHUNT. This output pin is high when the power supply is shunting current to AVDD.

MUXS...MUXO. These four analog input pins are two thirds of the A/D subsystem inputs. They can be individually
programmed to operate in either the voltage or current modes. In the voltage mode, they are high impedance inputs.

In the current mode, an active current source maintains a virtual ground level for currents out of the device pin.
When unselected in the current mode, each pin is connected to digital ground.

MUX4..MUX5. These two analog input pins are the other third of the A/D subsystem inputs. They can operate
only in the voltage input mode. They are always high impedance inputs.

MXO. This analog output is used by the A/D subsystem in the current mode of operation. An external resistor or
capacitor between this pin and analog ground converts the mirrored and ratioed current from the selected input into a
voltage for A/D conversion. If an external capacitor is used, the internal amplifier is configured as an integrator and
current auto-ranging must be disabled.

CP3...CPO0. These four high-impedance analog inputs are the inverting inputs of four comparators.

These pins are also used during testing to select various test modes.

IRQN. This low-true CMOS input is the asynchronous external input to the microcontroller. A mask programmable
option permits selection of two triggering methods: 1) negative edge-sensitive triggering, or 2) both negative edge-
sensitive and low level-sensitive triggering. In the latter case, either type of input to the IRQN pin will produce an
interrupt. The interrupt request must be present at least 125 ns in edge-triggered mode.

If the level-sensitive mask option is selected, the IRQN pin requires an external resistor to VDD for wire-OR op-
eration.

The IRQN pin also puts the IC 10 in a test mode when placed at +9 V during reset. This mode is for test only and
should not be used during normal operation.

BSENSE. This analog input is the non-inverting input to the B+ comparator.

BDRIVE. This analog output is the output of the B+ comparator.

VADJ. This analog input is used to adjust the analog reference voltage: VREF.

VREF. This analog output is the internal +2.5 V reference. It is the output of the reference buffer amplifier and must
be connected to the external reference trim resistor network.

AVDD. This pin is the +5 V analog supply voltage. An external resistor is used to create a current source for the
shunt-regulated power supply. AVDD will be regulated to approximately 2 = VREF.

AVSS. This pin is the analog ground reference.

RESN. This low-true input provides an external method of initializing the IC 10. When using the external reset,
RESN must stay low for a minimum of 1.5 processor phase 2 cycles. RESN is received by a Schmitt receiver.
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OSCH1. This is the input of the oscillator circuit.

OSC2. This is the output of the crystal oscillator circuit. It is the inversion of the OSC1 input.
VDD. This pin is the digital +5 V supply.

VSS. This is the digital negative supply. It should be connected externally to the AVSS pin.

TABLE 15
PIN - SIGNAL SUMMARY
SIGNAL DEFINITIONS
SIGNAL PIN DIRECTION | TYPE
PA7...PAO 6-13 Bidirectional CMOS
PB7...PB5 14-16 Bidirectional CMOS
PC7...PCO 17-24 Bidirectional CMOS
SHUNT 42 Output CMOS
PD7/TCAP 43 Input CMOS
MUX5..MUX0 | 31,32,35-38 | Input Analog
MXO0 39 Output Analog
CP3...CPO 14-18 Input Analog
RESN 4 Input Schmitt
0OSC2 2 Output Analog
OSCA1 3 Input Analog
IRQN 5 Input CMOS
BDRIVE 29 Output Analog
BSENSE 30 Input Analog
VADJ 41 Input Analog
VREF 40 Output Analog Reference
AVDD 33 Supply Analog + Supply
AVSS 34 Supply Analog - Supply
VSS 44 Supply Digital - Supply
VDD 1 Supply Digital + Supply

Many modifications and variations of the present invention are possible in light of the above teachings. Thus, it is
to be understood that, within the scope of the appended claims, the invention may be practiced otherwise than as
specifically described above.

APPENDIX A

The following specifications apply to the EEPROM 40A memory under the conditions that Vpp - 5.0 Vdc £10%
and the ambient temperature TA is between -40°C and +85°C. The specifications are indicated in Table A1.

TABLE A1
EEPROM SPECIFICATIONS
CHARACTERISTIC SYMBOL | MIN MAX | UNIT
EEPROM Erase Time ERA 10 ms
EEPROM Program PROG 10 ms
Time 2 MHz osc.
EEPROM Program PROG 20 ms
Time 1 -2 MHz
oscC.
Write/Erase 10,000 cycles
Endurance
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It is to be understood that although the embodiment of this invention is associated with an electrical contactor, the
inventive features may apply to circuit breakers, monitors, or other electrical devices, such as, motor control devices.
Said in another way, any electrical device of the type that acts in the presence of a predetermined value at an input
electrical variable or input thereof to perform a function where a calibration factor is digitally stored in a calibration
factor memory region of the electrical device and where any input electrical corresponding derived electrical value in
the device is a device of the type which may utilize the teachings of the present invention. It is also to be understood
that the input electrical variable may be but is not limited to electrical current, either phase or line voltage, electrical
frequency, or electrical power. The input may be a signal related to a variable such as: temperature, vibration, pressure,
fluid levels, etc. It is also to be understood that the calibration factor described herein may be multiplied by the derived
value or algebraic added or subtracted to the derived value.

APPENDIX B
TABLE B1
B+ COMPARATOR SPECIFICATIONS
SYMB. | PARAMETER VALUE

Vio Input offset voltage 120 mV max

VH Hysteresis 20 mV min

o Input offset current 1 nA max

s Input bias current 20 Na max

ViN Input voltage range Vgg -0.5 V1o Vg +.5V

Ayp Voltage amplification 80 dB min

VoL Output voltage @l = 3 mA 700 mV max

VoH Output voltage @loy = -3 mAmin | Vpp -700 mV

tr Response time Vpgr = 100 mV 1 s max

TABLE B2
QUADCOMPARATOR SPECIFICATIONS
SYM | PARAMETER MIN TYP [ MAX | UNITS
Vio Input offset voltage 20 [ mV
o Input offset current 0 - +1 nA
s Input bias current 20 nA
ViN Input voltage range Vgg - Voo | V
V1. | Negative threshold (output high) | 1.2 1.25 1.3 \%
Ayp | Voltage amplification 80 dB
VoL | Output voltage @1n=3mA 0 - 700 mVv
Von | Output voltage @15=3mA Vpp-700 - Vpp mV
tr Response time Vppg=100 mV 1 ps
tr Hysteresis 20 - 80 mV
APPENDIX C

AUTO-ZERO STATE MACHINE

STATE DIAGRAM

FIG. C-1 is a state diagram for the auto-zero function. Each bubble represents an operating state. The arrows
between state show permissible transitions and the conditions required for the transition. Table C-1 shows the transi-
tions from state to state in table form.

65



10

15

20

25

30

35

40

45

50

55

EP 0 493 003 B1

TABLE C-1

STATE ASSIGNMENT

AUTO-ZERO STATE ASSIGNMENT

State RO R1 R2
S0 000
S1 010
S2 110
S3 011
S4 001
S5 101
S6 111
S7 100

66




&

10

15

20

25

30

35

40

45

50

55

EP 0 493 003 B1

. @ o

TIMCUTn STAZNnXxARBSYR
TIMOUThx
(VAMPB+FULLD)
TIMOUTh |
VAMPEX CLOCK
FULLD
CLOLK cLocK
S7
TIMOUThx LATCH
FULLDb
TIMOUTha
(CAMPD+FULLD)
CLOCK
FIG. c-1

STATE TRANSITION TABLE

FIG. C-2 shows the state assignment on the 3-bit Karnaugh map along with the allowable state transitions.
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FIG. C-2. Autc-Zero Karnaugh Mapping

TRANSITION TABLE STATE EOQUATIONS

The logic equations for RO, R1 and R2 are given in the following sections. The equations are written for the states
in the transition table where the resulting state is a logic 1. For example, in the first line of the transition table, the only
equation that needs to be written is the equation for R1 resulting from the transition from state SO to S1. The equations

below are referenced to the transition table by the originating state.
The following notation is used:

I

T

h suffix
b suffix
d suffix

not operator

and operator

or operator

high true signal

low true signal
flip-flop D input signal

The * operator has precedence over the + operator.
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FIG. C-3. Auto-Zero State Transition Table

STATE EOQOUATIONS FOR R0d

SO

S1

St

S2

s3

S1

S4

SS

SS

S8

SS

S0

state SO No terms needed for this state.
state S1 ROd = IROh * R1h *IR2h * TIMOUTh * VAMPb * FULLb
state S2 No terms needed for this state.
state S3 No terms needed for this state.

state S4 ROd = IROh * IR1h * R2h
state S5 ROd = IROh * IR1h * R2h
state S6 ROd = ROh * R1h * R2h

state S7 No terms needed for this state

REDUCED STATE EOQUATIONS FOR RO

Reducing the terms which only involve ROh, R1h and R2h, using Karnaugh map techniques, and combining with

EP 0 493 003 B1

ROR1R2 ROR1R2
00Q --=+=-==> 000
|

+==-> 010

010 ~——=---> 010
|

+-==> 110

|

+-==> 011
110 ====m-- > 010
011 -===--- > 001
00} -—=--=> 101
101 ---+---> 101

|

+===> 111

|

*===> 100
1] =m==e-- > 101
100 -==~-=- > 000

terms which cannot be reduced yields the following equation for ROd.

ROd = IROh * R1h *IR2h * TIMOUTh * VAMPb & FULLb + !R1h * R2h

ROH * R2h

69



10

15

20

25

30

35

40

45

50

55

EP 0 493 003 B1

STATE EOQOUATIONS FOR R1

state SO
state S1
state S2
state S3
state S4
state S5
state S6
state S7

R1d = IROh * IR1h *IR2h * STAZh * |ARBSYh

R1d = !IROh * R1h *IR2h

R1d = ROh * R1h *IR2h

No terms needed for this state.

No terms needed for this state.

R1d = ROh & /IR1h * R2h * TIMOUTh * CAMPb * FULLb
No terms needed for this state.

No terms needed for this state.

REDUCED STATE EQUATIONS FOR R1

Rid= [IROh *IR1h *IR2h * STAZh *1ARBSYh + ROh *!R1h = R2h * TIMOUTh * CAMPb & FULLb + R1 *IR2

STATE EOQOUATIONS FOR R2

state SO
state S1
state S2
state S3
state S4
state S5
state S6
state S7

No terms needed for this state.

R2d = 'ROh * R1h *!R2h * TIMOUTh * (IVAMPb + !FULLD)

No terms needed for this state.

R2d = IROh * R1h * R2h

R2d = IROh * IR1h * R2h

R1d = ROh * 'R1h * R2h * (ITIMOUTh + TIMOUTh + CAMPb * FULLD)
R2d = ROh & R1h * R2h

No terms needed for this state.

REDUCED STATE EQUATIONS FOR R2

R2d = IROh * R1h *IR2h * TIMOUTh * (IVAMPb + IFULLb) + ROh *IR1h * R2h *ITIMOUTh + ROh *IR1h * R2h *

TIMOUTh * CAMPb * FULLb +!ROh * R2h + R1h * R2h

OUTPUT EOQUATIONS

IZERRESD = |ROh * IR1h

ZERCLKh = ROh * Rth

TIMREQh = 'ROh * R1h *IR2h + ROh *!R1h * R2h
AZBSYh = I(IROh * IR1h * IR2h)

EOAZh = ROh *IR1h * IR2h

CAZh = ROh * R2h + IR1h * R2h

VAZh = R1h *IR2h

CZCLKh = ICAZh

VZCLKh = IVAZh

APPENDIX D

AUTO-BANGE STATE MACHINE

STATE DIAGRAM

FIG. D-1 is the state diagram for the auto-range function. Each bubble represents an operating state. The arrows
between state show permissible transitions and the conditions required for the transition. Table D-1 shows the transi-

tions from state to state in table form.
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TABLE D-1

STATE ASSIGNMENT

AUTO-ZERO STATE ASSIGNMENT

State RO R1 R2
S0 000
S1 001
S2 011
S3 010
S4 111
S5 101
S6 100
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TTMOUTh

(TIMOUThaATORNGHhx
RANGER) + ANAEQCH
TIMOUThaATORNGH

TIMOUThx
ATORNGhxX
RANG{h

SCC3b

FIG D-1

STATE TRANSITION TABLE

FIG D-2 shows the state assignment on the 3-bit Karnaugh map along with the allowable state transitions.
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FIG. D-2. &Auto-Range Karnaugh Mapping

TRANSITION TABLE STATE EQUATIONS

The logic equations for RO, R1 and R2 are given in the following sections.

STATE EQUATIONS FOR RO

state SO No terms needed for this state.

state S1 No terms needed for this state.

state 82 ROd = 'R0Oh * R1h * R2h * (TIMOUTh * ATORNGh * RANGEh + TIMOUTh * |ATORNGh)
state S3 No terms needed for this state.

state S4 ROd = ROh * R1h * R2h

state S5 ROd = ROh *IR1h * R2h

state S6 No terms needed for this state

REDUCED STATE EQUATIONS FOR RO

Reducing the terms which only involve ROh, R1h and R2h, using Karnaugh map techniques, and combining with
terms which cannot be reduced yields the following equation for ROd.

ROd= !ROh * R1h * R2h * TIMOUTh * ATORNGh * RANGEh +
IROh * R1h * R2h * TIMOUTh * IATORNGh +
ROH * R2h

STATE EOQOUATIONS FOR R1

state SO No terms needed for this state.
state S1 R1d = IROh * IR1h * R2h

state 82 R1d = !IROh * R1h *IR2h

state S3 R1d = !IROh * R1h *IR2h

state S4 R1d = ROh * R1h * R2h * SOC3b
state S5 No terms needed for this state.
state S6 No terms needed for this state.

REDUCED STATE EQUATIONS FOR R1

R1id= ROh* R1h* R2h *SOC3b +
IROh * R1h +
ROh * R2
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STATE EOQOUATIONS FOR R2

state SO R2d = IROh * IR1h *IR2h * IAZBSYh * STADCh

state S1 R2d = IROh * IR1h * R2h
state 82 R2d = 'ROh * R1h * R2h * (ITIMOUTh + TIMOUTh * ATORNGh * RANGEh)
state S3 R2d = IROh * R1h * IR2h

state S4 R2d = ROh * R1h * R2h

state S5 R2d = ROh *IR1h * R2h * IANAEOCh
state S6 No terms needed for this state.

REDUCED STATE EQUATIONS FOR R2

Reducing the terms which only involve ROh, R1h and R2h, using Karnaugh map techniques, and combining with

terms which cannot be reduced yields the following equation for R2d.

R2d = IROh *IR1h *IR2h *1AZBSYh * STADCh +
IROh * IR1h * R2h +
IROh * R1h * R2h * ITIMOUTh
IROh R1h * R2h * TIMOUTh * ATORNGh * RANGEh +

IROh * R1h * R2h * TIMOUTh * |ATORNGh +

IROh * R1h * IR2h +
ROh * R1h R2h +
ROH *!R1h * R2h * IANAEOCh

OUTPUT EOQUATIONS

GRESh = IROh *!R1h * R2h * ISMCLKh
GCLKh = IROh * R1h * IR2h * ISMCLKh
TIMREQh = !ROh * R1h * R2h

ARBSYh = I(IROh * IR1h * IR2h)

EOCh = ROh *IR1h * IR2h

ANASOCh = ROh * R1h * R2h

APPENDIX E

Stress ratings for the IC 10 are provided in Table E1. Stresses above ratings provided in Table A1 can cause

permanent damage to the device.

Normal operating conditions for the IC 10 are provided in Table E2. These limits apply for normal operations of

the IC 10.

TABLE E1

Supply Voltage Range
Temperature Under Bias
Storage Temperature
Input Diode Current

Input Voltage (not IRQN or EXPN)

Input Voltage IRQN & EXPN
Continuous Output Current
Continuous Supply Current
Dissipation

-0.3Vto +7.0V

-55°C to +125°C

-65°C to +150°C

+10-mA

Vgg - 0.3V to Vpp + 0.3V
Vgg -0.3V1to 2 x Vpp + 0.3V
+25 mA

100 mA

0.5wW
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TABLE E2
RECOMMENDED OPERATING CONDITIONS
SYM | PARAMETER MIN | TYP MAX [ UNITS
Ta Ambient Temperature | -40 +85 °C
VDD | Supply Voltage 45 50 55 \%
\ Input Voltage 0.0 Vop \
fosc | Oscillator 0.0 | 7.3728 | 8.0 MHz

The DC characteristics of the IC 10 are provided in Table A3. The characteristics listed in Table A3 are valid over
the operating range of temperature and voltage as defined in Table A1 unless otherwise specified.
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APPENDIX F

TABLE E3
DC CHARACTERISTICS
TEST | SYM PARAMETER MIN MAX UNITS
1 \n Input Low Voltage 0.0 0.2 X Vpp \
2 ViH Input high voltage 0.7 XVpp | Voo \
3 V+ + Schmitt 27 4.1 \
4 V- - Schmitt 1.1 21 \
5 V4 Hysteresis 0.6 - \
6 IIN Input Current - +1 pA
7 loz Tri-state Leakage - +10 pA
8 VeoL | Output Voltage 1 = -10pA | - 0.10 \
9 Veon | Output Voltage 1 = 10pA | Vpp-0.10 - \
10 VoL Output Voltage 1 = 1.6mA | - 0.4 \
11 Vou Output Voltage Vpp-0.8 - \
12 Cout | Capacitance, output - 12 pF
13 Cin Capacitance, input - 8 pF
14 oo Supply Current @ 4 MHz | O 10 mA

TABLE F1

CURRENT SUBSYSTEM AMPLIFIER SPECIFICATIONS
SYMB. PARAMETER VALUE

Vos Offset Voltage 0to -1.0 mV max

lio Input offset current 1 nA max

Ug Input bias current 1 nA max

Viem Input common mode Vgg to 1.5V

Avp Voltage Amplification 80 dB min

lo Output Current 100pA max

BW Unity gain bandwidth 80 kHz min

TABLE F2
A/D CONVERTER SUBSYSTEM SPECIFICATIONS
SYMB. PARAMETER VALUE
Vos Offset Voltage 0 to -1.0 mV max
o Input offset current 1 nA max
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TABLE F2 (continued)

A/D CONVERTER SUBSYSTEM SPECIFICATIONS
SYMB. PARAMETER VALUE

s Input bias current 1 nA max

Vicr Input common mode range | Vggto Vgge-0.5V

ViN Input range Vgg to VRgp +0.5 V
Resolution 8 bits min
Linearity +1 LSB min
Differential non-linearity +0.5 LSB max

Ter Conversion Time 24us max

Claims

An electrical device (10) for connecting a source of electrical power to an electrical load having one or more pairs
of separable main contacts (22, 26, 48, 46), an electromagnet including an armature (42) mechanically interlocked
with said one or more pairs of separable main contacts, said armature being movably mounted to allow said one
or more pairs of separable main contacts to be placed in a CLOSED position or alternatively in an OPEN position
and a solenoid coil (SC) for controlling the movement of said armature, said device including a regulator for reg-
ulating the electrical power to said solenoid coil, said regulator including connecting means (CQ4, CQ3, CU2) for
connecting said solenoid coil to a solenoid source of electrical power when said connecting means is enabled; a
sensor (CR17, CR7, CC12) for sensing the electrical current applied to said solenoid coil; and a control circuit
(CU1) responsive to said sensor for disabling said connecting means for a predetermined time period when said
electrical current reaches a predetermined value; and wherein said control circuit further includes timing apparatus
(UCRA4) to determine said predetermined time period such that said electrical current is regulated to minimise the
rate of change of magnetic flux in said electromagnet to thereby reduce audible noise generated by said electrical
device.

A device according to claim 1 further comprising means for compensating for alternating current (AC) magnetic
coupling from said separable main contacts in order to provide a relatively larger hold-in force when the contacts
are to remain in a closed position.

A device according to claim 1 or 2, wherein the connecting means includes a plurality of power switches adapted
to be serially coupled to the electromagnet.

The device of claim 1, 2 or 3, wherein the control circuit includes a trigger circuit for triggering the timing circuit,
said trigger circuit including means responsive to the voltage converted from the electrical current by the sensor
for providing a trigger signal to said timing circuit when said electrical current through the solenoid coil reaches
the predetermined value.

The device of claim 4, wherein the voltage-responsive means includes a comparator for comparing the electrical
voltage generated by the sensor with a reference voltage corresponding to the predetermined value.

A device according to any of claims 1 to 5, wherein the solenoid source of electrical power comprises a power
supply for supplying unidirectional voltage at a predetermined value within a range of values, including a rectifier
for supplying rectified alternating current at a predetermined instantaneous voltage, a controlled switch having an
input terminal, an output terminal and a control terminal interconnected at said input terminal with said rectifier for
conducting said rectified alternating current at said predetermined instantaneous voltage therethrough when in
the conducting state, a diode with anode and cathode interconnected at said anode thereof with said output terminal
of said controlled switch for conducting said rectified alternating current from said controlled switch therethrough
when the voltage potential on the anode thereof is greater than the voltage potential on the cathode thereof, a
charge storage device interconnected with the cathode of said rectifier for receiving the electrical charge from said
alternating current which is conducted through said diode and for establishing said output voltage thereacross as
a function of the charge received, and a voltage sensor and switch interconnected with said input terminal and
said control terminal of said controlled switch for controlling the conduction of said switch in accordance with the
following:
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when the instantaneous voltage at said input terminal is less than a predetermined control voltage said controlled
switch is controlled to conduct said rectified alternating current therethrough and said diode also conducts said
rectified alternating current therethrough provided said output voltage is not greater than the instantaneous voltage
of said rectified alternating current, if said output voltage is greater than said instantaneous voltage of said rectified
alternating current said rectifier will not conduct if said input terminal is at a voltage potential greater than said
predetermined control voltage, said controlled switch is controlled to block said rectified alternating current and
said diode thus will not conduct regardless of the value of said output voltage.

Patentanspriiche

1.

Elektrische Vorrichtung (10) zum Verbinden einer elekirischen Stromquelle mit einer elekirischen Last mit einem
oder mehreren Paaren von trennbaren Hauptkontakten (22, 26, 48, 46), einem Elekiromagneten mit einem Anker
(42), der mechanisch mit dem einen oder den mehreren Paaren trennbarer Hauptkontakte verbunden ist und der
beweglich montiert ist, um es dem einen oder den mehreren Paaren trennbarer Hauptkontakte zu erméglichen,
in einer GESCHLOSSEN-Stellung oder alternativ in einer OFFEN-Stellung plaziert zu werden, sowie einer Elek-
tromagnetspule (50) zum Steuern der Bewegung des Ankers, wobei die Vorrichtung versehen ist mit einem Regler
zum Regeln des elekirischen Stromes zu der Elektromagnetspule, wobei der Regler eine Verbindungsanordnung
(CQ4, CQY, CU2) aufweist, die wenn sie entsperrt wird die Elektromagnetspule mit einer Stromquelle fur die Elek-
tromagnetspule verbindet; einem Sensor (CR17, CR7, CC12) zum Erfassen des an die Elektromagnetspule an-
gelegten elekirischen Stromes; und einer auf den Sensor ansprechenden Steuerschaltung um die Verbindungs-
anordnung fiir eine vorbestimmte Zeitdauer zu sperren, wenn der elektrische Strom einen vorbestimmten Wert
erreicht; und wobei die Steuerschaltung ferner eine Zeitgebereinrichtung (UCR4) aufweist, um die vorbestimmte
Zeitdauer so festzulegen, daB der elektrische Strom geregelt wird, um die Anderungsrate des magnetischen Flus-
ses in dem Elekiromagneten zu minimieren und somit durch die elekirische Vorrichtung erzeugte Gerausche im
Hérbereich zu reduzieren.

Vorrichtung nach Anspruch 1, ferner versehen mit einer Anordnung zur Kompensation einer magnetischen Ein-
kopplung von Wechselstrom (AC) von den trennbaren Hauptkontakten, um eine relativ gréBere Haltekraft bereit-
zustellen, wenn die Kontakte geschlossener Stellung verbleiben sollen.

Vorrichtung nach Anspruch 1 oder 2, wobei die Verbindungsanordnung eine Mehrzahl von Leistungsschaltern
aufweist, die dafir ausgelegt sind, in Serie mit dem Elektromagneten angeschlossen zu werden.

Vorrichtung nach Anspruch 1, 2 oder 3, wobei die Steuerschaltung eine Triggerschaltung zum Triggern der Zeit-
geberschaltung aufweist, die eine auf die aus dem elekirischen Strom von dem Sensor umgewandelte Spannung
ansprechende Anordnung aufweist, um ein Triggersignal an die Zeitgeberschaltung anzulegen, wenn der elekiri-
sche Strom durch die Elektromagnetspule den vorbestimmten Wert erreicht.

Vorrichtung nach Anspruch 4, wobei die auf Spannung ansprechende Anordnung einen Komparator zum Verglei-
chen der von dem Sensor erzeugten elektrischen Spannung mit einer Referenzspannung aufweist, die dem vor-
bestimmten Wert entspricht.

Vorrichtung nach einem der Anspriiche 1 bis 5, wobei die Stromquelle flr die Elektromagnetspule eine Stromver-
sorgung zum Anliefern einer unidirektionalen Spannung bei einem vorbestimmten Wert innerhalb eines Wertebe-
reichs aufweist und versehen ist mit einem Gileichrichter zum Anliefern eines gleichgerichteten Wechselstromes
bei einer vorbestimmten Momentanspannung, einem gesteuerten Schalter, der einen EingangsanschluB3, einen
AusgangsanschluB3 und einen Steueranschlu3 aufweist und dessen Eingangsanschlu3 mit dem Gleichrichter ver-
bunden ist, um im leitenden Zustand den gleichgerichteten Wechselstrom bei der vorbestimmten Momentanspan-
nung durchzulassen, einer Diode mit einer Anode und einer Kathode, wobei die Anode mitdem AusgangsanschluB3
des gesteuerten Schalters verbunden ist, um den gleichgerichteten Wechselstrom von dem gesteuerten Schalter
durchzulassen, wenn das Spannungspotential an deren Anode gréBer als das Spannungspotential an deren Ka-
thode ist, einer mit der Kathode des Gleichrichters verbundenen Ladungsspeicheranordnung zum Aufnehmen
einer elekirischen Ladung von dem Wechselstrom, der durch die Diode angeliefert wird und zum Anliefern einer
an der Ladungsspeicheranordnung anstehenden Ausgangsspannung als Funktion der aufgenommenen Ladung,
sowie einem mit dem Eingangsanschluf3 und dem Steueranschluf3 des gesteuerten Schalters verbundenen Span-
nungssensor und -schalter zum Steuern des DurchlaBverhaltens des Schalters geman folgender Vorgabe:

wenn die Momentanspannung an dem Eingangsanschluf3 kleiner als die vorbestimmte Steuerspannung ist, wird
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der gesteuerte Schalter so gesteuert, daB er den gleichgerichteten Wechselstrom durchlaBt und die Diode eben-
falls den gleichgerichteten Wechselstrom durchlaBt, vorausgesetzt die Ausgangsspannung ist nicht gréer als die
Momentanspannung des gleichgerichteten Wechselstromes; ist die Ausgangsspannung gréBer als die Momen-
tanspannung des gleichgerichteten Wechselstromes, so leitet der Gleichrichter nicht, falls sich der Eingangsan-
schluB auf einem Spannungspotential befindet, das gréBer als die vorbestimmte Steuerspannung ist, der gesteu-
erte Schalter wird so gesteuert, da3 er den gleichgerichteten Wechselstrom blockiert und die Diode wird somit
unabhangig vom Wert der Ausgangsspannung nicht leiten.

Revendications

Un dispositif électrique (10) pour connecter une source d'énergie électrique & une charge électrique comportant
une ou plusieurs paires de contacts principaux séparables (22,26, 48, 46), un électroaimant comportant une ar-
mature (42) mécaniquement accouplée a ladite paire ou auxdites paires de contacts principaux séparables, ladite
armature étant montée mobile de fagon & permetire a ladite paire ou auxdites paires de contacts principaux sé-
parables d'étre placées dans une position FERMEE ou, alternativement, dans une position OUVERTE et une
bobine de solénoide (SC) pour commander le mouvement de ladite armature, ledit dispositif comportant un régu-
lateur pour stabiliser I'énergie électrique fournie audit solénoide, ledit régulateur comportant des moyens de con-
nexion (CQ4, CQ3, CU2) pour connecter ladite bobine de solénoide a une source d'énergie électrique pour solé-
noide lorsque lesdits moyens de connexion sont en fonction; un détecteur (CR17, CR7, CC12) pour détecter le
courant électrique appliqué a ladite bobine de solénoide; et un circuit de commande (CU1) fonctionnant en réponse
audit détecteur pour mettre hors service lesdits moyens de connexion pendant une période de temps prédétermi-
née lorsque ledit courant électrique atteint une valeur prédéterminée; et dans lequel ledit circuit de commande
comporte, en outre, un appareil de minutage (UCR4) pour déterminer ladite période de temps prédéterminée de
telle sorte que ledit courant électrique est stabilisé pour réduire au minimum le rythme de variation du flux magné-
tique dans ledit électroaimant de fagon a réduire ainsi le bruit audible engendré par ledit dispositif électrique.

Un dispositif selon la revendication 1 comprenant, en outre, des moyens pour compenser le couplage magnétique
du courant alternatif (CA) circulant dans lesdits contacts principaux séparables afin de fournir une force de maintien
relativement plus grande lorsque les contacts doivent rester dans une position fermée.

Un dispositif selon la revendication 1 ou 2, dans lequel les moyens de connexion comportent plusieurs interrupteurs
généraux agenceés de fagon a étre montés en série avec |'électroaimant.

Le dispositif de larevendication 1, 2 ou 3, dans lequel le circuit de commande comporte un circuit de déclenchement
pour déclencher le circuit minuteur, ledit circuit de déclenchement comportant des moyens fonctionnant en réponse
a la tension convertie a partir du courant électrique par le détecteur pour fournir un signal de déclenchement audit
circuit minuteur lorsque ledit courant électrique s'écoulant dans la bobine de solénoide atteint la valeur prédéter-
minée.

Le dispositif de la revendication 4, dans lequel les moyens fonctionnant en réponse a la tension comprennent un
comparateur pour comparer la tension électrique engendrée par le détecteur & une tension de référence corres-
pondant a la valeur prédéterminée.

Un dispositif selon l'une quelconque des revendications 1 a 5, dans lequel la source d'énergie électrique pour
solénoide comporte une alimentation en courant pour fournir une tension unidirectionnelle & une valeur prédéter-
minée & l'intérieur d'une plage de valeurs, comprenant un redresseur pour fournir un courant alternatif redressé
sous une tension instantanée prédéterminée, un interrupteur commandé, ayant une borne d'entrée, une borne de
sortie et une borne de commande, interconnecté a ladite borne d'entrée avec ledit redresseur pour conduire ledit
courant alternatif redressé sous ladite tension instantanée prédéterminée a travers Iui lorsqu'il est dans I'état con-
ducteur, une diode, munie d'une anode et d'une cathode, interconnectée a son anode avec ladite borne de sortie
dudit interrupteur commandé pour conduire ledit courant alternatif redressé provenant dudit interrupteur comman-
dé atravers elle lorsque le potentiel de tension & son anode est supérieur au potentiel de tension a sa cathode,
un dispositif de stockage de charge interconnecté avec la cathode dudit redresseur pour recevoir la charge élec-
trique dudit courant alternatif qui est conduit & travers ladite diode et pour établir ladite tension de sortie entre ses
bornes sous forme d'une fonction de la charge

recue et un détecteur de tension et interrupteur interconnecté avec ladite borne d'entrée et ladite borne de
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commande dudit interrupteur commandé pour commander la conduction dudit interrupteur conformément a
ce qui suit:

lorsque la tension instantanée a ladite borne d'entrée est inférieure a une tension de commande prédétermi-
née, ledit interrupteur commandé est commandé de fagon a conduire a travers lui ledit courant alternatif re-
dressé et ladite diode conduit également & travers elle ledit courant alternatif redressé a condition que ladite
tension de sortie ne soit pas supérieure a la tension instantanée dudit courant alternatif redressé, si ladite
tension de sortie est supérieure & ladite tension instantanée dudit courant alternatif redressé ledit redresseur
n'est pas conducteur si ladite borne d'entrée est & un potentiel de tension supérieur a ladite tension de com-
mande prédéterminée, ledit interrupteur commandé est commandé de fagon a bloquer ledit courant alternatif
redressé et ainsi ladite diode ne conduit pas quelle que soit la valeur de ladite tension de sortie.

79



EP 0 493 003 B1

FIG. |

csw2

4
y 4
¥

&
o
M —
O O {©
. 3
)
@ 3 /x\J
= =3 4
OO o] O w
S

e e e o - —

I

80

12



'} -128
TCSw3
14

EP 0 493 003 B1

16

cCSw2

ot —
.:Nrw HH._lnlg_f = \ \_‘l - m | M.n.@.(l r
= Hd_ @ I\.‘- .ol..-\v @ .q.._ L
A N szmems
T 1 @) ) E B
_v_w.hn..m T o AlFoTUH === _
1104 NIE A 1S @}
e = fil ol ==
— () O —
B M,s a Mw\ .U. .H.J
njir== ! —

FIG.2

81



EP 0 493 003 B1

16
WL LA ¢ A S— \\ 27
r 15 |
” r 1
9 ) L)
T ITIZT I
VL 2y 1
/7
T T, N
= 5| L,
) 1 — ‘
us Ny e | 26 =
_1361 $ _J :-u:... [ 4
1] 42
\} 52
; =
N\,
- 46
0 g 22
— W =
coiL s¢ LT =‘B] A
Wodh
|
| Somm— —1 r n D |
— =0 Jonnaessal I
'[I'} 128~ N

i
\ | t
— C— | H+ ~ il
C 7771 —
P77 77 771 I 1 I V74
12/ 20 \Cia :

82




EP 0 493 003 B1

A
iin
i
|
S
b wd
______ |
.—.f.f —————— j‘; I_JW'WL‘
I Jalin
| o JH
I R A ~ -4
| Py — 1
CSWay cJl csw3 |
5 O P
10
@ ( ym
| r I
|+ { H
[ | R Ci2s
d:‘JL === —=—=_===3
FIG.5

83



EP 0 493 003 B1

n : m-———;!‘-
Pl e ¢ =
. ’
cuz S0 OO HEY SENIEIN
7  — CSw3 jv
FIG. 7
CSW3
CR32y
Y /'
iRRAARARFEE] O bt D
cswz  CR34IE] ca = CR23
. 5 £ |
cazs--'@\ﬂgfj‘c" CR39 [ Dca[g =8 QCCBO
C“acnmigif —eere Bers
ccw//gcggz 3 RO T U U U cRas| CR24~ED
CRZO“/E] , , c=J2
CR2I17EY ‘
CR30 —
cc2 - —
CR3I- ' '
CR36:
cc 3
ccnd
crR264-E1 CREED QT = cJ3 CCRa
O: E CRis o ca4 O Q_J O
cwe’'ta ¢ Y ‘

ccrRs- cRI4’ CRI

FIG. 6

84

v v VvvVv



EP 0 493 003 B1

FIG. 8

(IZB
I 1 7 %'_—T'l
h ==t =r—_ annannaf My fAnc

CJ3

CLlA-/

85

v

(V¥



EP 0 493 003 B1

N

MP2 (™ ) BJE]'
ag MCI

MQ!
MRS /E NN

A0 - 00

86



EP 0 493 003 B1

I\ll.ll\.l.(‘_
13 Vd
f%/ 41§ g ol -
) £ 4 p 0 1S0 A
|y s enns3uzi T ens3uzt [ uinsaucs aollmlz_w\,%u (0%
—112d L£dN3L [ ZdM31 | 19n3L | 0dnat | “.ea = (v
ool Ooifon)  [oio] ()| gle
2N
| vy W g I
—p q o VA
0d) 1 /80
ﬁ X8 NSE SIW PO VA QWY X oxm bon oo Jom| 1D a [ —l
H _ YOLVIOINI  6) Li,l.
N _ 1)
T T "
L E I e -
un T
{ ISV oy
o g ¢
T e ip ¢
()
(NS N TN 1 1100 _
A ¥
il | I
0%l D431 Q1481 Yy py| E_u 2.
A1ddNS_INJBHND ’ +
539 MISIddNd Vo1 Dld mms

87



EP 0 493 003 B1

d01 DI - ue g
¥0) e :I—wT,
N =
% 09 mb YN0 l%l_ T |
1 L - 20
£00~2
INS) _ 1+ .m“+
100 14 \a \a 1 \q. \ﬁ \ : £ M_.MS Lz _MQM
J T CC st Y ] |
0 y u_ﬂs e&&% ¥ 0180
840 M0 )
(€4 | v
_ or
Y Y Y A Y YYYYVYVYY

[(0d X5~ [i05005 O0Vd I¥d V4 V4 Wd S¥d 9vd
MYd33 diit) 2405
W[ wov i

88



EP 0 493 003 B1

POWER DOWN SENSE WCRJB
POMER DOMN SME o
_L_C,C“
CR31 T
PERMISSIVE L
START
—
D REMOTE RESET SENSE
——— CR20
———— §/
—_— ¢ (R32
o RELAYOUT I A
——» FETDRIVE R
. W
LEDOUT
128
(R22
—A\N—«-CVDD ® C_J72.,
CSW R 16
LOCAL RESET ote €17
— . T e VACT 1] -
>0 T
[ DI | 4
_ TARE
COMNICATIONS _ %\ L % .
— - M
Tos Ios T Tw  fighs

FIG.10C

89




EP 0 493 003 B1

COIL | SENSE FIG 106
+VDC |
z_I; 2
- ® ! CR1Z T
F'—{ .éCR26
cQ13 _HL
cos®= &cpg -
CR95 (:}24 SCRS7
0\‘ CD12j *CZ3 calq
-{:CC15 CR86 CR54
‘ '
DC
FIG.10H
VOLTAGE
FI1G.10D

URRENT

—(t)

90



EP 0 493 003 B1

s

_
_
|
_
_
I
_
_
_
_
[
|
|
!
|
|

|

|

I

_

|

_

_

_
e
_vl\

|
I
|
_ ¢Nd  09yd _J
|
| 6y o3 A= - —
" . 7//
(N3dO3niL oOO“_-mUD
L e
c
!
. vro
301914

91



EP 0 493 003 B1

301" 914

“ 1 20
644D “ B f
-\ ? T “ M.,.—. “
RO
t
+ﬁ rﬂ ! S J_ou_ F_mF > z
cloD |1 12D %@EUJ- “ 99D L9423
) “ o ) |
P9YD ! < L e
% ! ~ SWOF | 1 21 4D
GLYD A+ } _
_ ! :
2d n_v I Fg9yd bLyd “
a 41 !
“ YA- _

92



EP 0 493 003 B1

93

IS ———— 15N VII DIA
won D
m “ _ GON
o Dl 1 N
4/ —t
ov -
00 A —&-
v —& L 6
—>— 6v — ] n@ <m
———— T3S i} < 1 3 3 CON
Vs W Y] a
4, g [on
———INI X A R
——{ A58 Xy h -
oo B 5w USh - SS00v 100IN
X4N XIN
L %8s
- 9, v
) P—I
%\J A m % M Son
: \ 1N KA .
L Cm o I e /e R
$ON -
Ao T SSIH00V

INVILJINOIS 1SON



EP 0 493 003 B1

: = OZ¥N
qgarvo4 T o 'V
SEEEERERE NS
€d 1d S 9d d N SA (84 98d B4 N
= —»103d 8—>N
ran 108 18d|—> N oAn
BYN N«= 0 084 |———
3110 AN—d—> 0sin ¢nn Ovd —>
¢ 00 <1150 lvd—>
T T AN =l i L N—>
D o 0 s (V4
4 N<H—ml AL e
" i G Vd 74
ZIN 2 N_d¥L 2050 1350 00t LKW 0ol N (ddn) (vd 9vd
N L _ ! -
200913 T T
2 0l w ¢ b
o L AW L ton
[ = £y —
on [ 0 T

94



EP 0 493 003 B1

- — - — .

b -

N,

!

(YN

! o L
S,
| ML - LSO
2_42 m
. 9 ,IM . VEOL
9NN _ A 4| S mozYm
14N (| =<3
luwn _ CZHN : Bs A_/\w
- _
Ve o veun WL g
O1LT DId o e

N o
N N
N 0N
NIA_ DN
sn-

95



EP 0 493 003 B1

/\Jw

10N

BiyNn

XIN XN

Mn+ .

9%\% .Es\%

i

aaAn

dl1 OId

m&:

INHOSNVYL
) nOLSND
H _ N
5. TSN
ﬂ N 1N0 WNOD
N _mzlw  1dn _ N /4
=§ iR —MW_:H _z_ o) mﬁ"z
\... mu:.u dl
007 oIn OLN i 801914 34 | INOD
% SJd MOy
N+

!mz& S W 1am

96



[A] ——

AGC

ACT

45

EP 0 493 003 B1

U

[AIN —=

FIG.12

97



EP 0 493 003 B1

I oo

'_tf = (40N 30010 .

L) 30 —=H=- HSSA HOLINS |

0130 ) e e o e Rty 5 va
twwa2)| e

/RS S |

| L Il L L

dET DId ! / > ,_
IR 0zt e I ] I

' | . ' ' , ' ' |

' ! I

|

VET DI |-4.i- \

98



EP 0 493 003 B1

- 1c

GET POINTER
T0 PHASE THAT HAS
BEEN UNCORRECTED

| _THIO

B!

GET UNCORRECTED
PHASE CURRENT-
PLACE IN TEMPO, 1

(’TH?O

'

GET CORRESPONDING

CORRECTION CONSTANT
PLACE IN TEWP2, 3

| -TH30

'

MULTIPLY TEMPO, 1 x
TEMP2, 3 —= I2RESULT

| TH4O

'

CORRECT FOR DECIMAL
POINT BY ROTATING

I2RESULTO, 1, 2, 3 ONE TIME

- THY0

]

PLACE I2RESULT2, 3 (MSBYTES) | - TH60

BACK INTO WHERE PHASE

CURRENT WAS FOUND

@

FIG.14

99



EP 0 493 003 B1

CALIBRATE CAL

LOAD ACAL
BCAL
CCAL

WITH 1.0000000

i
START CONTACTOR
VIA PONI
1

PUT A KNOWN CURRENT
THROUGH EACH OF THE
3 PHASES OF THE STARTER

Y

USE PONI TO READ
EACH PHASE CURRENT
BACK. TAKE AS MANY

SAMPLES AS NECESSARY

y

AVERAGE SAMPLES
COMPARE AVERAGE AGAINST

KNOWN EXPECTED VALUE

APPLY FORMULA
EXPECTED + ACTUAL =
CORRECTION CONSTANT

y

MULTIPLY CONSTANT
THAT IS LESS THAN
X 32768
¥
TRUNCATE THIS VALUE
AT THE DECIMAL THIS
NUMBER 1S THE 2 BYTE
CORRECTION CONSTANT(S)
ACALBCAL CCAL

1

CAL10
_/

CAL20

|~ CAL30

— CALSO

CAL70
[~/

CALBO

DOWNLOAD CORRECTION CONSTANT
INTO CORRESPONDING LOCATION

IN CONTACTOR E< MEMORY

CAL90

|

VERIFY DOWNLOADED VALUES

CA5

100

FIG.15



EP 0 493 003 B1

o35
Iy N N 12
EDVI U ‘S e FIG. 16
| 1 I e T T T 7
| 14/\%—1 N |
-
| F_Jus\@g cCY 1o == METER |
| oy |
l e |
S O P J
20 % . Q
0_ A B c
CURRENT MIRROR |
FIG.18 *SV = 711,2,4,8,16 ’
1/ 1 '.
MX0 O— I— _,"66 68\' 077 E
N ["’1 %‘ °°° R b
[ (MUXOO— . > * |
3 i 1 m |
102 I .3) |]_|4,~°!4,esb| c’_Wsab 90 |
| X | | | | | o !
Xt o= T Tese - T Yest L
< | I
. Mux2o gty il o4 Jeec :
R [ 14 66d| 1 [\L68g ;
1049 Y agin R AvTO |-
MUX 3 g— 1o —1J &g ZERO STATE | |
- ) (N ST R 98 | MACHINE |
Hno °—4D ] |
| | | l v Vosza+Imv |
"2 | i l ' | |
MUX4 z : l O%GLGG i
644106 | L I |
MUX 5 | ] o_'.é !
!
IR i
MUX6 T ' !
1
* MUXT | || o-l-4 I‘
TO BAND-GAP L_J | ' E
TEMPERATURE Mo"o—lq {
SENSOR | | 76) !
| | !
AVSS
L_Tﬁsk AUTO-
RANGING
VSS SEQUENCER
% RESERVED

101



EP 0 493 003 B1

09
dvJ1/1.0d —®

H3IWIL
g 140d

8S——,

€dl —®
240 —%
1dD —%
0dJ —™

SHOLVHVINQD
avno

96—

t

10d =0
90d =
nWM‘I'
v
AW/ CId o]
2dWD/ 20d <
1dWD/ 1Dd <=
0dWJ/00d =

J 140d

G —

NJiS/.8d
13S/98d =9
00S/G8d =

dOlIss
8 140d

le\.H

LY d e
QY d =
CVd =
tVd e
eVd =i
2Vd -
{Vd -
Ovd =

vV 140d

QG ——~

3ISNISE ~—»

IAINO8 -—)

HOLVHVYdIWOD
+8

21914 T s
HIMOJ D190 V11910 01 «@—— AdA
’ —~ 9¢
. 1280
MOLVHINIO %D01D 2920
3 _—O¢
ve HOSSIIOMJONIIN
FA 4 , fat—— NDM |
i K — S0JHB9
WYY J1LV1S MOLINOW ¥3MOd  [* LINNHS
ONV NYWOVIQ  le— NS3Y
LAde L) - _-8b
dWNd 39YVH) IININIIFW A G2 [ J3A
|||||||| —— ravA
8 X 982 . ¥OLVINO3Y AOS |— ooav
WOY¥d33 ) _— 9
ov INIONVYE-0LNV Lig-t SSAV
= ¥ILNIANOD Q/V
8 x8y SLNJNI 3OVII0A | XN
8 X 962 —= QIXINJILINN 2T [e— XN
8 X 8v02 5 | SN
AHOW3W ATNO QV3IN H2aMIaY ONY v
o ONIONVN-OLNY 118-t Fe— ZxnnN
NNv SLNANI 90TWNY (o X0
SN TONINOD ONY Vivd JOVLI0A 7 LNIHYND
"SS3Y0AV TYNHILINI 03X3VdILINN b Oxw

102



FI1G. 19A
FSuRE CHiP
| osct 0sC2

198

Rs

FI1G.
L

FIG. 19C

SuRE CHIP
0sSCl  0sc2

Lo ]

FI1G. 19D
SuRE CHIP
0SCl  05C2
o
IN

EP 0 493 003 B1

- FIG.20 -
SIFFF I INTERRUPT
VECTORS ’ $002F
31 FFO '6 BYTES ( h
N ' 1
SELF-CHECK { UNUSED 1
PROGRAM | -
$1£00 240 BYTES | 1s
_____ ’ —— —___ _ 180028
$1EFF [ : — ] $0027
I -
ROM I A/D 1
2048 BYTES I SUBSYSTEM |
I -
sitoo| | | L____ _]$0020
$16FF | | ___JEST __ _ | $00IF
UNUSED CONFIGURATION | $001€
| [ _UNUSED_ _|sooi0
sofFfFi | | | ]$001c
$OFFO| DOEADMAN _
$OFEF I ]
UNUSED |
:gfgg ——— === | UNIVERSAL 4
EEPROM | TIMER 1
256 BYTES |
$0100) — 4N 1
$ OOFF ]
STACK 8 L ___ _Jsoor2
sooco| & ezrss g I Jsoon
CTTTTTTTTTI& UNUSED | 3000F
3: o _ls0000
sooeo| _ _ 15 $000¢
$007F o 7 ssioP ] vo00n
48 BYTES  coMPARATOR 430009
sooso| | J | COMPARATOR - s0008
Y| unuseo |, {¥000
s$002F T T~ nt 1
PORTS |
1/0 8 BYTES |
REGISTERS ]
{$0000
$0000 -

103



EP 0 493 003 B1

: CFR: .ACFR' ‘
WRITE ' READ,
oNLYUGU'f‘UZ’Z'O 7 u32|0WRITE
T 1:
sPl COMPARATOR MUX3 .MUX0
OFF MODE CONTROL T VOLTAGE /CURRENT
MOOE SELECT
CLOCK SOURCE
DIVIDER RATIO— POWER DOWN
NVCR: OMC: )
READ' T T READ T T Y Y T T
WRITE [ UNUSED | 4|3 WRITE L UNUSED 0
BYTE tt EEPROM DEADMAN aesarj
ROW EELAT
ERASE
— FIG.24 —
ADZ: AMZ:
READ T T
meéUl}lU5432|O UISUS43210
25 24 23 22 21 20 AS A4 A3 A2 Al AOQ
N— T Vd N T 7
CURRENT AMPLIFIER VOLTAGE AMPLIFIER
ZERO VALUE ZERO VALUE
ADCR: AMUX:
READ, I
WRITE7654 U 76543210
N’ \1_/\./\. / \ T /
A/D
CHANNEL SELECT
MUXO... MUX3 SELECT
SAMPLE INPUTS
INITIATE AUTO-ZERO SEQUENCE
INTEGRATOR RESET
L ENABLE INTERRUPT
—ACKNOWLEDGE INTERRUPT AND OPERATION COMPLETE
— AUTO-ZERO SEQUENCE COMPLETE
L— CONVERSION COMPLETE
ACSF: AVSF:
WRITE
ONLY765432|O 7/16|5|]413|2111}]0
0O 0 o™ Y 4 O 0 o™ T
CURRENT VOLTAGE
SCALE FACTOR SCALE FACTOR
ADC:
READ
ONLY 716151413 (2|110
N J/

-

8-BIT A/D CONVERSION VALUE

104



EP 0 493 003 B1

FIG. 25

/f CMPI : CMPST:
READ, READ
WR,TE\?ssa,/\azlo/ °NLY\1654,i2]0
INTERIRUPT INTER’RUPT INTERIRUPT COMPATRATOR
ACKNOWLEDGE  ENABLE REQUEST OUTPUT
— FIG.26 ~
PAC: PAD:
READ,
WRITE\765432]0/ \76543210/
PORT DIRECTION PORT DATA
( FIG. 27 =
/ DATA DIRECTION , 1/0
“™ REGISTER BIT [ T PIN
LATCHED OUTPUT
INTERNAL | —o» OUTPUT
MCSBHC05C4J DATA 8IT T
CONNECTIONS
_~INPUT
“REG BIT
(@ T
INPUT |
{70
7 6 5 4 3 2 | 0
TYPICAL PORT
DATA DIRECTION |DDR 7 |DOR 6|DDR 5|DOR 4|0DR 3|0DR 2 |DOR 1|0DRO
REGISTER - [ | | T T T [
TYPICAL PORT
REGISTER 1
(b) 1o0rorT : t t f t f :
LINES Px7 Px6 PxS Px4 Px3 Px2 Pxl PxQ

.

105



EP 0 493 003 B1

- FIG.28
PBC: PBD:
@%??é 7]6]5| ,uNusép | 7|6|5]  UNusED '
1 1 1 1 g]'—/ 1Y 1

PORT DIRECTION PORT DATA

—FIG.29 ——
SPD:

READ,
WRITE

7:6:5:4:3L2:1:O
\\ . /

8-BIT SERIAL DATA

SPSR:
READ —r—.
onLy L7 18] | UNUseo |

| \-EDATA COLLISION (DcCOL)

INTERFACE FLAG (SPIF)

T

L O

SPCR:
READ, U
WRITE

ula| unuseo

6
| \E;MASTER MODE (MSTR)

\_ SERIAL PERIPHERAL ENABLE (SPE)

r FIG.30

PCC: PCD:

READ,
writel7]slsfa]3]2]1]o 7le]|s|af3]2|1

A% — A

-
PORT DIRECTION PORT DATA

FIG. 31
PDD.

[ [ LuNusto[ |
00 10000
PO?/TCAP

READ
ONLY

106



EP 0 493 003 B1

INTERNAL PROCESSOR 8US 3
| S [} ) [} )
OUTPUT INPUT
COMPARE CAPTURE
TOCH | TO 8-BIT
0 ocL BUFFER TICH | TICL
COUNTER
REGISTER

TCRH | TCRL f=

TARH | TARL

ALTERNATE
COUNTER
REGISTER

b {

PROCESSOR
CLOCK

107

OVERFLOW
COMPARE DETECT
EDGE
— DETECT [ ITCAP
TIMER
ocF | ToF | 1cF | status
REGISTER
» INTERRUPT
REQUEST
INTERRUPT
CIRCUIT
TIMER
IcI1E | ociE|TOIE|1EDG | conTROL
{ { REGISTER
g J




EP 0 493 003 B1

~ FIG. 33A —
INTERNAL

PROCESSOR CLOCK mm
RESN Wt ¥
INTERNAL RESET — |

QR

foofU‘LrUL gl n N
INTERNAL | TO1 I—L ! n M
cLocs | TIO J"l n_ al
™ M ml Mn
\IS'BlTCOUNTER $FFFC X _$FFFD X 4FFFE X SFFFF

e FIG. 338 , ~
INTERNAL
processor crock L LI LU U U LM LU ULUuu

700 M M ! [
INTERNAL Tor [ 1 . L
cLocks | Ti10 1 M M M

T 1 [‘] M Inl

16-BIT COUNTER ¢FFEBX__ §FFEC___ X SFFED X SFFEE X IFFEF
INPUT EDGE ;

I

INPUT CAPTURE :
LATCH :

INngﬁfgfggRE $2222 ~ X §FFED

INPUT CAPTURE r

\_ FLAG

- FIG.33C ~
INTERNAL
processor cock J LU LU U Uy uyUuyUuUuUuL

TOO M M M N
INTERNAL | TOI )
TIMER on JL A 1 'L
CLOCKS | 110 M M R L

™ mn M M M
16-BIT COUNTER{FFEBX_$FFEC X SFFED X SFFEE X SFFEF
COMPARE
REGISTER CPU WRITES $FFED - X 4FFED
INTERNAL COMPARE (] -
OUTPUT CAPTURE
_ FLAG J

108



EP 0 493 003 B1

109

INPUT CAPTURE FLAG(ICF)

FIG. 33D -~
INTERNAL
processor ciock I U LT L UM UMM
T0O [ 1. ML M
INTERNAL | TCI (7] mB R M
TIMER
CLOCKS TI10 I I l I l ﬂ
™ 1 M 1 ['1
16-BIT COUNTER X_$FFFE X_$FFFF X 40000 X_ 40001
TIMER f
LOVERFLOW FLAG
FIG.34 ~
COUNTER REGISTER:
TCRH: TCRL:
READ Y T T T Y T T T T T T T T T
ONLY 716|5I413l2L'l° 7161514L3L2L]L0
ALTERNATE COUNTER REGISTER:
TARH: TARL:
READ T Y T T T T 13 T T T T T T T
ONLY 7lsl51413A21‘L0 7161514l5I24L]L0
INPUT CAPTURE REGISTER:
TICH: TICL:
READ T T T T T T T T T T T T T T
OoNY |7,6,5,4 3 2 10 r 6543210
OUTPUT COMPARE REGISTER:
TOCH : TOCL:
READ' T L T T LA ] T Y T T T T T T
wriTe[ 7, 6,5, 4,3 2 1 0 r,6,5,43 210
TIMER CONTROL REGISTER:
TCR:
READ, TN
WRITE 71615 UNIUSlED 11U
l \KINPUT EDGE POLARITY (1EDG)
TIMER OVERFLOW INTERRUPT ENABLE (TOIE)
QUTPUT COMPARE INTERRUPT ENABLE (OCIE)
INPUT COMPARE INTERRUPT ENABLE (ICIE)
TIMER STATUS REGISTER:
TSR:
READ e
onLy | 718 ]S]  UNUSED,
\tTIMER OVERFLOW FLAG (TOF)
QUTPUT COMPARE FLAG (OCF)



EP 0 493 003 B1

ENNR.1¢]2)

Yy3AINQgS8
yilsS3i) e——

UNOHYMd +———

a_;mTL

444001

1NdNIQV

< ySHVYNV
[0 "2]viva . 20
[0 °€]10Nnd2 ug9Q
uga
(0"t} ¥aav yeQ
uga
(0"#]1s3L uza
uig
) w0Q
a———1{) qD3YIN| = lo——{ e dD
1438A 339A ogd?d £d Y3ILNI
a—{] 242 ummwm
le————(]rava
1rQVA T PR [0 "€)udD 4WOD vedd u13S3Y
wzZy4d
————{JQOAY | y3) <5090 | by
you 4D < ygv
lo————{] SSAV *o—{J0d0 p———<< yzV
°0d2 11
dwzlumnm.ﬁ_umZumm mm 0-“— Qn\ uov
< 4S8dNWD
le—————JOXN
~<YZHdJ
e————{]
1 XNW IXnW <q318VSIQ
<y13S
s————{]2XNAW
u1s ~
1ZXNW 1SdW) - % Soc ,._.n_vu
e———(] g <
lexnn D EXON voe |
<uzy
l————{JoXNN UIdND 00¢—
b XNW —_ Y
02¢
r||||.D_nx:s. SXNW <Yy
wH49 862
l————{J9IXNN
19Xnw 8ee - ~
l€ 9l v62

110



EP 0 493 003 B1

B 1 3G 34
. P B bA_—! ul
9¢ 914 U1SINIaY bt °¥ 012
4TdWOOY 90¢ o o
YIdNOHM
8.2 L T .
— — Y 80¢ o€l
N £6¢ By 882 1y 1 2IE 110D
N gl e (5 wvnale o _ PIE (< USBAND
<] > o A< 5 o
€ i (v 7 UZHd U935 qov
€
1]. 922 vLe Yi1SdNWD ucyv
Onml[‘A{ 892 A\‘ 92 Yigns 300230 yzv
LY : W_H. yy4) -dWNQ) ULy
092 o ¥ i~ o ¥ q318vs!o yov
- 96Z | w (
214 » 1
Gk 7 el 1 T M | ¥s 53 o1 v62z u44o0t
T ovZ R gzs
) o
v82 -] (ov)
QDI LIN|- F : _ Haavy
2¢2 e
o ¢
o624~ yzyna| 92
\w. ~ 4 )
K_r gz
82z 4- ] 992 |
=D £d9
ssz-| m
o .._IW IK < 2dD
052~ &
o T~ 4z03Y a\ < 142
rm - r%_% .ﬁ L < 042
[02] 282 82274003y o ofT2vz . . . St 802|3N0D v LOW I
v L1vG ) L [0+ 1531 04

11



EP 0 493 003 B1

Y3A1H08 -——

UNOYMJ =-—

————CD3ISN3IS8

- 4zZvo3

. YzZvis

IXNNYM

4J03

Yyavis

YyASE8Zv

YASBYY

YSIYLNI

[0 el XNKWD

(0 "] xANWA

OIGVYNY

UdWVS

YXITONS

—<< OXN
< ravA

l1AS <

LINIVNY

4yi13s3y

Y2Hd

UXNNY

$yIaov

YNTIqYH

—<  QJAvY

———< SSAV

frmeme [0 ] XNW

TFRENT)

Y4SIoV

YISAY

VYZIWY

$zZav

YIYSHD

YNdav

[0"€)Y¥4IV

[(9'2]1440V

J3QVNV

8¢ 914

~< 444001

=[O0 L)vivad
{0 "°€]712NdD

<< [0 t]H0AQV

< USHYNVY
Y1531

<2 [07°¢]LS3L

112



EP 0 493 003 B1

- L I GLE
A S —— o Yol —}- ~< 44300!
[0°"v]1S31 OL T]o¥w o ol H—
b B w—h|zocA q378vSIa
YMIINWS HISAY =S ¢ . [ Yys4oVv yov
YIWY - 3l
2 B " 4 4SAV iy
= ] n)
1s o o 0 UZWV uzv
1 < uousyo yZQVv = o o = yzav oy
8vy 9G¢—" £ R¥mld PLY —
R E) UXNWY
£ [0 PR Y. i wyoav 43S NSBYNY
UMTJISINS P Rt uZHd
oSt 2ot o b {m Soed® O [0 "€1119Nd9
UN1IGY - Yyogyv == o a
UNTOUM -
(S]Y30V - ° 2
UNJAY < hl ° M — 4ay
Y
[0 .n::uq‘ . 8zt T L b2t
[9° 2] 440V <@ - /mv UO¢
9 vob € < 2\ -1 N 2 N ummmMN
ove : 18 9tv 1434
[ T 1 ) & 4 ’
@mml [mmml |mmmlL . om‘or .I.omm[ iomm[ .Lw_._mL mm w—m
86¢ — 96¢ 141 % = 2c6¢1" 06¢€1~ 88¢1" 98¢t
b 0— o O —°o o© (vju4ov {° ¢ —° o —° o o ¢
ocv 081y ol ™91y o '22y Wl PiP ¢l L Ol 1l 8oy ol

<< [0°""2] VAVQ

113



EP 0 493 003 B1

' (0 &]1S3L 85—~
-
udgvls ¥4IV = 53593w =
Y03 | ——< 4YJO3IVYNV - ]
UZENIVOA w— ——< U34SAY 9.¢
YALINN -—] —< Y 3JSIV UXNANY ]
uI3S93Y
[0 CINIVOD e ——< QdW0 =
[0 6] NIVOA <t YT13SOXN (0" € $2€ —
YIOSYNY =—1 mo;-.:q UYNO1NO] = — XOND yyIqy ‘ﬂ@g
41 INNA <—] o €] —
. -—] — XAWA
TN 41SILZV *— —< uys3yINT  YSIV 25355y
[ - [0"92] 90TIXNNA | —< yawvs —
YN 11NV - TLIIXNN = << XNNYM 0l¢
> 'y -]
m — H%u:_ 44SAY < 33503u =
- W1V ~
YLNOWIL 5 89F
o]
o YZVA YINY 9535938
uzZvo
UWILZY | . — 99¢
[ ¢ old ¥9E  av )
YO3MWIL —<YZNY ov .w—“_ YI13S93yY =
YASAZY = < 4z av
—< UNTOYM
~< UN120Y
Z01ny < uZVIS 69¢
< YXTINS /
YZvo3 «— << YdWY I rwwn
[0 'S1OH3Z ) <~ —< YdWVA
(0°G]OYIZA apum 413S3Y els PR _ — | 49¢
e (0" L) V1VQ A A A A A

e [0°£] 11902 UpY uEY U2V u4lvy uOv uZHd 413S 9318vSIO

114



EP 0 493 003 B1

[0 sixnwa ~*P 3 Y . 1. o
AXNNYM = f- WP 1! . ur - «r —t—1t 1 - {- H q13S3y ﬁ!wﬂ.%mum
CI ¥ @ r—l z.@ﬂoxo..ﬁﬂoco@:ouo Yo" o+ ﬁ“l <yMI1IMM
[0 1] a 0 oJch QJ o afy oJ 4%
XNWY ~~Nwm b_~an NO?M Nan »N@ﬂﬂ < YXNWY
c 3 r_ I. o r4 02
01§ S o g aTa < viva
(0" ¢IXNWI L v9S 0SS 148 9%S ppe ﬁﬁ, <y} 1IaY
—1 n -
- A 2% 0 o¥ o oo vt
LE ¥aOV (,U mw? N oH e oH]|Ho oLl—
- z|¥] T ~ - . <
(z1¥a0V ﬁ.wr 29% ‘056 Nmmé < YyyaIv
-
(8] 80OV o]t 98¢ ||
0Lt 89 T [v]JyoaQy
udwvs S 926G v2s [1lydav OfS FV\WnN_
2eS : 1s T ry _02S €S
oy czcto¥ | Ho v { v d < 4ASBZY
HSIULNI Al o “aH V/\_lo “a w m | T
/)
€S 0SS —-22% =13 <YNTINS
wzvas =—("] . I B : oszl J_n L2s
82¢ wew.ﬁ oY zvai{e? || Mo ¥ - ayv
ov2i » w}- - - asey
430V1S e a o o—o q esel ez
< gpl UNQJ938
ezl 9 00s-P2% 2L To6p: 1 <12
OQQ/N ? axu QO?@‘ : axu o v
s OAleﬂf TR T i  j e I e L G Sore oﬂxlll..:ou
916 )] olS 4 i =t : v6d :
81 Nfowvl.ﬂ.ln n monuu@uguf o u- MN__ " 9ld
1 —< 4203

115



EP 0 493 003 B1

Qo

%)

UNOHMJ -] 0 ©

YIYSHT] ]

JIA -———————

YIAINOA *-—————

¢t 9Old

[0 2])1VYAVYNY
amy

907TVNV

(0 ¢+ ]HOQY

J
T

YSHVNYV

' B

< [9'2]H04Y

< YNdav

T1OVNV

[0 €]719ndId

(0 ¢)vivad
< YNIINS
—< Y N1D0Y
f———————< yn10uMm
< YdN V'S

e—_ (0 ¢ JH 4DV

t——— ez Y JVYL S
p————— Y JQV1S
b US IH INI
rvll|lA AXNNYM
Illlﬂ_o n_x::u

=< Y450V
——————< Y {SAY
——————< YZNVY
< Y2qVv

q
..uup:z.ﬂ — uzvo3
-
913538 4303
41S312V
YJ03VNY
YDOSVNY
[0 " s)}0y3Zd
(0 °S)OM3IZA
[0 €)NIVID
[0 "¢]INIVOA
YZENIVOA
YdWVD 1
YdINVA _.. ﬁ.
s IS s
YdWOD do xH _mm x 8 x
m A4 v —111
U v o
[0 "v)1S31 NOMS
—,___UNOLNOT
1 4 TINNA
| 7 WiwHs)
= 39N3s9 i YHISIa
———< QVA [0 °'92]11LIXNK
———< QAQAY YASBHY —]
——< SSAV YASAZYV e—]
—=< OXW
[0 L)1XnNN -

u " (0 %] 1S31

116



EP 0 493 003 B1

(82 0/V OL)ULHHS) —= QAJ
899 29 186 086
(€1 Y9OXNW !
999 V(IHHH
vw_ UIOXNW
]
GI u9IXNW
299 |
91 uIIXNW N
g 0997 < 809 908 (09 209 003 86G | 965
71 49ZXNW (ovs
859 2)
&l uZXNW  \__t ¥16
569 7 8+9
286
T G 2 $6S 265 066 88G 98G  p8S QK
v$9 P-4
3
‘02 wieXNW  \__t -
555 2Ls [0 €]XNAD
N0 ¥V
(IE'EEL]
Y2 ¥4V
TXERN]
[0 €]udIV
919 vi9 cl9 0oL9
- _( }
12 ul0dWS \__X=paam]
L] ﬁ | &
b old s ey
L -
€2 uwvans  ~Kgge —< UdWYS
]
- ui9dWNS KN g;9
fo " 9z]11oxnKW — e [0'°92]113IXNAW

117



EP 0 493 003 B1

VMUX FIG. 45 w-—’[MUXCTL)
(3..0] 0
: : :(}702 D Muxovh ) |
i 624
3 VMUX3h 704
::}/ MUXIVA 2
626
—< 706 MUX2Vh 3
o D, [
2 VMUX 2h 7081 o2
;—y D MUX3Vh 4|
688 et 630
YHUX2Zb =y e
696 b 632
| VMUX 1h 712 D MUXSVh 6
690 634
VMUX I b 714 MUXEVh 7
698 =2 H e
0 VMUXQh 718 l: MUX7Vh 8/
692 w—
718 638
ey —» MXOSELN
VMUXOb — 4 TEMPh 9
700 = 740
750
742 754 752
j’—-\'rzo MXOQOh Q
744
| AGNON 10
— AL 722 FJ:?_—_J
” 761 "
WRMUX b > ) )
* A
748, [7eg —4-746 25
[g FROM 28
VA2h>-—1 TESTd g
(4. 0] 759

758

INTRESh >

FROM TEST (4...0]>

F1G.47

882 |° SC [
sucwh%c‘ 17
- cr—-‘

o

884
AZTIMhﬂ
ARTIMN

118




UZWvY

yzaov

9¢ 9Old

UN120Y

208

EP 0 493 003 B1

T 2¢8 o n — _ - - Q#1929
vi8 rﬁuah L o18— .Hmomwd @ 908-— rq vos— | rw
LY |Ho¥a o tg = [ Yoo Yoo o o ne
o o ~o o} o o} 5 of— ~o o ~{o o
i 920 928 ‘wumki 228 028 | 918 |
; CallCailiv el
ol {1l 24 34 i st
nwm.uw;u o2 L PA 2L v _)s
e (061 Q¥ 3Z
y au
o t 2 3 (T4 - S < g5y
9 - Q1ASYH3IAZ
- . . ' ' axIIZA
2LLy OLLy “— 8992 \~ 99, @ p9Ly @‘ 29| u %TA
Ho ¥y oty Yo To¥s o o ¥y £o8
2 JG 0] —0 a 1._0 OLf ~40 aq la 0 ® g
008 ‘ ‘ : ‘
v8.L | ﬂ..,\wm» _n ~08L ~. 8LL ~9LL _L\ (el
1S s |
¢ e | Ue s | U | U s | Y i | U s
862 Y v v v v v
' . b b
S om%ﬂl 6L 261 oEWJ 882 98L
(o5l = L 2 = LA 2 [0°2] Viva
OHIZA Bk pAl pA _Je Jv S

119



EP 0 493 003 B1

QS I -

[0 2] 157y <= 98 ol 1|2 Ov8 1 oﬂ < 4y13S3¥
b mv_...._ 290 _ az8 [|° %o NmoM UMTINS
906 _ il ]
C— 098 5 YINOWIL
YZV0o3I - : : . 8¢e
_F— 858 cv 1/ | s
UREISTEFE 1 aAY | I° wm
YASEZY == — st a.._
+06 -
YO3INWIL }- _ < yZViS
o680 PlY 258 b— o¢8
-]
006 0se qou| |2 ..\ YASBYY
w3
0¥ ﬁalol_ 0.8
] — m
vi6 n ¥ 6
yzZva QVQ I = < n) o Q
wvmm T4 o —< YdWVI
1] Po¥ 12 — 168
)
INDZA th/v 05
yzav 68 —1 988 2 B
co 2v8 IIﬁJIo 0 < UdWVA
0uM TREI'ER:

ax123292

YZNnY

Yzvd

806

016~

(0 °'S]10Y3Z -

9S3YN3Z 28

v88

,_

:

973

ys0¥3Z) upou3IZ

ugoN3Z)

=~ozu~;

qioN3IZ)

A

..oo._uL 898

120



EP 0 493 003 B1

agy¥d
[0 £)1S3)L peeemsmc [0 '2)1S2V 1 41e]
WONH [0 2]1SyY ISk & « Y20l 901 - o} Y a AWIAD!JUIU
260! y o w el Bl w % e oHH=3 ~
980l 2e017 " Hs g 9stol
gza] ] 290! Jh ¥ 8901
N | Heo) S 2 — \.rL 2201 o ¥ o4 11-2101
~4 X 8 -4 471
osaf —=HrC Hwsm | R Rt i
| - Y |-
0601  H———H 001 ~ Y — .
o uiy EHat) 14 4% oY au%.o_o_ ovot
8.01 Q,fz: x 9 - &UL o o)
8801 CH Lol - NEFA r: —-..\omw
\ I\ll\lll/ . / v [Y] /mno—
c Yoy ] <2801 . ,_MM.I..-.-. = I~ 2Ol —o ¢ oY\JI 8001
IDH yoNZv v x g / o o1 >
901 010l |[ocINIvDD 9201~ a A — “:\oNWL-wmo_
YIOVIION == , ¢ He ¥ o - 9001
YINIHYND) - 0S0! 8101 8501 ©=da rl_ |
YONYOLY g 601 ° 9 0of vreol
OMIZMA
qONYOLY 9911 2001 10w
voll JOY3IZYD
YALIND - 8911 866 T.L Por— NIVO
\, F—=aasazv ! << Y 13ISOXN
000l ‘ _:ml amu«ouz
s :r_ 5@ 5 296) ||] @Mo 096, 9$6) LU Annnm
YZENIVOA=w—0 O x @ J o.ﬁmnmlx JM. o aq On,mlx Jw X Jw o o-.ﬁ\i /vvﬁ
\L <...fo <rﬂ_ v «..Ft r QATIDNA
66 = << QOYYA
14915 1 v16 2 S | —1216 2 15 18 996
. m x| ) Q8 xxxnv|l.ﬁla X g X {
6t 914 pesly 1 _J| 2e6c 1 —| 960) Qe

{0 #INIVOA < _ g

966

121



EP 0 493 003 B1

llmmcl/mw —] 001
0911 , AN
Om o_m bol . o m nwumoumAuh u13S3Iy
v -ﬂ L °|
wn:,VLJH 281 wop —~< YNIINS
~ P Pl S b
9€21 —{ E —<4JIOVLS
3T QAS8ZV tett
Q ﬁh_rv %1%565«
< s (E veal
_..om !— Tp ¥ (ﬁﬂau ostL i st &IIA.::Z,
T~ w) S b ]
420SYNY o orﬁxa of—o 0 l__ocut a0zt
4 C T voll L)
903 zzel 822! ogzl ‘9221 ‘pean —y < YD0IVNY
- PLY N ol y €211
1049 ~—r _M ! <WA0uM vl ® or_ &%/ qIN¥OLY
LY
9t { <44SIV
aozmoiONm_ W WINOWIL
nx._ua>A|hr ~< 4 4SAY acll YONNOLVY
wouna 12! soate? V
N h _.7. < Y3130Y »?
YASBNY 812l yoN o ¢
UOINWIL - ~
+021
o\./_h 961l b61l 2611  06lLl
f W T A { osut dNO2
2 : : 2 -~ q
ou 1|y (o 11 Yo ¥ C —( E
—.wEM_ ® .J@ e 2% ? S S AETFEET) wal..n
o a o ofv+io o > @ o o S < YI9V1T0OA
P v) ¢ Nw L & NMM_NM. mm_._ <Y ININNND
[0°2]1SYY g 00zt @ v ./..t.

122



EP 0 493 003 B1

o—1Ndav
o—113s)
o—— HISHN
Oo—— HJOSVNY
o—HJ03YNY (q/V
Oy (0'2] LVOVNY
o—1Mm/Y

o—1NIJSO

N39 %2010
O—— VX TDVYNV JINI ZHd
JINI  ZHd

{1 's)ssS3INaqavy
300230 0av av
Cgy
[0 '€)1dW0D AG2°L1NO
SHOLVHYdNOD
[0 °¢€]dD SYigN
(g
voiu
syiad
J3M1
SYIBN

SVIgN M o——rava 8v
INOHS 434A + 3347 ,
ooav ,SO1A8 o uy LNOJWY
IgN3ISH /93YHS - “JAS2 1 1NO
IAIY09 20wl dVOONV8
moov_
[0"g)oy32ZA 1831~ zv|—o cvigd awal
WINLZY
svigd 1no1 13171 dWil
me 00?—\
av 1n01 axnN
HdWO0D
HIINNA olXNW
HdAVA JONVHA
(0O "¢INIVOA XNNA XNWA
SYIGN .
06 {07792 ] 1L XNW pummmo
HdNVA
(0 sjoN3ZD 1831~ 2v[—o SIXNW
WI¥NLZYV _L—86
sSvigd 1001 183171 6XNN
(O L] X NN fmmmsmmp
HANVYD
HLMHS) 1nos XNWI XNWI
HHJSIQ \Nm
HdWYD JONVYNHI OXN OXWp—o0
(0 ¢INIved \
SYIgN OXW . .
go'es’ |G 914

123



66
MX O D +- 7
MUXCTLO TESTY e,
MUXO g— o — MUXCTL2S
108 ssnM VAMPH >—
102 - - 66p
Ui MUXCTL 2] MUXCTL]  ~——t
M >
o 66¢ MUXCTL 28
62 LCAMPH>—
o MUXCTL2 » 08
Qﬁlomj 664 68a
104 > >
MUXCTL22 MUXCTL3 MUXCETLI3
MUX3 O -
( MUXCTL4 —9¢ MUXCTLI4
MUX4
02 ssfl__f‘>\o_$_I 68b
64106« -
MUXCTL 23 MUXCTLS 4 MUXCTLIS '
MUXS O
\_ 664¢ Gefi %
- MUXCTL® MUXCTLI6
MUXE - —
D gz sehﬁ_‘ 68¢
* 4 > >
MUXCTL24 MUXCTL? MUXCTLI7 -
MUX7 «— -
To >—v ‘ : ﬁ
BANDR_G¢PR MUX8 MUXCTLS MUXCTLI8
TEMPERATURE - i 68d
MUXCTLS ' MUXCTLIS :—%
AVSS - 66k v.aen@@1
MUXCTLIO MUXCTL 20 —
MUX9 - |
el vsso——-$—
% '
MUXIO MUXCTLI pt \/M U X IM
v - 66m
¥ RESERVED
MUXCTL12 ‘

EP 0 493 003 B1

FIG.

52

124

ux



EP 0 493 003 B1

AVDD. NBIAS > )
470 HCOMP COMPO
QUT!.25V > +
.._ PBIAS/! . 200
cP -
HCOMP COMPI
1440 +
1433 202
crP2 - -
AVSS :‘COMP COMP2
204
CP3I I -
1432 AVDD zCOMP COMP3
1438 R06
1434 / FIG. 54
N\ K)418
B — AMPOUT/ |
L I H SBTAS 1440
= = |
T |1436 ) — OUT1.2V/1

1420

1422
é_‘ 1a2a"]

+
1406 _ - |
NBIAS/I> VEXT 11453 BORIVE
avoD O—YEXT A 1462
VREF - —AvDD
1454 ;1444 1448
f (1440 ’—a
——-—DBSENSE
PBIAS T 1468
1456 =
L
.@lup\ |Ej —e AMPOUT/
T [
1458 1447
‘:1 1443 \
—1H\COMP ] SHUNT
1460 +
\H d /

125

4 =,1452
ﬁ] 1400

Y FIG. 55



EP 0 493 003 B1

FIG. 56

1469 1467 14811

e

1475 [ 1485 l—"'BDRIVE
0 -
cT's L PN LI
14,16,18 -—— | lmas |
|
1473 ] Tf :
1471
: ag3 | 1497 [ BSENSE
1477~ 1479 | 1491 |
A | I
19 \v/ v
A _J
' TO IC 10
MUXO, MUX1 ,MUX2 OR MUX3
8¢ FIG. 57
3IKA
2N2219A
IN4148
il L
:F 0.014F
VREF + :
%zsm
VADJ
25kn L

Q.1uf
AVSS
VSS

126



EP 0 493 003 B1

~ AVDD ,
1480 1486 _ . | 1436
Py :‘ - 1—' ] (—-l PBIAS/I
LRES =53 al | 1488 g ,
* — 1490
e | |
1478 FIG. 59
1500 —=4{ L1482
r T 1476
-+ 25 % 2% (25%25)%8 & NB8IAS/ 1
e 14981
- }- 1494
1404 1472 1474 Ii
" " AVSS 1492
AINO S>———]
FIG.62 CoaINT ] a 92 FI1G. 60
. coaINg > IMIRROR L~ Av0D
96b__ CGAINI >— 504 Lero
1guT/l =] peias/I =20
N ~ TEMP
Zl & 1406
DISCHH > = < 1506
IOUTONH > i
MXOA >— M=100
7D —o CAMPH
11Ya NBiAS/!
IMUX >
ii 88a
CSHRTH>— > 3 -88b
10UT > Avss NBIAS
' Y VAMPH
FIG. 61 ~Leo b
VMUX > AZAMP(
86b 86d -
86a \ 85C <IQuT
VNULL >—xk \ , '~
]86e & AD
1508
.W—-C]vneF
VGAIN32H NBIAS
A A
VGAINA| vGAIN3| vGaIN2| VGAINT| vGAINO
84i %\28413 $%as 3 Gar & Caan 74 compH
4 % 4 84e é\ea %"
1512 84a [84c 9 1510 g9

AVSS

127



EP 0 493 003 B1

FIG. 63 e
7 ~ AVOD
L:2 L2 L=2 L:2
wz2200 w:200 W=ZO$ w200 W 200 w 200
1526 ——
E—ip=. & 1528
1534 1530 b 1522 1524
153 1540 1542 1544
L2 L=z2
w200 w200
ﬂ 1S
F—ip=1532 1548 1550, 1552
A
P
tout/1 1946
;
A A A A
CGAINO CGAINI CGAIN2 CGAIN3
AMPOUT/ | > +
1512 1514 1516 1518 1520
g ‘LI ¥:|E_ \J:IL‘ ‘*‘:]E
210 L:10 Lz10 L 210 l-] L0
'220 w220 wW: 440 w=880 w1760
LIN/ T — ! |
AVSS
PBIAS/I
__]""','LL AVDD A—]_‘P
L-L
10UT/ 1
\
1600 | | 16024 1604, 1606+ 16084 1610,
l—AZMUX AZMUX 1—A2Mux AZMUX [AZMUX I-A'zmux
cZerROS | czero4 | czerod | czero2 | czerotl | czeroo
1624 1612 1614 1616 1618 1620 1622
F "‘l |/
L2100 L=10 L2110 L =10 L =z20 L:40
w=160 w:80 VI!4O w220 ws10 w:=10 w210

“AVSS

128



EP 0 493 003 B1

FIG. 65

~AVOD

L

80,90

ITRIM/12 11546 1548

H [l rlEj A HHR

G Gy — 5

Ll

RS
il H

S ik

T

T

HH

L
i

ik 3,

NBIAS/1 AVSS Y QUT/ ] >—d
2=
£ 2 ~N 2 " uw
N O Ve~ NOWVNSDAO W
g W N NONMOLHIT CEX
FIGGG a~ZOO>>a®?>>
FEERREEFEE
Ol D] ¢! M| N{ = '7 T Tl T @
PAE — E2-mxo
pAS —2 138 muxo
PAG — 37 mux)
pA3 % 58 mux2
pa2 —4 23 Mux3
PA1 —2 139 Avss
PAO — 133 AvDD
PBS/SDO :: 132 quxe
PB6/SDI —— 3! Muxs
PB7/5CK —= 30 BSENSE
pcr 7 3_BDRIVE
e EEEEEEEEEE
=l =N NNl N|N]N]N] NN
107 S0 o09c8adal
Qo a aacaaagoowowo

129




	bibliography
	description
	claims
	drawings

