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APPARATUS FOR EVALUATING DATA
REPRESENTING THE ELECTRICAL
CHARACTERISTICS OF A COMBUSTION
VESSEL

BACKGROUND OF THE INVENTION

The present invention relates to an apparatus for evalu-
ating data representing the electrical characteristics of a
combustion vessel, the combustion vessel being operable to
combust a fuel.

An apparatus to evaluate data representing the electrical
characteristics of a combustion vessel of the type which
combusts a fuel may include a matrix of nodes arranged on
an ohmic material of the combustion vessel and a wire
connected to each respective node. Additionally, such an
apparatus may include an electrical switch connected to each
wire and to a current source.

All electrical switches have leakage currents associated
with their off-states. Semi-conductor switches typically have
higher leakage currents than electro-mechanical switches.
One of the steps in the process of switch selection is to
determine whether the off-state leakage current is suffi-
ciently low for the application. If it is not, then either a
different switch must be used or a means of reducing the
leakage current must be devised. As an example, when using
the four terminal ohmmeter method for measuring electrical
resistivity or conductivity of a sheet material which has a
varying resistivity across its area, multiple contacts to the
material must be made, with the contacts typically arranged
in a grid. At each measurement site, one microvolt meter or
one current source connection may be made. To automate
the measurement, electronic switches may be used for
connecting the volt meter and current source to multiple
fixed sheet contacts. In a system with hundreds or thousands
of contacts, it is desirable to use only a single wire with each
contact point in order to reduce wiring costs.

The single wire must carry either the excitation current, or
provide a microvolt meter connection, or make no connec-
tion. If the current source switch associated with a particular
wire is intended to be off and that wire is being used by the
microvolt meter to sense voltage, the off-state leakage
current of the switch will cause a significant voltage to
develop in the wire’s finite resistance. The result will be that
an error voltage is added to the desired voltage measure-
ment. Even if double wires were used, in commercial
applications such as characterization of boiler water walls,
the excitation and measurement circuits would still share
insulation pin resistance which could range from 3-6 m€.
The magnitude of the leakage currents may be highly
variable, depending on temperature, switch voltage, and the
age of the switch, so the error voltages cannot be easily
measured and subtracted.

SUMMARY OF THE INVENTION

It is one object of the present invention to provide an
apparatus for evaluating data representing the electrical
characteristics of a combustion vessel, the combustion ves-
sel being operable to combust a fuel. According to one
preferred aspect of the present invention, the apparatus
includes a matrix of nodes arranged on an ohmic material of
the combustion vessel, at least one wire connected to a
respective node, and a switch. The switch is connected to the
at least one wire and to a current source for controlling the
delivery of a current to the respective node via the switch
and the at least one wire and the switch has an on state and
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an off state, the off state allowing a leakage current through
the switch. Also, the apparatus includes means for preparing
a data set based on voltage data gathered from the matrix of
nodes arranged on an ohmic material of the combustion
vessel including calculating the resistivity of the ohmic
material by iteratively imposing a known current to the
matrix and measuring voltage at the nodes, each the iteration
of imposing a known current resulting in a set of measured
voltages. The apparatus further includes a circuit for reduc-
ing leakage currents in the switch that controls delivery of
current to a load. The circuit includes a series component
positioned between the switch and the load, the series
component permitting delivery of current to the load through
the switch and across which series component the leakage
current develops a voltage and an active device connected
across the series component to force the voltage across the
series component to zero volts by means of feedback
control, whereby the leakage current is reduced to an input
current of the active device.

It is a further object of the invention to provide a new and
improved circuit for reducing leakage currents in high
current switches. This is accomplished by incorporating an
operational amplifier and series diode between the load and
the switch. The operational amplifier is configured to force
the voltage across the series diode to zero volts, thereby
reducing the current through the diode to zero. Since the
load then “sees™ only a connection to the series diode and a
connection to the operational amplifier, the inventive circuit
replaces the leakage current of the original switch with the
input current of the operational amplifier. The operational
amplifier typically has a much smaller input current than the
typical leakage current of high current switches and also has
very small input offset voltage. Since the bias currents of the
amplifier are smaller than the leakage currents of the high
current switch, the voltage errors associated with the ampli-
fier’s bias currents are proportionately smaller. In addition,
the input current to the operational amplifier is more stable
and easily accounted for in any measurement scheme.

The circuit effectively reduces leakage currents associated
with the off-state of high current switches such as power
MOSFETs (metal oxide semiconductor field effect
transistors). The circuit may be used with any type of
semiconductor, electrical or electro-mechanical switch. The
circuit has applications in many areas, including the making
of multiple sheet resistivity measurements.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic sectional view of a combustion
vessel comprising a fossil fuel fired furnace and operable in
accordance with the method of the present invention;

FIG. 2 is a schematic view of a matrix of nodes which
could hypothetically be arranged on a portion of interest of
a wall of a combustion vessel for supplying data in accor-
dance with the method of the present invention;

FIG. 3 is an enlarged perspective sectional view of a
portion of interest of a waterwall of the combustion vessel
shown in FIG. 1;

FIG. 4 is a schematic diagram of a circuit for reducing
leakage currents in high current switches in series with an
electronic switch in accordance with the present invention;
and

FIG. § is a schematic diagram of a pair of circuits for
reducing leakage currents in high current switches in accor-
dance with the present invention connected between a load
and a corresponding pair of high current switches.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

FIG. 1 illustrates an exemplary power generating unit 10
having a fossil fuel fired combustion vessel in the form of a
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furnace 12 and additionally including a horizontal gas pass
14 and a back pass 16. The furnace 12 has a fireside
delimited by water walls 18 each having a plurality of water
wall tubes 28, shown in FIG. 3, in which a heat exchange
medium—namely, water—is circulated and which is con-
verted into steam as a result of heating of the tubes 28 during
the combustion of a fossil fuel such as, for example, coal, in
the furnace 12. The power-generating unit 10 may include
other conventional elements such as, for example, a turbine
(not illustrated) for generating electricity under the motive
action of steam passed thereover. Moreover, the horizontal
gas pass 14 and the back pass 16 may comprise selected
arrangements of economizers, super heaters and reheaters.

A coal feed apparatus 20 is operable to feed coal to a
feeder which controls the rate of coal flow to a pulverizer 24.
Hot primary combustion air is also fed to the pulverizer 24
via a duct 22 and this air carries pulverized coal through and
out of the pulverizer 24 and thereafter through coal pipes 26
to several groups of coal nozzles. Each group of coal nozzles
is mounted in a respective tangential firing windbox 30 that
also each support a group of secondary air nozzles. The
windboxes 30 introduce controlled flows of air and pulver-
ized coal into the furnace 12 to effect the formation therein
of a rotating fireball. The rotating fireball is a combustion
process of the type which results in the release of material
that contributes to depositions on the fireside surfaces of the
water wall tubes 28. Carbon based combustion by-product
builds up as slag and/or ash on the fireside surfaces of the
water wall tubes 28.

Certain combustion vessels, such as those fired by natural
gas, do not corrode or waste in the manner of a combustion
vessel fired by coal or solid waste. Therefore, the area of a
segment of a combustion vessel wall between nodes in a
natural gas fired combustion vessel, as compared to a
segment of a combustion vessel wall of a fossil fuel-fired
combustion vessel, will remain substantially constant over
time. As a result, fluctuations in measured voltages in a
natural gas fired combustion vessel will be substantially
related to the increased resistance of the segment resulting
from temperature changes. In calculations for this type of
combustion vessel, i.e., natural gas fired, the area of the
segment between nodes is known and the resulting fluctua-
tions in the calculated resistance of the segment can be
transformed according to known relationships into an accu-
rate measure of the temperature of the segment.

On the other hand, in a solid waste or coal fired combus-
tion vessel, corrosion or wastage of the walls of the com-
bustion vessel occurs with relatively more regularity as
compared to natural gas fired combustion vessels. Under
such conditions, both the temperature and the area of the
evaluated segment of combustion vessel produce changes in
measured voltage between nodes. Under these
circumstances, the temperature must be measured separately
to eliminate multiple variables in the calculations. Following
compensation for changes in temperature (which are
known), changes in calculated resistances are attributable to
changes in the cross-sectional area, e.g., thickness, of the
evaluated portion of the combustion vessel.

FIG. 2 is a schematic representation of a plurality of nodes
32 forming a matrix 34 which could hypothetically be
arranged on a portion of interest of the water wall of a
combustion vessel. Segments of a water wall between
respective adjacent pairs of the nodes 32 are characterized as
unknown resistances 36 which are schematically shown in
FIG. 2 as non-linear line segments extending between the
respective adjacent pairs of the nodes 32. For the purposes
of discussion, the matrix 34 is treated as a two-dimensional
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surface extending in the X (horizontal) and Y (vertical)
directions. The four-wire technique is iteratively utilized to
obtain sets of data comprising voltage measurements
between nodes 32 in the matrix 34. The four-wire technique
applies a source of constant current 38 and a sink 40
(ground) at various locations in the matrix 34. For each
iteration of current source/sink, voltage measurements are
taken by connecting the leads 42 of a volt meter 44 between
nodes 32 in the matrix 34. The resulting sets of voltage
measurements are the data from which the values of the
unknown resistances 36 are calculated.

Calculating the remaining thickness of an ohmic material
(e.g., carbon steel) is relatively simple for an isothermal
material with uniform cross-section. However, calculating
the remaining thickness of an ohmic material comprised in
a water wall is relatively more complicated. FIG. 3 shows a
portion of interest of a water wall 18 of the furnace 12 shown
in FIG. 1. The water wall comprises individual water tubes
28 laid side by side connected by webs of material as
illustrated. The water wall 18 has an inner facing surface 46
that faces the interior of the furnace 12. A plurality of nodes
48 form a matrix 50 arranged on the outside surface 52 of the
water wall 18 such that these nodes are not directly exposed
to the radiation heat and other thermal conditions to which
the inner facing surface 46 of the water wall 18 is exposed
by virtue of its direct exposure to the combustion of fossil
fuel in the furnace 12. For example, the inner facing surface
46 of the water wall 18 can be exposed to temperatures up
to 900° C. (900 degrees C.). The nodes 48 need not be in the
form of additional physical structures on the water wall 18
but can, instead, be arbitrarily designated locations on the
water wall. The nodes 48 are locations on the water wall 18
schematically shown as circles. The matrix 50 can be any
arbitrarily designated arrangement of nodes 48 and need not
be physically delimited by any defined structure of the water
wall 18. Thus, the matrix 50 is schematically shown in FIG.
3 in broken lines. The water tubes 28 in the illustrated
embodiment are oriented generally parallel to the Y axis and
include an interior surface 54. Nodes 48 are, for purposes of
calculation, effectively equidistantly spaced from one
another in the X and Y directions forming a two dimensional
matrix, whereby the term “effectively equidistantly spaced”
is to be understood as encompassing both the situation in
which the respective nodes of adjacent pairs of the nodes 48
are at a uniform spacing from one another as well as the
situation in which the nodes 48 are not physically equidis-
tant from one another but their relationships can be math-
ematically adjusted so that, for purposes of calculation, they
behave as equidistantly spaced nodes as discussed below.

Current from constant current source 38 entering at the
upper left-hand node has a simple path 56, schematically
shown by arrows in FIG. 3, parallel to the Y axis. Current
flow parallel to the X axis takes a relatively more compli-
cated path 58, schematically shown by arrows in FIG. 3.
Thus, the sheet resistivity of the water wall parallel to the X
axis will be different from the sheet resistivity of the water
wall parallel to the Y axis. However, this fact can be
compensated for by establishing the ratio R of the sheet
resistivity parallel to the Y axis to the sheet resistivity
parallel to the X axis. This relationship is consistent enough
over a range of time and temperature so that it does not
unduly effect the resulting calculations. The calculated resis-
tances are ultimately used to determine the thickness TH or
temperature of the portion of the water wall being evaluated.

Reference is now had to FIGS. 4 and 5 in which an
electronic circuit for reducing leakage currents in high
current switches is generally designated by the numeral 110.
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The circuit can be deployed to improve the performance of
a resistance measurement arrangement, such as the resis-
tance measurement arrangement comprising the nodes 32
and the matrix 34 described hereinabove with respect to
FIGS. 2 and 3. FIG. 4 shows that the circuit for reducing
leakage currents 110 is connected in series between a high
current MOSFET switch Q1 and a load represented by
resistance R1. In this configuration the circuit for reducing
leakage currents 110 effectively reduces the off-state leakage
current that will flow through MOSFET switch Q1 to the
load represented by resistance R1.

Under ideal circumstances, the load represented by R1
will have zero volts across it when the MOSFET switch is
off. The only way this can be true is to reduce the current
flow through load represented by resistance R1 to zero. This
is accomplished in the circuit for reducing leakage currents
110 by the illustrated configuration of a diode D1 and
operational amplifier Al connected between the load repre-
sented by resistance R1 and the power MOSFET switch Q1.
Operational amplifier Al is connected in such a way that it
draws current out of or forces current into the node con-
nected to the drain of the power MOSFET switch Q1. The
operational amplifier A1l supplies current to the extent that is
necessary to generate a “virtual short” between the positive
and negative input terminals of the operational amplifier Al,
i.e., to force the voltage across D1 to 0.000 volts (1/1000
volts). In other words, operational amplifier Al is used to
supply the leakage current required by MOSFET switch Q1
instead of allowing the leakage current to flow through the
load represented by resistance R1. The current/voltage char-
acteristic of diode D1 requires that the current through it be
zero when the voltage across it is zero. Therefore, the current
through the load represented by resistance R1 when MOS-
FET switch Q1 is off is limited to the operational amplifier
input current.

The circuit illustrated in FIG. 4 can reduce the off-state
current flow through the load represented by resistance R1
by several orders of magnitude. This is so because the load
represented by resistance R1 will respond as if there were
only a connection to the diode and the input current needed
for the operational amplifie—in other words, the load
represented by resistance R1 will “see™ only a connection to
the diode and the input current needed for the operational
amplifier Al. Operational amplifiers are readily available
which have input currents measured in units of pA or 10712
Amperes (1/100,000,000,000 Amperes). A typical MOSFET
power switch such as the MOSFET switch Q1 typically has
an off-state leakage current measured in units of mA or 107>
Amperes (1/1,000 Amperes). The result is a reduction in
off-state leakage current from a magnitude of 107>A (1/1,
000 A) to off-state leakage current 10~ (1/100,000,000,000
A). In addition, input current to the operational amplifier
may be more consistent over time and temperature than the
off-state leakage current of a MOSFET switch which varies
with temperature and usage. It is easier to account for the
more consistent operational amplifier input current, thereby
further increasing the accuracy of measurement circuits
incorporating the circuit for reducing leakage currents 110.

A practical application of the circuit for reducing leakage
currents will now be described with reference to FIG. 5.
FIG. 5 is a schematic representation of an electronic appa-
ratus for implementing the four terminal ohmmeter method
for measuring electrical resistivity of a water wall of a
combustion vessel and can be deployed, for example, in
cooperation with the resistance measurement arrangement
comprising the nodes 32 and the matrix 34 described here-
inabove with respect to FIGS. 2 and 3. A suitable water wall
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6

in connection with which the circuit shown in FIG. § could
be deployed could be, for example, the water wall 18; in
FIG. §, an exemplary water wall of a combustion vessel in
the form of a boiler which combusts pulverized coal is
represented by contact nodes 132 and a particular portion of
the water wall to be evaluated is represented by resistance
R6. Single wires 116A, 116B, 118A, 118B are connected to
each contact point or node 132. The single wires carry
alternately an excitation current or provide a microvolt
meter connection or make no connection. In FIG. 5, wire
118A is connected to a current source 140 through switch
SWI1. Wire 118B connects to the other terminal of the
current source through switch SW2.

In one possible operational scenario in which switches
SW1 and SW2 are on and a current I is flowing from current
source 140, through wire 118A, the water wall as electrically
characterized or represented by resistance R6, through wire
118B, and back to the current source 140. MOSFET
switches Q1 and Q2 are arranged to alternately provide a
current source and sink, respectively, through wires 116A
and 116B when in the on-state, or, when in the off-state,
ideally provide no current. Circuits for reducing leakage
currents 110A and 110B are connected between the water
wall and switches Q1 and Q2 respectively. Resistances R4,
RS, R7 and R8 represent the series resistance of iron voltage
sensing wire attached to the nodes 132 on the boiler water
wall. In this configuration microvolt meter M1 is connected
across resistance R6 via wires 116 A and 116B to measure the
voltage drop across resistance R6. Any leakage currents
through switches Q1 and Q2 would impair the accuracy of
the measurement by causing an unknown voltage to develop
across resistances RS and R7 as described above.

Circuits for reducing leakage currents 110A and 110B
effectively reduce the leakage currents through MOSFET
switches Q1 and Q2 to the input current of the operational
amplifiers U2A and U2B. MOSFET Q1 is a P channel
MOSFET while MOSFET Q2 is an N channel MOSFET. In
this embodiment, the connections are arranged so that low-
impedance sources, with respect to the waterwall, constitute
the setpoint signals for the two control loops. The setpoint
signals are nominally zero volts with respect to the
waterwall, and are applied at a positive operational amplifier
input in both loops. Therefore, the connections of opera-
tional amplifier U2A are reversed on the diode but perform
exactly the same function as operational amplifier U2B.
Resistors R3 and R9 connected to the operational amplifier
outputs are a practical refinement, to reduce power dissipa-
tion in the operational amplifiers when transistors Q1 and
Q2 are turned on.

Some adjustments or restrictions may be required to
protect the circuit components comprising the circuits for
reducing leakage currents 110A, 110B and to ensure feed-
back control system stability in a practical system. Compo-
nent selection is important because the performance of the
circuit is limited by the input current of the operational
amplifier and the input offset voltage of the operational
amplifier.

While a preferred embodiment of the foregoing invention
has been set forth for purposes of illustration, the foregoing
description should not be deemed a limitation of the inven-
tion herein. Accordingly, various modifications, adaptations,
and alternatives may occur to one skilled in the art without
departing from the spirit and the scope of the present
invention.

What is claimed is:

1. An apparatus for evaluating data representing the
electrical characteristics of a combustion vessel, the com-
bustion vessel being operable to combust a fuel, comprising:
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a matrix of nodes arranged on an ohmic material of the
combustion vessel;

at least one wire connected to a respective node;

a switch connected to the at least one wire and to a current
source for controlling the delivery of a current to the
respective node via the switch and the at least one wire,
the switch having an on state and an off state, the off
state allowing a leakage current through the switch;

means for preparing a data set based on voltage data
gathered from the matrix of nodes arranged on an
ohmic material of the combustion vessel including
calculating the resistivity of the ohmic material by
iteratively imposing a known current to the matrix and
measuring voltage at the nodes, each the iteration of
imposing a known current resulting in a set of mea-
sured voltages; and

a circuit for reducing leakage currents in the switch that
controls delivery of current to a load, the circuit includ-
ing:

a series component positioned between the switch and
the load, the series component permitting delivery of
current to the load through the switch and across
which series component the leakage current devel-
ops a voltage, and

an active device connected across the series component
to force the voltage across the series component to
zero volts by means of feedback control, whereby
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the leakage current is reduced to an input current of
the active device.

2. An apparatus according to claim 1, wherein the active
device is an operational amplifier and the series component
is a diode.

3. An apparatus according to claim 2, wherein the opera-
tional amplifier supplies the leakage current required by the
switch, whereby the load sees only the input current of the
operational amplifier.

4. An apparatus according to claim 3, wherein the diode
has a current/voltage characteristic requiring that the current
through the diode be zero when the voltage across the diode
is zero.

5. A circuit for reducing leakage current through an
electrical switch, the circuit comprising:

series component means for passing current supplied from

the switch, the current developing a voltage across the
series component; and

feedback control means for forcing the voltage across the

series component means to zero volts, whereby the
leakage current of the switch is replaced by an input
current of the feedback control means and the series
component means is a diode having a current/voltage
characteristic requiring that a current through the diode
be zero when the voltage across the diode is zero.
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