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THERMAL RUNAWAY DETECTION

FIELD OF THE INVENTION

[0001] The present invention generally relates to tempera-
ture controllers that prevent thermal runaway in heating or
cooling applications and, in particular, to techniques for
regulating the fluid temperature in a zone or other environ-
ment using temperature sensors that monitor the temperature
of the fluid in the zone or other environment as well as the
temperature of circulating heated or cooled fluid generated
by a heat-transfer element which is located remotely from
the zone when the primary sensor is disabled or discon-
nected or the circulating fluid is blocked or otherwise
interrupted.

BACKGROUND OF THE INVENTION

[0002] A thermostat controls the output of heating and
cooling systems and is typically part of a control loop that
is used to match the current operating capacity of the heating
and refrigeration system to the heating or cooling load
presented by the zone being heated or cooled. Typically, a
sensor is located within the zone being air conditioned. The
sensor senses the temperature of the zone and provides a
signal representative of the sensed temperature to the ther-
mostat. The sensor can be incorporated within the body of
the thermostat, or the sensor can be used as a zone sensor
providing a signal to a thermostatic controller remote from
the zone under control. The thermostat receives an external
command known as a setpoint which is the temperature
desired to be maintained within the space. The setpoint is set
manually by the user or the thermostat can have a micro-
processor that has the capability to automatically change the
setpoint on the occurrence of some event. For instance, in
the heating season, the setpoint is usually automatically
changed with the time of day to have a lower setpoint at
night and a more elevated setpoint during the day. The
opposite may be the case during the cooling season.

[0003] The thermostat compares the temperature informa-
tion received from the sensor with the setpoint and generates
an error signal. The error signal is provided to a control
system within the air conditioning system. This control
system functions to respond to the error signal by increasing
or decreasing the temperature within the space. The control
system may comprise valves, dampers, electric relays, and
electric motor speed controllers, and may control a number
of different pieces of air conditioning equipment in order to
implement the temperature change that is commanded by the
error signal Such equipment may include a heat exchanging
coil, fan, steam generator, or other means of heat exchange.
[0004] In certain situations, the sensor can become dis-
connected from the controlled system. For instance, when
the door of the room with the thermostat which has a sensor
is closed but there is no heater or vent in the room, the
thermostat will instruct the heater to heat the house to the
setpoint, e.g., 80° F. (26.7° C.), but none of that heat will
reach the thermostat in the closed room. As the temperature
in the closed room continues to cool on a cold day, the rest
of the house gets increasingly hot, potentially well over the
80° F. (26.7° C.) setpoint, because that heat is not reaching
the thermostat. This is referred to as “thermal runaway.” The
system will heat indefinitely because it is not reaching the
sensor in the thermostat. Thermal runaway could damage the
heater or the environment being controlled. Temperature
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controllers used in a system where thermal runaway is a
potential problem often have one or more backup safety
temperature sensors. If the safety sensor reaches a critical
temperature, the controller shuts off the system. In the
example above, the furnace could have a safety temperature
sensor.

[0005] A safety sensor as described above must often be
set to a much higher temperature than the usual operating
temperature or setpoint of the system. For example, consid-
erable heat may be lost in the ducts between the furnace and
the rooms it is heating, such that the furnace may routinely
operate at 100° F. (37.8° C.). If the safety sensor on the
furnace was set to disable the system at 80° F. (26.7° C.) like
the thermostat, then the furnace could never heat the house
to 80° F. (26.7° C.), because it actually needs to reach 100°
F. (37.8° C.) to compensate for heat loss in the system. In
this case, the safety sensor might be set to disable the system
at 140° F. (60° C.) to allow the heater to operate at all
temperatures necessary for it to heat the house to a normal
range of desired temperatures, while still disabling the
system in the event of thermal runaway.

[0006] Some temperature-regulated systems may allow
the heater to continue to operate in a thermal runaway state
rather than completely disabling the system. For example,
the temperature controller may switch the heater off at 140°
F. (60° C.) to keep it from overheating, but may turn it back
on when it cools down to 139° F. (59.4° C.). This prevents
damage to the furnace, but keeps the system operating
between 139-140° F. (59.4-60° C.).

[0007] Ifthe safety cut-off temperature is set to disable the
system at a critical temperature, there may still be some
undesirable consequences of thermal runaway due to the
difference between normal operating temperatures and the
critical setpoint. For example, the furnace may turn off at
140° F. (60° C.) before it is damaged, but the house may
already be over 100° F. (37.8° C.) inside.

[0008] Even if there is no immediate damage caused by
the system in thermal runaway, the excessive temperature of
the system could cause damage when the “disconnection” in
the system is corrected. For example, when a person returns
home to the 100° F. (37.8° C.) house and opens the door to
the room which contains the thermostat, the plants in that
room may wilt and die as the hot air rushes in. This is an
example of “overshoot.” The temperature in the closed room
with the thermostat may have been an acceptable 70° F.
(21.1° C.), but the accumulated excess heat in the rest of the
house will cause the temperature in that room to quickly
overshoot the setpoint when the door is opened. The ther-
mostat in the room will turn the heater off at 80° F. (26.7°
C.), but there is so much accumulated heat in the rest of the
house, that the temperature in that room may continue to rise
to dangerous levels above the 80° F. (26.7° C.) setpoint even
after the furnace turns off.

SUMMARY OF THE INVENTION

[0009] The present invention is based, in part, on the
development of a temperature controller which detects ther-
mal runaway in temperature-controlled systems before the
safety sensor of the system has reached the critical tempera-
ture at which it will trigger. In heated systems, the tempera-
ture controller will therefore minimize direct damage and/or
overshoot damage caused by excessive heat. It will also
maintain the heater’s output at an elevated, but non-damag-
ing level to enable a fast recovery to the original setpoint
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temperature after the nonlinearity subsides. The temperature
controller can also be implemented in cooled systems where
thermal runaway and overshoot occur in the opposite tem-
perature direction as compared to heated systems.

[0010] In one aspect, the invention is directed to a tem-
perature control system that includes:

[0011] a first temperature sensor that measures a first
temperature within a first region and generates first tem-
perature signals;

[0012] a second temperature sensor that measures a sec-
ond temperature within a second region and generates
second temperature signals:

[0013] a heat-transfer element positioned in the second
region that is configured to heat or cool the first region; and
[0014] a controller which is configured to receive the first
signals and the second signals and to regulate the heat-
transfer element wherein, during a normal condition, the
controller uses the first signals from the first temperature
sensor to adjust the heat-transfer element to maintain a
desired temperature in a feedback loop, and wherein the
controller is adapted to determine

[0015] (i) a first abnormal condition when the first tem-
perature indicated by the first temperature signal is decreas-
ing while the second temperature indicated by the second
temperature signals is rising, wherein, in the first abnormal
condition, rather than attempting to use the first signals from
the first temperature sensor to adjust the heat-transfer ele-
ment to maintain the desired temperature in a feedback loop,
instead the controller sets the output of the heat-transfer
element to enable recovery when the first abnormal condi-
tion ends; and

[0016] (ii) a second abnormal condition when the first
temperature indicated by the first temperature signal is
increasing while the second temperature indicated by the
second temperature signals is decreasing, wherein, in the
second abnormal condition, rather than attempting to use the
first signals from the first temperature sensor to adjust the
heat-transfer element to maintain the desired temperature in
a feedback loop, instead the controller sets the output of the
heat-transfer element to enable recovery when the second
abnormal condition ends.

[0017] Suitable temperature sensors can be a device which
provides feedback to the controller: including, but not lim-
ited to, optical, chemical, electrical, visual or haptic tem-
perature detectors. The temperature controller could be a
program running on a computer, server, cloud, or a dedicated
device capable of monitoring feedback and controlling the
heater, or even a “dumb” electronic, mechanical, or other
device capable of monitoring feedback and controlling the
heater and/or cooler.

[0018] In another aspect, the invention is directed to a
method of controlling the output of a heat-transfer element
that is positioned in a second zone wherein the output is
directed into a first zone, which includes:

[0019] (a) measuring a first temperature of a first fluid
medium in the first zone;

[0020] (b) measuring a second temperature of a fluid
medium in the second zone; and

[0021] (c) employing a controller to regulate the heat-
transfer element in response to temperature measurements
made in step (a), step (b) or both steps (a) and (b), wherein
the controller prevents thermal runaway of the temperature
in the first zone.
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[0022] In a further aspect, the invention is directed to a
method of warming or cooling a sample that includes:

[0023]

[0024] (b) activating a heat-transfer element which is
located in a region that is remote from the vessel supplying
a warm or cold fluid into the vessel through a heat-transfer
conduit that is in communication with the vessel;

[0025] (c) measuring a first temperature in the vessel;

[0026] (d) measuring a second temperature in the region;
and (e) regulating the heat-transfer element with a controller
in response to step (c), (d) or both (c¢) and (d), wherein the
controller prevents thermal runaway of the temperature in
the vessel.

[0027] In one embodiment, the invention is a closed-loop
temperature controller with two sensors: a control tempera-
ture sensor and a safety sensor at the heat-transfer element,
e.g., heater. The heat-generating element is separated from
the controlled mass/volume by a transport delay. In other
words, the mass or volume that is being heated or cooled is
located in a vessel, chamber or other enclosure which is
located remotely from the heat-transfer unit. The heat-
transfer unit generates a heated or cooled fluid (gas or liquid)
that is not contiguous with the vessel. The fluid must flow
through a conduit that connects the heat-transfer unit to the
vessel. The conduit functions as a transport delay so that
fluid, whose temperature is monitored by the safety sensor,
must physically travel a certain distance from the heat-
transfer unit to the vessel, whose temperature is monitored
by control sensor. The time required for the fluid to travel
though the conduit depends on the size (e.g., radius) and
length of the conduit and the speed of the fluid being
circulated.

[0028] The algorithm used to detect thermal runaway is as
follows: detect when the average temperature of the heater
(as measured by the safety sensor) rises over some length of
time, while the control sensor temperature decreases over
time. The length of time and changes in temperature can be
adjusted for both sensors to minimize false positives. Tra-
ditional heater controllers tune Proportional-Integral-De-
rivative (PID) gains under the assumption that they will
operate on linear systems, where increases to the heater
output cause the controlled temperature to rise, and
decreases to the heater output cause the controlled tempera-
ture to fall. If the control sensor temperature decreases when
the heater’s output increases, then this represents nonlinear
behavior, and the present invention detects the nonlinearity
fast enough to prevent the controlled temperature from
exceeding a safe range.

[0029] Nonlinear events can occur with the onset of ther-
mal runaway. The inventive system detects at least three
causes of thermal runaway in scientific or industrial settings:
(1) when the control sensor is temporarily removed or
isolated from the measured environment, (2) when the flow
of heat-conducting medium is interrupted, or (3) when the
measured control temperature deviates from the setpoint by
a user-defined amount.

[0030] With the present system nonlinearities are detected
by comparing the relative temperature changes of the two
sensors instead of using the error signal from a single sensor.
When a nonlinear event is detected, the algorithm maintains
the heater’s or cooler’s output at an elevated, but non-
damaging level to enable a fast recovery to the original
setpoint temperature after the nonlinearity subsides.

(a) placing the sample in a vessel;
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[0031] Once thermal runaway has been detected, the con-
troller implements actions to minimize the disturbance by,
for example, turning the heater or cooler completely off, or
switching the feedback temperature away from the discon-
nected control sensor to an earlier running average of the
safety sensor. When the control sensor is returned to the
measured location, its reported temperature rises or
decreases rapidly. The controller can detect this rise/de-
crease to determine that the thermal runaway situation has
been corrected, and normal operations can resume.

BRIEF DESCRIPTION OF THE DRAWINGS

[0032] FIG. 1A illustrates the operations of a temperature
controller with multi-sensor thermal runaway direction and
minimization;

[0033] FIG. 1B is a controller;

[0034] FIG. 2 illustrates the operations of the temperature
controller with removal of the bath sensor;

[0035] FIG. 3 illustrates the operations of the temperature
controller with perfusion (thermal media) interruption detec-
tion;

[0036] FIG. 4 is a graph of temperatures during auto-
tuning;
[0037] FIG. 5 is a graph of temperature control using a

control and safety temperature sensor;

[0038] FIG. 6 is a flowchart for the controller in acceler-
ated passive cooling instead of control output;

[0039] FIGS. 7A, 7B and 7C show a flowchart for the
controller in an auto-tuning process for setting control gains
and error thresholds;

[0040] FIG. 8 is a flowchart for the controller detecting
bath sensor error;

[0041] FIG. 9 is a flowchart for the controller limiting
heater output using safety sensor;

[0042] FIG. 10 is a flowchart for the controller detecting
a low-temperature error;

[0043] FIG. 11 is a flowchart for the controller’s power
delivery to the heater with software command limiting;
[0044] FIG. 12 is a flowchart for the controller operating
in software command limiting;

[0045] FIG. 13 is a flowchart for the controller detecting
a stopped-flow error;

[0046] FIGS. 14A and 14B show a flowchart for the
controller operating using the second sensor to augment
feedback control during normal operation or an error state;
[0047] FIG. 15 depicts a heating apparatus with dual
temperature sensors;

[0048] FIG. 16 is a graph showing the operations of the
heating apparatus without runaway detection; and

[0049] FIG. 17 is a graph showing the operation of the
heating apparatus with runaway detection enabled.

DETAILED DESCRIPTION OF THE
INVENTION

[0050] FIG. 1A depicts the operation of a system 10 in
which a controller 1 regulates the temperature of a control
bath volume 3 within housing 12. Liquid source 9 supplies
a fluid such as water into a chamber 11 which defines a fluid
volume 2. A heating element 7A such as a resistive heater or
furnace is positioned in fluid volume 2 which is in fluid
communication via conduit 6 with the control bath volume
3. The controller 1 uses device 13A, which includes an
analog to digital voltage converter (ADC), to monitor the
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electrical current consumed by heating element 7A and to
limit the control signals to the heating element 7A to prevent
overheating or damage to the heating element. The tempera-
ture controller measures and limits the power to the heater
to prevent overheating and damage to the heater. The
electrical current limit can be set by the user, inferred by user
selection of a particular type of heater, and automatically
adjusted by controller observations of non-linear behavior
indicating impending overheating.

[0051] A cooling element 7B such as a Peltier, air condi-
tioner or heat pump is positioned in fluid volume 2 which is
in fluid communication via conduit 6 with the control bath
volume 3. The controller 1 uses device 13B, which includes
an ADC, to monitor the electrical current consumed by
cooling element 7B and to limit the control signals to the
cooling element 7B to prevent overcooling or damage to the
cooling element.

[0052] InFIG. 1A, the conduit 6 serves as transport delay
between the fluid volume 2 and control bath volume 3. The
diameter and length of conduit 6 are dimensioned to create
a short time delay of typically of at least 1 to 5 seconds and
preferably from 1 to 3 seconds for fresh heated or cooled
fluid or mass flow 8 to enter into control bath volume 3.
During normal operation, the controller 1 maintains the bath
volume 3 at a temperature setpoint, utilizing feedback from
the bath control temperature sensor 5 and/or safety sensor 4
while applying power to a heating element 7A to warm or
cool fluid that flows through conduit 6.

[0053] During normal operations of system 10, the control
temperature sensor 5 provides temperature feedback that the
controller 1 uses to maintain the bath volume 3 at the desired
temperature setpoint. However, when the controller detects
any of the previously-described error states, it automatically
utilizes the safety temperature sensor 4 as feedback to
maintain the heated fluid temperature 8 near its temperature
when the error state was detected. This prevents the con-
troller 1 from depositing excessive heat into the heating
element 7A and causing the bath volume 3 to overshoot the
desired bath volume temperature.

[0054] With the present invention, the controller 1 detects
when the temperature measured by the bath temperature
sensor 5 falls or deviates significantly below the desired
setpoint for any reason, even if it falls gradually as a result
of any of the following abnormal operating conditions: (i)
changing of the mass flow rate 8, (ii) reduced thermal
contact between bath temperature sensor 5 and bath fluid
volume 3, (iii) changing heat loss from fluid 8 during
transport delay 6, and (iv) changing heat loss from bath fluid
volume 3 into the surrounding environment. In particular, if
the controller 1 detects a significant reduction in bath sensor
5 temperature for any reason, then it enters an error state and
maintains the temperature setpoint by utilizing safety sensor
4 feedback.

[0055] Once the bath sensor 5 warms to the vicinity of the
original setpoint, then the controller automatically leaves the
error state and resumes normal operation, maintaining the
bath volume 3 temperature based on feedback from the bath
sensor 5. This thermal runaway detection is automatically
disabled for a short period of time after a sensor is con-
nected, and also upon completion of the auto-tuning process
described herein, to prevent false alarms. The thresholds for
this thermal runaway detection can be adjusted by a user-
defined sensitivity setting.
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[0056] Similarly, if while cooling the controller 1 detects
when the temperature measured by the bath temperature
sensor 5 rises or deviates significantly above the desired
setpoint for any reason, even if it rises gradually as a result
of any of the following abnormal operating conditions: (i)
changing of the mass flow rate 8, (ii) reduced thermal
contact between bath temperature sensor 5 and bath fluid
volume 3, (iii) changing heat gain from fluid 8 during
transport delay 6, and (iv) changing heat gain from bath fluid
volume 3 into surrounding environment. In particular, if the
controller 1 detects a significant increase in bath sensor 5
temperature for any reason, then it enters an error state and
maintains the temperature setpoint by utilizing safety sensor
4 feedback. Once the bath sensor 5 cools to the vicinity of
the original setpoint, then the controller automatically leaves
the error state and resumes normal operation, maintaining
the bath volume 3 temperature based on feedback from the
bath sensor 5. This thermal runaway detection is automati-
cally disabled for a short period of time after a sensor is
connected, and also upon completion of the auto-tuning
process described herein, to prevent false alarms. The
thresholds for this thermal runaway detection can be
adjusted by a user-defined sensitivity setting.

[0057] As shown in FIG. 1B, controller 1 includes a
Proportional Integral Derivative (PID) controller 30, micro-
processor 32, memory 34, data input 36, and fuzzy logic 38.
Microprocessor 32 is designed to perform calculations and
include a means for comparing two or more numbers.
[0058] Data input means 36 is used to create a setpoint
temperature to be stored in memory 34. The setpoint tem-
perature can be varied with time and is representative of a
desired temperature for an enclosed area at a particular time.
Memory 34 is used to store values for the thermostat setpoint
and other parameters. The PID controller 30 is a well-known
device for use in control systems to reduce the error found
in a control system. In a thermostat, the PID controller
serves the purpose of reducing the amount of steady state
error, where the steady state error is defined as the difference
between the temperature measured and the thermostat set
point temperature.

[0059] The PID controller calculates the amount of error
between the temperature of the enclosed space and the
setpoint of the thermostat, the rate of change of the error
which is the derivative of the amount of error, and the total
error which is the integral of the amount of error. These three
signals are all multiplied by preselected constants and are
then combined to produce a signal which effects when the
heater or cooler is turned on or off.

[0060] Controller 1 can use a fuzzy logic module 38 with
the PID controller 30 to take corrective action of the process.
The module 38 typically includes input fuzzy sets, module
rules, and fuzzy output sets. The controller uses “fuzzy
logic” to differentiate auto-tuned gains into several speed
“groups” for additional optimization of the PID parameters
and other runaway detection variables.

[0061] The fuzzy logic and PID controller can be imple-
mented in the microprocessor rather than as separate units.
In particular, controller 1 can include a processor such as a
microcontroller that executes codes stored in memory to
implement the described controller functions. Alternatively,
the controller functions can be implemented using a dedi-
cated application specific integrated circuit (ASIC).

[0062] The control can be configured to “auto-tune” its
PID gain settings by measuring the slope and time required
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to heat and cool the control sensor above and below the
setpoint. This results in much more accurate tracking of the
user-selected setpoint despite unique user circumstances
(transport delay, thermal mass, ambient temperature, etc.).
In addition, feedback from the safety temperature sensor can
be incorporated into the repeating PID calculations to further
improve the performance of the controller. Thermal runaway
detection can be automatically disabled for a short period of
time after a sensor is reconnected to the controller to prevent
false alarms. A third variation of thermal runaway detection
automatically increases the error-detection sensitivity if the
difference between the setpoint and measured control tem-
perature exceeds a user-defined threshold. This ensures that
errors are triggered whenever the control temperature falls
substantially below the setpoint, even if it cools gradually.
[0063] FIG. 2 illustrates the operation of system 10 when
temperature sensor 5 is removed from control bath volume
3. In particular, when the bath temperature sensor 5 falls out
of the control bath volume 3 and into to the colder outside
environment, the temperature sensor 5 would send signals
that would normally cause the controller 1 to increase the
heating element 7 power to compensate. This response in
turn would cause the actual fluid temperature in the bath 3
to overshoot the desired setpoint and potentially damage test
samples. With the present invention temperature controller 1
is able detect when the bath temperature sensor 5 has fallen
out.

[0064] Specifically, when controller 1 receives (i) bath
temperature sensor 5 signals indicating a sudden tempera-
ture drop by a certain number of degrees and, shortly
thereafter (ii) safety sensor 4 signals indicating a rapid rise
in the temperature by a certain number of degrees in the
heated fluid volume 2, these dual signal patterns indicate that
the temperature sensor 7 has been displaced from the bath 3.
No mechanical device is required to monitor the position of
temperature sensor 5 for the controller 1 to determine that
the temperature sensor 5 has been displaced, whereupon
control 1 triggers an error state and changes its setpoint to a
recent value of the safety temperature sensor 4.

[0065] Changing the setpoint prevents excessive heat from
being generated in the heated fluid volume 2 without having
to turn off the heating element completely, which would
have caused the temperature of control bath volume 3 liquid
temperature to undershoot the original setpoint. When the
bath temperature sensor 5 is restored into the control bath
volume 3 and begins to measure the warmer liquid therein
and send representative signals, in response, the controller 1
automatically changes the temperature setpoint back to the
original value and resumes normal operations with tempera-
ture feedback from the control bath sensor 5. This thermal
runaway detection is automatically disabled for a short
period of time after a sensor is connected, and also upon
completion of the auto-tuning process described herein, to
prevent false alarms. The thresholds for this thermal run-
away detection can be adjusted by a user-defined sensitivity
setting.

[0066] FIG. 3 illustrates the operation of system 10 when
an object 13 partially or fully disrupts the flow through the
conduit 6. This also represents any interruption in the flow
of liquid 9 including when reservoir of liquid 9 runs empty.
In particular, when flow is fully or partially blocked or
stopped between the heated fluid volume 2 and the bath
volume 3, the temperature of the bath volume 3 would
normally drop as a result of the reduced mass flow rate 8
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entering the bath volume 3. Consequently, excessive heat
would be deposited into the heated fluid volume 2 in
response to the reduction in the bath volume 3 temperature.
[0067] With the present invention the temperature control-
ler 1 detects interruptions (blockages) in mass flow rate 8
within conduit 6 which connects the heated volume 2 and
bath volume 3. Specifically, when controller 1 receives (i)
bath temperature sensor 5 signals indicating a sudden tem-
perature drop by a certain number of degrees and, shortly
thereafter (ii) safety sensor 4 signals indicating a rapid rise
in the temperature by a certain number of degrees in the
heated fluid volume 2, these dual signal patterns indicate the
presence of blockage in conduit 6. In response, control 1
automatically changes the temperature setpoint to a recent
average of the heated fluid volume 2 temperature with
temperature feedback from the safety sensor 4, as described
previously. This prevents excessive heat deposition into the
heated fluid volume 2 from overheating the bath fluid
volume 3 when the blockage 13 is removed or flow 8
resumes. When the blockage 13 is removed and mass flow
8 is restored, the control temperature 5 senses the increased
warmer temperature of bath fluid volume 3. In response to
signals of the higher temperature from control temperature
5, the controller 1 automatically changes the temperature
setpoint back to its original value, resuming normal opera-
tion with temperature feedback from the control sensor 5
maintaining the bath volume temperature 3 at the desired
setpoint. This thermal runaway detection is automatically
disabled for a short period of time after a sensor is con-
nected, and also upon completion of the auto-tuning process
described herein, to prevent false alarms. The thresholds for
this thermal runaway detection can be adjusted by a user-
defined sensitivity setting.

[0068] During normal heating operations, the control sen-
sor 5 provides temperature feedback that the controller 1
uses to maintain the bath volume 3 at the desired tempera-
ture setpoint. However, when the controller detects any of
the previously-described error states, it automatically uti-
lizes the safety temperature sensor 4 as feedback to maintain
the heated volume temperature near its temperature when
the error state was detected. This prevents the controller 1
from depositing excessive heat into the heating element 7A
and causing the bath volume 3 to overshoot the desired bath
volume temperature.

[0069] FIG. 6 shows when the safety sensor is used for
feedback control whereby the controller prevents the tem-
perature from rising or falling too quickly with respect to the
setpoint. However, in some instances, it is desirable to allow
the system to cool rapidly, such as when the user reduces the
temperature setpoint from a high to a lower value. To
accelerate passive cooling without compromising control
performance while maintaining the setpoint, this controller
as shown in steps 100, 102, 104 and 106 selectively disables
the safety sensor input for feedback control whenever the
feedback control temperature is more than 2 degrees C.
above the setpoint.

[0070] In heating applications, the temperature controller
1 can auto-tune its control algorithm based on the measured
thermal response resulting from the transport delay 6, ther-
mal mass in the bath volume 3, heating capacity of the
heating element 7A, thermal mass in the heated fluid volume
2 and mass flow rate 8. FIGS. 7A, 7B and 7C show
implementation of auto-tuning process for setting control
gains and error thresholds. FIG. 7A implements the initial
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temperature measurement and comparison sequence steps
140, 142, 144, 146, 148, 150, 152, 154, 156, 158 and 160;
FIG. 7B implements the second temperature measurement
and comparison sequence steps 188, 190, 192, 194, 196,
198, 200, 202, 204, 206, and 208; and FIG. 7C implements
the category assignment process sequence steps 162, 164,
166, 168, 170, 172, 174, 176, 178, 180, 182, 184, and 186.

[0071] The auto-tuning algorithm sets the linear PID con-
trol gains based on the measured response, and it also makes
the following decisions: (i) Whether to utilize the safety
sensor as a secondary input to the temperature control
algorithm. This determines whether the controller operates
as a single-input, single-output (SISO) controller or mul-
tiple-input, single-output (MISO) controller. (ii) Error detec-
tion thresholds for the behavior described above. The control
gains are defined by the following procedure: (i) The con-
troller delivers its maximum heat output (142) at time (TO)
and measures the duration (A in FIG. 4) that elapses while
the feedback sensor rises by amount (B) to reach the Upper
Threshold, for example, which is 110% of the Setpoint value
(148). The controller then sets its output to the minimum
value at time (T2) and measures the amount of thermal
overshoot (E) that occurs (150). After the feedback sensor
has cooled by an amount (F) below the Upper Threshold, the
controller measures the duration (C) required to cool back to
the setpoint (152). The controller then delivers its maximum
heat output at time (T4), when the system has cooled to
reach the original setpoint. Finally, the controller measures
the amount of undershoot (G) that occurs before the feed-
back sensor begins warming again (156). If the feedback
sensor temperature is below 40° C. at the beginning of the
auto-tune routine, then the steps are performed as described
above. Otherwise, the process is reversed, so the system
initially cools to the Lower Threshold (for example, 90% of
Setpoint Value) first, then undershoot (G) is measured, then
it applies maximum heat output to warm the system back to
the original setpoint and measure overshoot (F). This
reversed process is shown in FIG. 4. The measured response
from the auto-tune process is assigned a category based on
whether the following conditions are met (evaluated in the
order they are listed).

[0072] A unique set of control gains is associated with
each “fuzzy logic” system category as shown in FIG. 7C:
Category 5: The overshoot (E) is greater than 2.0° C. and the
average of the warmup rate (B/A) and the cooldown rate
(D/C) is less than or equal to 0.07° C./sec but greater than
0.035° C./sec (186) Category 7: The average of the warmup
rate (B/A) and the cooldown rate (D/C) is less than or equal
to 0.021° C./sec (184) Category 6: The average of the
warmup rate (B/A) and the cooldown rate (D/C) is less than
or equal to 0.035° C./sec (182) Category 2: Either the
warmup rate or cooldown rate is greater than 0.13° C./sec
(180) Category 4: The overshoot (E) is greater than 2.0° C.
and the average of the warmup rate (B/A) and the cooldown
rate (D/C) greater than 0.07° C./sec (178) Category 3: The
overshoot (E) is less than 2.0° C. and the average of the
warmup rate (B/A) and the cooldown rate (D/C) less than
0.07° C./sec (176) Category 1: Any system that does not
meet the requirements for other system categories (174).

[0073] Based on the system category assigned during the
auto-tune procedure described above, the safety sensor 4 in
FIG. 1 may be utilized as a secondary input for feedback
control. If utilized, then the safety sensor 4 augments the
linear PID control algorithm with an additional derivative
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term, reducing the control output to the heating element 7A
if the safety sensor temperature rises quickly, and increasing
the control output if the safety sensor temperature falls
quickly. This additional derivative response is complemen-
tary to the normal derivative action from the control sensor
(it does not replace the control sensor’s derivative action).
The safety sensor 4 is directly connected to the heated
volume 2, so its temperature changes more rapidly than the
bath sensor 5. As a result, limiting the control output based
on the safety sensor input can reduce excessive heat depo-
sition into the heated fluid volume 2 and the thermal
overshoot in the bath volume 3 that results from excessive
heat deposition and the transport delay 6. The typical
thermal responses of the safety sensor 4 and bath sensor 5
are shown in FIG. 5, and the rate of change of the safety
sensor J is visibly greater than the rate of change of the bath
(control) sensor K while the system was warming up to the
setpoint. Additionally, the subsequent fluctuations in safety
sensor temperature L. are greater than fluctuations in control
sensor temperature, so derivative action on the safety sensor
allows for more precise control of the heated fluid volume 2
temperature and prevents overshoot in the bath volume 3
from excessive heat deposition.

[0074] FIG. 8 shows detection of a bath sensor error
whereby the controller detects 210, 212 when the bath
temperature sensor 5 (FIG. 2) has fallen out 214 and either
triggers 216 or does not trigger 218 an error state.

[0075] FIG. 9 shows the heater is limited 220 whenever
the safety sensor temperature exceeds the maximum tem-
perature limit to prevent damage to the hardware from
overheating 224, 226. This logic 222 is particularly suited
whenever the bath sensor is used for feedback control since
the transport delay between the heater and bath introduces
the possibility for the heater to become significantly hotter
than the bath temperature.

[0076] FIG. 10 shows the controller detecting a low-
temperature error 232 when the temperature measured by
the bath temperature sensor 5 (FIG. 1A) falls or deviates
significantly from the setpoint as described previously in
which case, the controller enters into an error state 234 that
it otherwise does not 236. Once the bath sensor 5 warms to
the vicinity of the original setpoint, the controller returns to
normal operations 330.

[0077] FIG. 11 shows how a user can adjust the desired
maximum heater current in the controller’s setting menu.
The controller constantly monitors the actual current 240
through the heater channels and reduces the maximum
control output command (software limit) if overcurrent is
detected 242, 244, 252, 254. In the event overcurrent is
detected but the maximum software command has already
been reduced by a value that is lower than expected during
normal operations 246, then the system will display an error
message and disable the heater 250, thereby requiring the
user to power-cycle the controller to clear the error.

[0078] FIG. 12 shows that when the controller initially
powers on, it automatically calibrates the maximum soft-
ware command such that the actual maximum heater current
is consistent with the desired maximum heater current
selected by the user in the controller’s setting menu. It does
this by applying short pulses of current and increasing the
software command until 80% percent of the user-defined
current limit is measured 282. It then measures the actual
temperature of the system and sets the current limit accord-
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ing to whether the calibration routine is being performed at
high temperatures 290, medium temperatures 296 or low
temperatures 298.

[0079] In FIG. 12 the temperature controller allows a
user-adjustable current limit to be defined 280, 282, 284, 292
for control output to the heating element that warms the
heated fluid volume. It also includes current-sensing cir-
cuitry to monitor the actual current delivered to the heater.
When the controller initially powers on, it ramps the soft-
ware command value up until the desired current limit is
measured on the current sensing circuitry 286. This software
command value is subsequently used as an upper limit for
calculated control outputs to the heating element. If the
actual current delivered by the controller to the heating
element exceeds the user-specified limit, then the controller
incrementally reduces the maximum software command
value without affecting normal operation. This allows the
controller to dynamically adapt the maximum software
command level to ensure that the user-specified current limit
is not exceeded. The controller can also detect hardware
issues by comparing the maximum software command value
to predefined lower limits. If the command value is reduced
below the predefined lower limit as a result of the overcur-
rent detection rules, then this means that there is something
physically wrong with either the heating element or the
controller itself, and it disables the heater output completely
until the controller is powered off. This self-protection logic
288, 294 can prevent heating element failures from damag-
ing the controller’s drive circuitry and can generally alert the
user that a hardware issue exists.

[0080] FIG. 13 shows the controller calculations 300, 302,
304, 312 in detecting 306 a stopped-flow error as depicted
in FIG. 3. The temperature controller detects interruptions
and executes appropriate actions 308, 310.

[0081] FIGS. 14A and 14B show the controller using the
second temperature sensor to augment feedback control
during normal operation or an error state. In particular,
during normal operations 332, 328, 330, control temperature
sensor 5 (FIG. 3) provides feedback for the controller 1 but
when error states are detected 326, 320, 324, 344, 342 the
controller uses either 340 the control temperature sensor 338
or the safety temperature sensor 4 as feedback 346 to
maintain the heated volume temperature 336, 334.

[0082] The temperature controller is particularly suited for
biological applications for controlling the temperature of a
specimen (i.e., plant, animal, cell, liquid, proteins, etc.) or a
specific region of a specimen (i.e., specific location on a
neuron, brain, leaf, nose, etc.). With the inventive system,
thermal runaway is detected when the control temperature
drops and the safety/heater temperature increases—often
long before the temperature of the heater reaches the
destructive thermal-runaway cut-off point. Once thermal
runaway has been detected, the controller can take actions to
minimize the disturbance by, for example, turning the heater
completely off, or switching the feedback temperature away
from the control sensor to an earlier running average of the
safety sensor. Once the flow of heat-conducting media has
returned to normal, the control sensor’s temperature rises
rapidly. The device can detect this rise to determine that the
thermal runaway situation has been corrected, and normal
operations can resume.

[0083] The operation of the inventive temperature con-
troller was demonstrated using the system shown in FIG. 15
which included two water-filled beakers that are connected
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by plastic tubing which served as the transport conduit. The
first vessel included a resistive heater and a control sensor
and the second vessel included a safety sensor. The control-
ler received signals from the control and safety sensors and
regulated the electrical heating. The setpoint was 37° C. The
graph in FIG. 16 shows the effects of the temperature
controller with thermal runaway protection turned off, that
is, not operating. The bath temperature represented by curve
1 was near the desired 37° C. setpoint from time 150 to 350
seconds when the control sensor was removed from the bath
to simulate a user purposely or accidentally removing it. The
temperature controller does not know the sensor was
removed. It simply detected the temperature dropped steeply
at time 350 seconds and in response, as shown at point A of
curve 2 (heater output) the controller quickly ramped-up the
heater until the safety sensor measured a temperature of a
maximum of 75° C. When the control sensor is returned to
the bath at time 575 seconds, the bath temperature had also
risen well over the setpoint which could have permanently
damaged the experiment. As shown at part B of curve 1,
there was a large overshoot after the control sensor was
repositioned in the bath.

[0084] The graph in FIG. 17 shows the results of a second
demonstration where the thermal runaway protection of the
temperature controller was turned on, that is, activated.
Curve 1 is the bath temperature as measured by the control
sensor and which remained at the desired 37° C. setpoint
until the control sensor was removed after 340 seconds. In
response to the drop in bath temperature, the controller
rapidly increased the heater output at point A of heater
output curve 2. However, this time, the controller recognized
that the bath temperature was not increasing, and that the
safety sensor showed that the heater was warming. From this
information, the controller deduced that something had gone
wrong and thermal runaway had begun. Instead, the con-
troller switched to maintaining the heater’s old or historical
temperature as measured by the safety sensor. In particular,
runaway detection was initiated at point B of curve 2 to
prevent overheating of the bath. Later, when the control
sensor is returned to the bath, the graph shows that the bath
temperature was kept near the 37° C. setpoint without
overshoot or damage. In particular, region C of curve 1
shows no large overshot after the control sensor is reposi-
tioned in the bath.

[0085] The foregoing has described the principles, pre-
ferred embodiment and modes of operation of the present
invention. However, the invention should not be construed
as limited to the particular embodiments discussed. Instead,
the above-described embodiments should be regarded as
illustrative rather than restrictive, and it should be appreci-
ated that variations may be made in those embodiments by
workers skilled in the art without departing from the scope
of the present invention as defined by the following claims.

What is claimed is:
1. A temperature control system comprising:

a first temperature sensor that measures a first temperature
within a first region and generates first temperature
signals;

a second temperature sensor that measures a second tem-
perature within a second region and generates second tem-
perature signals;

a heat-transfer element positioned in the second region that
is configured to heat or cool the first region; and
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a controller which is configured to receive the first signals
and the second signals and to regulate the heat-transfer
element, wherein, during a normal condition the controller
uses the first signals from the first temperature sensor to
adjust the heat-transfer element to maintain a desired tem-
perature in a feedback loop, and wherein the controller is
adapted to determine

(1) a first abnormal condition when the first temperature
indicated by the first temperature signal is decreasing while
the second temperature indicated by the second temperature
signals is rising, wherein, in the first abnormal condition,
rather than attempting to use the first signals from the first
temperature sensor to adjust the heat-transfer element to
maintain the desired temperature in a feedback loop, instead
the controller sets the output of the heat-transfer element to
enable recovery when the first abnormal condition ends; and
(ii) a second abnormal condition when the first temperature
indicated by the first temperature signal is increasing while
the second temperature indicated by the second temperature
signals is decreasing, wherein, in the second abnormal
condition, rather than attempting to use the first signals from
the first temperature sensor to adjust the heat-transfer ele-
ment to maintain the desired temperature in a feedback loop,
instead the controller sets the output of the heat-transfer
element to enable recovery when the second abnormal
condition ends.

2. The system of claim 1 wherein the heat-transfer ele-
ment is configured to heat the first region and the controller
is adapted to determine the first abnormal condition when
the first temperature indicated by the a first temperature
signal is decreasing while the second temperature indicated
by the second temperature signals is rising, wherein, in the
first abnormal condition, rather than attempting to use the
first signals from the first temperature sensor to adjust the
heat-transfer element to maintain the desired temperature in
a feedback loop, instead the controller sets the output of the
heat-transfer element to enable recovery when the first
abnormal condition ends.

3. The system of claim 2 wherein the controller is adapted
to determine the first abnormal condition when the first
temperature indicated by the first temperature signal exhibits
non-linear deviation from the second temperature indicated
by the second temperature signals.

4. The system of claim 1 wherein the heat-transfer ele-
ment is configured to cool the first region and the controller
is adapted to determine the second abnormal condition when
the first temperature indicated by the a first temperature
signal is increasing while the second temperature indicated
by the second temperature signals is decreasing, wherein, in
the second abnormal condition, rather than attempting to use
the first signals from the first temperature sensor to adjust the
heat-transfer element to maintain the desired temperature in
a feedback loop, instead the controller sets the output of the
heat-transfer element to enable recovery when the second
abnormal condition ends.

5. The system of claim 4 wherein the controller is adapted
to determine the second abnormal condition when the first
temperature indicated by the first temperature signal exhibits
non-linear deviation from the second temperature indicated
by the second temperature signals.

6. The system of claim 1 further comprising a conduit that
connects the first region to the second region, wherein the
heat-transfer element is configured to heat or cool a fluid in
the second region.
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7. The system of claim 6 wherein the conduit is configured
so that fluid heated or cooled in the second regions flows
through the conduit for at least about 1 to 5 seconds before
entering into the first region.

8. The system of claim 6 wherein the fluid is a liquid or
a gas.

9. The system of claim 8 further comprising a source of
liquid or gas that flows through the conduit from the second
region to the first region.

10. The system of claim 1 the controller is adapted to
provide control signals to the heat-transfer element and to
receive the first temperature signals and second temperature
signals, the controller adapted to calculate changes in the
first temperature signals and second temperature signals to
regulate the heat-transfer element.

11. The system of claim 1 wherein the controller includes
an application-specific integrated circuit (ASIC).

12. The system of claim 1 wherein the controller is
configured to (i) use auto-tuning to adjust an integral gain
setting to optimize feedback control of the heat-transfer
element by alternately commanding the heat-transfer ele-
ment to produce maximum heat to the second region and
minimum heat to the second region, (ii) measure the first
time required for the temperature in the first region to reach
a first specified level above a normal temperature setpoint,
(iii) measure the second time required for the temperature in
the first region to reach a second specified level below the
normal temperature setpoint, and (iv) calculate new gain
settings based on the first and second times measured.

13. The system of claim 1 wherein the feedback loop is a
proportional-integral-derivative (PID) controller feedback
loop adapted to adjust the heat-transfer element so that the
first temperature moves toward a setpoint temperature from
a non-setpoint temperature.

14. The system of claim 13 wherein the controller deter-
mines an operation time required for the PID feedback loop
to adjust the first temperature from the non-setpoint tem-
perature to the setpoint temperature under current conditions
and uses the operation time to auto adjust a parameter of the
PID feedback loop.

15. The system of claim 1 wherein the controller uses
fuzzy logic by grouping temperature measurements by the
first and second temperature sensors and auto-tuning calcu-
lations into one of a plurality of groups to further optimize
feedback characteristics of control of the heat-transfer ele-
ment.
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16. The system of claim 1 wherein the first region does not
include a heat-transfer element.

17. A method of controlling the output of a heat-transfer
element that is positioned in a second zone wherein the
output is directed into a first zone, which comprises:

(a) measuring a first temperature of a first fluid medium in

the first zone;

(b) measuring a second temperature of a second fluid

medium in the second zone; and

(c) employing a controller to regulate the heat-transfer

element in response to temperature measurements
made in step (a), step (b) or both steps (a) and (b),
wherein the controller prevents thermal runaway of the
temperature in the first zone.

18. The method of claim 17 wherein the first zone is
connected to the second zone by a heat-transfer conduit
through which the second fluid medium travels into the first
zone.

19. The method of claim 18 wherein the conduit is
configured so that the second fluid medium flows through
the conduit for at least about 1 to 5 seconds before entering
into the first region.

20. A method of warming or cooling a sample that
comprises:

(a) placing the sample in a vessel;

(b) activating a heat-transfer element which is located in

a region that is remote from the vessel supply a warm
or cold fluid into the vessel through a heat-transfer
conduit that is in communication with the vessel;

(c) measuring a first temperature in the vessel;

(d) measuring a second temperature in the region; and

(e) regulating the heat-transfer element with a controller

in response to step (c), (d) or both (¢) and (d), wherein
the controller prevents thermal runaway of the tem-
perature in the vessel.

21. The method of claim 20 wherein the vessel is con-
nected to the region by a heat-transfer conduit through
which the warm or cold fluid travels into the vessel.

22. The method of claim 21 wherein the conduit is
configured so that the warm or cold fluid flows through the
conduit for at least about 1 to 5 seconds before entering into
the vessel.

23. The method of claim 20 wherein the sample is a
biological specimen.



