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(57) Abstract: Systems and methods for operating a thermoelectric
module to increase efficiency are disclosed. In some embodiments, a
method of operating a thermoelectric module includes determining a
first amount of power that would maximize a coetfticient of performance
of the thermoelectric module based on one or more system parameters
and providing the first amount of power to the thermoelectric module.
The method also includes determining that at least one of the one or
more system parameters has changed, determining a second amount of
power that would maximize the coefficient of performance of the ther-
moelectric module based on the one or more system parameters, and
providing the second amount of power to the thermoelectric module. In
some embodiments, adjusting the amount of power provided based on
the one or more system parameters increases the efficiency of the ther-
moelectric module.
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SYSTEMS AND METHODS FOR OPERATING A THERMOELECTRIC
MODULE TO INCREASE EFFICIENCY

Related Applications

[0001] This application claims the benefit of provisional patent application
serial number 62/027,080, filed July 21, 2014, the disclosure of which is hereby
incorporated herein by reference in its entirety and of provisional patent
application serial number 62/027,083, filed July 21, 2014, the disclosure of which

is hereby incorporated herein by reference in its entirety.

Field of the Disclosure

[0002] The present disclosure relates to operation of a thermoelectric module.

Background
[0003] Today, many refrigeration systems are vapor compression based and

utilize a thermostatically regulated duty cycle control. However, typical vapor
compression based refrigeration systems are not dynamic enough to meet both
the steady state and transient demand, such as during pull down or recovery.
Thus, vapor compression based refrigeration systems tend to have excess
cooling capabilities that far exceed heat extraction demands required during
steady state operation. While the extra capacity provided by the excess cooling
capabilities allows improved pull down performance, large current surges
prevalent during start-up requires higher capacity and consequently more
expensive components to handle the loads. Moreover, the large current surges
and loads incurred by duty cycle control excessively wear the components,
thereby potentially causing premature failure. Further, by the very nature of their
control, thermodynamic limits, and product performance demands, vapor
compression based refrigeration systems are less efficient than optimum.

[0004] The sub-optimum efficiency disadvantage of vapor compression based
refrigeration systems relates to precisely controlling the temperature within a
cooling chamber. Typically, when a temperature within a cooling chamber
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exceeds a certain value, the vapor compression based refrigeration system
activates and continues to run until the temperature in the cooling chamber is
below the certain value. Once the cooling chamber reaches a temperature below
the certain value, the vapor compression based refrigeration system shuts off.
Nonetheless, in addition to excessive wear as noted above, this type of control
scheme will typically have a relatively large control band and a relatively large
internal temperature stratification in an effort to minimize energy consumption
and allow for operation in varied ambient conditions. This regime is most often
utilized because throttling or capacity variation is difficult and expensive to
implement into the vapor compression cycle and provides limited efficacy as
volumetric efficiency falls.

[0005] Accordingly, systems and methods are needed for precisely controlling
the temperature within a cooling chamber where the efficiency of the components
used to extract heat from the cooling chamber is maximized. Also, systems and
methods are needed for mitigating heat rejection limitations of the components
used to extract heat from the cooling chamber.

Summary
[0006] Systems and methods for operating a thermoelectric module to

increase efficiency are disclosed. In some embodiments, a method of operating
a thermoelectric module includes determining a first amount of power that would
maximize a coefficient of performance of the thermoelectric module based on
one or more system parameters and providing the first amount of power to the
thermoelectric module. The method also includes determining that at least one
of the one or more system parameters has changed, determining a second
amount of power that would maximize the coefficient of performance of the
thermoelectric module based on the one or more system parameters, and
providing the second amount of power to the thermoelectric module. In some
embodiments, adjusting the amount of power provided based on the one or more
system parameters increases the efficiency of the thermoelectric module.
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[0007] In some embodiments, providing the first amount of power to the
thermoelectric module includes providing a first amount of current to the
thermoelectric module, and providing the second amount of power to the
thermoelectric module includes providing a second amount of current to the
thermoelectric module. In some embodiments, providing the first amount of
power to the thermoelectric module includes providing a first amount of voltage to
the thermoelectric module, and providing the second amount of power to the
thermoelectric module includes providing a second amount of voltage to the
thermoelectric module.

[0008] In some embodiments, the thermoelectric module is operative to
reduce a temperature of a cooling chamber, and the first amount of power and/or
the second amount of power is determined based on the temperature of the
cooling chamber, a temperature of a hot side of the thermoelectric module, a
temperature of an environment that is external to the cooling chamber, and/or an
electric property of the thermoelectric module such as the figure of merit.

[0009] In some embodiments, determining the first amount of power includes
determining the first amount of power that would maximize the coefficient of
performance of the thermoelectric module based on the temperature of the
environment that is external to the cooling chamber; determining that at least one
of the one or more system parameters has changed includes determining that
the temperature of the environment that is external to the cooling chamber has
changed; and determining the second amount of power includes determining the
second amount of power that would maximize the coefficient of performance of
the thermoelectric module based on the temperature of the environment that is
external to the cooling chamber.

[0010] In some embodiments, determining the first amount of power includes
determining the first amount of power that would maximize the coefficient of
performance of the thermoelectric module based on the one or more system
parameters using a lookup table; and determining the second amount of power

includes determining the second amount of power that would maximize the
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coefficient of performance of the thermoelectric module based on the one or
more system parameters using the lookup table.

[0011] In some embodiments, providing the first amount of power to the
thermoelectric module also includes providing the first amount of power to one
subset of more than one subset of thermoelectric modules, and providing the
second amount of power to the thermoelectric module also includes providing the
second amount of power to the one subset of the more than one subset of
thermoelectric modules.

[0012] In some embodiments, the method also includes determining that a
temperature of a hot side of the thermoelectric module is above a first threshold,
and providing an amount of power to the thermoelectric module that is less than
the amount of power that would maximize the coefficient of performance of the
thermoelectric module based on the one or more system parameters.

[0013] In some embodiments, the method also includes determining that the
temperature of the hot side of the thermoelectric module is below a second
threshold, and providing an amount of power to the thermoelectric module that is
the amount of power that would maximize the coefficient of performance of the
thermoelectric module based on the one or more system parameters.

[0014] In some embodiments, a thermoelectric refrigeration system includes a
cooling chamber, a heat exchanger, and a controller. The heat exchanger
includes a cold side heat sink, a hot side heat sink, and a thermoelectric module
disposed between the cold side heat sink and the hot side heat sink. The
controller is configured to determine a first amount of power that would maximize
a coefficient of performance of the thermoelectric module based on one or more
system parameters and provide the first amount of power to the thermoelectric
module. The controller is also configured to determine that at least one of the
one or more system parameters has changed; determine a second amount of
power that would maximize the coefficient of performance of the thermoelectric
module based on the one or more system parameters; and provide the second

amount of power to the thermoelectric module.
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[0015] In some embodiments, a controller for operating a thermoelectric
module is adapted to determine a first amount of power that would maximize a
coefficient of performance of the thermoelectric module based on one or more
system parameters; provide the first amount of power to the thermoelectric
module; determine that at least one of the one or more system parameters has
changed; determine a second amount of power that would maximize the
coefficient of performance of the thermoelectric module based on the one or
more system parameters; and provide the second amount of power to the
thermoelectric module. In some embodiments, the controller is adapted to
perform any method disclosed herein.

[0016] In some embodiments, a computer program includes instructions
which, when executed on at least one processor, cause the at least one
processor to carry out any method disclosed herein. In some embodiments, a
carrier contains the computer program where the carrier is one of an electronic
signal, an optical signal, a radio signal, or a computer readable storage medium.
[0017] In some embodiments, a controller for operating a thermoelectric
module includes a power determining module, a power providing module, and a
system parameter determining module. The power determining module is
operative to determine a first amount of power that would maximize a coefficient
of performance of the thermoelectric module based on one or more system
parameters and determine a second amount of power that would maximize the
coefficient of performance of the thermoelectric module based on the one or
more system parameters. The power providing module is operative to provide
the first amount of power to the thermoelectric module and to provide the second
amount of power to the thermoelectric module. The system parameter
determining module is operative to determine that at least one of the one or more
system parameters has changed.

[0018] Those skilled in the art will appreciate the scope of the present
disclosure and realize additional aspects thereof after reading the following
detailed description of the preferred embodiments in association with the

accompanying drawing figures.
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Brief Description of the Drawing Figures

[0019] The accompanying drawing figures incorporated in and forming a part
of this specification illustrate several aspects of the disclosure, and together with
the description serve to explain the principles of the disclosure.

[0020] Figure 1 illustrates a thermoelectric refrigeration system having a
cooling chamber, a heat exchanger including at least one Thermoelectric Module
(TEM) disposed between a cold side heat sink and a hot side heat sink, and a
controller that controls the TEM according to some embodiments of the present
disclosure;

[0021] Figure 2 illustrates a relationship between a Coefficient of Performance
of a TEM and an amount of power provided to the TEM for various ambient
temperatures according to some embodiments of the present disclosure;

[0022] Figure 3 illustrates a method of operating a TEM to increase efficiency
of the TEM according to some embodiments of the present disclosure;

[0023] Figure 4 illustrates a method for operating a thermoelectric
refrigeration system when powered on or during pull down operation according to
some embodiments of the present disclosure;

[0024] Figure 5 illustrates a method for operating a thermoelectric
refrigeration system near steady state operation according to some embodiments
of the present disclosure;

[0025] Figure 6 illustrates a method for operating a TEM to decrease the
temperature of the hot side of the TEM according to some embodiments of the
present disclosure;

[0026] Figure 7 illustrates one possible implementation of the method of
Figure 6 according to some embodiments of the present disclosure;

[0027] Figure 8 is a diagram of a controller for operating a TEM including
modules according to some embodiments of the present disclosure; and

[0028] Figure 9 is another diagram of a controller for operating a TEM
including modules according to some embodiments of the present disclosure.
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Detailed Description

[0029] The embodiments set forth below represent the necessary information
to enable those skilled in the art to practice the embodiments and illustrate the
best mode of practicing the embodiments. Upon reading the following
description in light of the accompanying drawing figures, those skilled in the art
will understand the concepts of the disclosure and will recognize applications of
these concepts not particularly addressed herein. It should be understood that
these concepts and applications fall within the scope of the disclosure and the
accompanying claims.

[0030] It will be understood that, although the terms first, second, etc. may be
used herein to describe various elements, these elements should not be limited
by these terms. These terms are only used to distinguish one element from
another. For example, a first element could be termed a second element, and,
similarly, a second element could be termed a first element, without departing
from the scope of the present disclosure. As used herein, the term "and/or"
includes any and all combinations of one or more of the associated listed items.
[0031] Relative terms such as "below" or "above" or "upper" or "lower" or
"horizontal" or "vertical” may be used herein to describe a relationship of one
element, layer, or region to another element, layer, or region as illustrated in the
Figures. It will be understood that these terms and those discussed above are
intended to encompass different orientations of the device in addition to the
orientation depicted in the Figures.

[0032] The terminology used herein is for the purpose of describing particular
embodiments only and is not intended to be limiting of the disclosure. As used

herein, the singular forms "a," "an," and "the" are intended to include the plural

forms as well, unless the context clearly indicates otherwise. It will be further

understood that the terms "comprises," "comprising," "includes," and/or
"including" when used herein specify the presence of stated features, integers,
steps, operations, elements, and/or components, but do not preclude the
presence or addition of one or more other features, integers, steps, operations,

elements, components, and/or groups thereof.
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[0033] Unless otherwise defined, all terms (including technical and scientific
terms) used herein have the same meaning as commonly understood by one of
ordinary skill in the art to which this disclosure belongs. It will be further
understood that terms used herein should be interpreted as having a meaning
that is consistent with their meaning in the context of this specification and the
relevant art and will not be interpreted in an idealized or overly formal sense
unless expressly so defined herein.

[0034] Figure 1 illustrates a thermoelectric refrigeration system 10 having a
cooling chamber 12, a heat exchanger 14 including at least one Thermoelectric
Module (TEM) 22 (referred to herein singularly as TEM 22 or plural as TEMs 22)
disposed between a cold side heat sink 20 and a hot side heat sink 18, and a
controller 16 that controls the TEM 22 according to some embodiments of the
present disclosure. When a TEM 22 is used to provide cooling it may sometimes
be referred to as a Thermoelectric Cooler (TEC) 22.

[0035] The TEMSs 22 are preferably thin film devices. When one or more of
the TEMs 22 are activated by the controller 16, the activated TEMs 22 operate to
heat the hot side heat sink 18 and cool the cold side heat sink 20 to thereby
facilitate heat transfer to extract heat from the cooling chamber 12. More
specifically, when one or more of the TEMs 22 are activated, the hot side heat
sink 18 is heated to thereby create an evaporator and the cold side heat sink 20
is cooled to thereby create a condenser, according to some embodiments of the
current disclosure.

[0036] Acting as a condenser, the cold side heat sink 20 facilitates heat
extraction from the cooling chamber 12 via an accept loop 24 coupled with the
cold side heat sink 20. The accept loop 24 is thermally coupled to an interior wall
26 of the thermoelectric refrigeration system 10. The interior wall 26 defines the
cooling chamber 12. In one embodiment, the accept loop 24 is either integrated
into the interior wall 26 or integrated directly onto the surface of the interior wall
26. The accept loop 24 is formed by any type of plumbing that allows for a
cooling medium (e.g., a two-phase coolant) to flow or pass through the accept
loop 24. Due to the thermal coupling of the accept loop 24 and the interior wall
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26, the cooling medium extracts heat from the cooling chamber 12 as the cooling
medium flows through the accept loop 24. The accept loop 24 may be formed of,
for example, copper tubing, plastic tubing, stainless steel tubing, aluminum
tubing, or the like.

[0037] Acting as an evaporator, the hot side heat sink 18 facilitates rejection
of heat to an environment external to the cooling chamber 12 via a reject loop 28
coupled to the hot side heat sink 18. The reject loop 28 is thermally coupled to
an outer wall 30, or outer skin, of the thermoelectric refrigeration system 10.
[0038] The thermal and mechanic processes for removing heat from the
cooling chamber 12 are not discussed further. Also, it should be noted that the
thermoelectric refrigeration system 10 shown in Figure 1 is only a particular
embodiment of a use and control of a TEM 22. All embodiments discussed
herein should be understood to apply to thermoelectric refrigeration system 10 as
well as any other use of a TEM 22.

[0039] Continuing with the example embodiment illustrated in Figure 1, the
controller 16 operates to control the TEMs 22 in order to maintain a desired set
point temperature within the cooling chamber 12. In general, the controller 16
operates to selectively activate/deactivate the TEMs 22, selectively control an
amount of power provided to the TEMs 22, and/or selectively control a duty cycle
of the TEMs 22 to maintain the desired set point temperature. Further, in
preferred embodiments, the controller 16 is enabled to separately, or
independently, control one or more and, in some embodiments, two or more
subsets of the TEMs 22, where each subset includes one or more different TEMs
22. Thus, as an example, if there are four TEMs 22, the controller 16 may be
enabled to separately control a first individual TEM 22, a second individual TEM
22, and a group of two TEMs 22. By this method, the controller 16 can, for
example, selectively activate one, two, three, or four TEMs 22 independently, at
maximized efficiency, as demand dictates.

[0040] It should be noted that the thermoelectric refrigeration system 10 is
only an example implementation and that the systems and methods disclosed
herein are applicable to other systems as well. Also, while specific reference is
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made herein to the controller 16, it should be understood that any of the functions
ascribed to the controller 16 could be implemented by any other controller or
mechanism.

[0041] Before proceeding, a brief discussion of a cooling capacity versus an
amount of power provided to a TEM 22 and efficiency versus an amount of
power provided to a TEM 22 is beneficial. In this regard, Figure 2 is a graph that
illustrates cooling capacity (Q) and cooling efficiency of a TEC versus an input
current of a TEC. The cooling efficiency is more specifically represented by a
Coefficient of Performance (COP). Figure 2 illustrates a relationship between a
Coefficient of Performance (COP) of a TEM 22 and an amount of power provided
to the TEM 22 for various ambient temperatures according to some embodiments
of the present disclosure. The amount of power provided to the TEM 22 may be
expressed as an amount of current provided to the TEM 22 and/or an amount of
voltage provided to the TEM 22. As the amount of power provided to the TEM 22
increases, the cooling capacity of the TEM 22 also increases. The amount of
power that is at or near a maximum amount of power for the TEM 22 is denoted
as Qmax- Thus, when the TEM 22 is operating at Qpnax, the TEM 22 is removing
the greatest amount of heat possible. Figure 2 illustrates the COP of the TEM 22
as a function of the amount of power provided to the TEM 22. For cooling
applications, the COP of a TEM 22 is the ratio of heat removed over an amount
of work input to the TEM 22 to remove the heat. The amount of heat, or
capacity, (Q) at which the COP of the TEM 22 is maximized is denoted as
Qcopmax- Thus, the efficiency, or COP, of the TEM 22 is maximized when the
amount of power provided to the TEM 22 is at or near the point where the COP
of the TEM 22 is maximized.

[0042] The shape of the COP curve for a TEM 22 is dependent upon
variables such as operating ambient temperature (also referred to as the
temperature of an environment that is external to the cooling chamber 12 or the
temperature of the environment in which the TEM 22 is operating), an amount of
heat being rejected, the temperature of the cold side of the TEM 22 (also
sometimes referred to as the temperature of the cooling chamber 12 when the
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TEM 22 is operable to cool a cooling chamber 12), the temperature of the hot
side of the TEM 22, an electrical property of the TEM 22 (such as the figure of
merit), and the amount of power provided to the TEM 22. When one of these
system parameters changes, the COP curve of the TEM 22 may change, and
therefore the amount of power that would maximize the COP of the TEM 22
based on one or more of the system parameters may also change. Figure 2
illustrates one example of this. Two COP curves are shown fora TEM 22 at
ambient temperatures equal to 18 degrees Celsius (°C) and 25 °C. For
simplicity, only the ambient temperature is changed while the other system
parameters are fixed. In this example, when the ambient temperature changes
from 18 °C to 25 °C, the overall COP of the TEM 22 decreases. Notably, the
amount of power that maximizes the COP of the TEM 22 also increases. A trend
line is shown that gives a linear approximation of the relationship between the
ambient temperature and the amount of power that maximizes the COP of the
TEM 22. This trend line is only one example and other means of modelling or
interpolating (or extrapolating) the relationship could be used.

[0043] Since the precise amount of power that maximizes the COP of the
TEM 22 is based on many factors that might be changing, a range of acceptable
amounts of power centered at the amount of power that maximizes the COP of
the TEM 22 is determined. This range is referred to as a band, and any amount
of power within that band is generally considered to be the amount of power that
maximizes the COP of the TEM 22. In some embodiments the band is the
amount of power that maximizes the COP of the TEM 22 plus or minus 10%, but
this is implementation specific and may depend on the precision of determining
the amount of power that maximizes the COP of the TEM 22 and/or the shape of
the COP curve.

[0044] Since the most efficient way to operate the TEM 22 is to provide the
amount of power that maximizes the COP of the TEM 22, the controller 16 or
some other means of controlling the TEM 22 should seek to determine the
amount of power that maximizes the COP of the TEM 22 based on one or more
system parameters. As such, Figure 3 illustrates a method of operating a TEM
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22 to increase efficiency of the TEM 22 according to some embodiments of the
present disclosure. The controller 16 determines a first amount of power that
would maximize the COP of the TEM 22 based on one or more system
parameters (step 100). As discussed above, this determination may be based on
many different parameters. In some embodiments, the determination is based
on only one parameter, such as ambient temperature, assuming other
parameters to be constant or negligible. In some embodiments, the amount of
power may be determined by consulting a lookup table. The controller 16 then
provides the first amount of power to the TEM 22 (step 102). In this way, the
TEM 22 is operating in the most efficient way for the current values of the system
parameters.

[0045] The controller 16 next determines if at least one of the system
parameters has changed (step 104). In some embodiments, then check may be
performed periodically while in other embodiments the determination of the
change may be almost immediate. Also, if the controller 16 is using less than all
of the system parameters to determine the amount of power, then the controller
16 will not need to determine when any of the unused system parameters have
changed. In response to the determination that at least one of the system
parameters has changed, the controller 16 determines a second amount of
power that would maximize the COP of the TEM 22 based on the one or more
system parameters (step 106). The controller 16 then provides the second
amount of power to the TEM 22 (step 108). In this way, the controller 16 can
update the amount of power provided to the TEM 22 to increase the efficiency of
the operation of the TEM 22. In some embodiments, the procedure optionally
returns to step 104 and if one or more of the system parameters have changed,
the controller 16 again determines an amount of power that would maximize the
COP of the TEM 22.

[0046] Note that in some embodiments the updated amount of power may be
calculated periodically or otherwise without the express determination that one or
more of the system parameters have changed. Also, depending on the changes
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to the system parameters, the second amount of power may be the same or
nearly the same as the first amount of power.

[0047] While Figure 3 illustrates a method of operating a TEM 22 to increase
efficiency of the TEM 22, Figures 4 and 5 illustrate methods for operating a
thermoelectric refrigeration system 10 which may include one or more TEMs 22
as discussed above in relation to the example shown in Figure 1. Specifically,
Figure 4 illustrates a method for operating a thermoelectric refrigeration system
10 when powered on or during pull down operation according to some
embodiments of the present disclosure.

[0048] As used herein, pull down operation refers to the situation where the
temperature in a cooling chamber 12 is higher than is acceptable and the
controller 16 operates to reduce the temperature to an acceptable range. The
desired temperature for the cooling chamber 12 is referred to as the set point
temperature. Steady state operation refers to the situation where the
temperature of the cooling chamber 12 is within a range that includes the set
point temperature. This range provides a form of hysteresis to avoid the rapid
oscillation between operating states. In some embodiments, the set point
temperature may be 4 °C, and the steady state range may be from 3 °C to 5 °C.
If maintaining the set point temperature with greater precision is desired, then the
steady state range may be smaller. If a decrease in the rate of oscillation
between operating states is desired, then the steady state range may be smaller.
[0049] According to some embodiments, Figure 4 begins with a power on or
reset of the thermoelectric refrigeration system 10 (step 200). The thermoelectric
refrigeration system 10 starts in this powered on or reset state during pull down
operation because the temperature may be above the steady state range and
due to be powered off. The controller 16 reads the set point register perhaps
from a user interface on the front of the thermoelectric refrigeration system 10 or
from a device Graphical User Interface (GUI) to determine the set point
temperature (step 202). The controller 16 then measures the temperature
control and the AT of the at least one TEM 22 (step 204). AT of a TEM 22 refers
to the difference between the temperature of the hot side of the TEM 22 and the
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temperature of the cold side of the TEM 22. The controller 16 also measures the
ambient temperature (step 206). The controller 16 may also determine any other
system parameters that are necessary, depending on the implementation.

[0050] The controller 16 then performs a few safety checks according to some
embodiments. The controller 16 checks if the ambient temperature is greater
than or equal to 4 °C (step 208). If the ambient temperature is less than 4 °C, the
procedure returns to step 204 to again measure the various system parameters.
If the ambient temperature is at least 4 °C, then the controller 16 then determines
if the temperature of the heat exchanger is greater than or equal to a maximum
limit (step 210).

[0051] In some embodiments, this temperature is the same as the
temperature of the hot side of the TEM 22. Also, in some embodiments, instead
of having a single maximum value, there is instead a test of whether the
temperature is above a first threshold, and then when the hot side of the TEM 22
cools down there is a test of whether the temperature is below a second
threshold. In this way, hysteresis can be optionally built into the overheating
condition.

[0052] In some embodiments, the first threshold indicates that the hot side of
the TEM 22 is saturated and cannot accept any additional heat. Also, the first
threshold might indicate that the TEM 22 may be damaged by being operated at
temperatures above the first threshold. Such high temperatures might occur
when a large amount of heat is removed from the cooling chamber 12 or if the
TEM 22 is being operated less efficiently. An accumulation of heat on the hot
side of the TEM 22 may also occur when the reject side of the heat exchanger is
insufficient to remove the heat at a faster rate than the heat is generated. This
situation might occur when the hot side of the TEM 22 is passively cooled.

[0053] When the overheating condition is detected, the controller 16 sets an
alarm (step 212). This alarm can take many forms depending on the
embodiment. In some cases, the alarm is merely an internal state; while in other
cases, the information may be presented on a display, or a user may be
otherwise notified of the alarm. The controller 16 then determines if output to the
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TEM 22 is enabled (step 214). If output is not enabled, the controller 16 may not
have any way of reducing the temperature of the hot side of the TEM 22 since no
heat is being added by the operation of the TEM 22. In this case, the procedure
returns to step 204 to again measure the various system parameters. In other
embodiments, the controller 16 may have additional options for reducing the
temperature of the hot side of the TEM 22 such as by using an active device
such as a fan.

[0054] If output is enabled, the controller 16 determines if the amount of
power being provided to the TEM 22 is the minimum power level (step 216). If it
is not the minimum power level, the controller 16 decreases the amount of power
provided to the TEM 22 by decrementing the output (step 218). If the current
amount of power provided is the minimum power level, then the controller 16
powers off the output and issues a reset (step 220). Either way, the procedure
returns to step 204 to again measure the various system parameters.

[0055] If the hot side of the TEM 22 is not overheated, the controller 16 clears
any alarms that may be set (step 222). For instance, if an alarm had previously
been set because of an overheating situation that has now been resolved, then
that alarm will be cleared now. The controller 16 now determines if the
temperature of the cooling chamber 12 is greater than an upper steady state limit
(step 224). If the temperature is above the upper steady state limit, the
thermoelectric refrigeration system 10 is considered to be in a pull down mode of
operation.

[0056] If the temperature of the cooling chamber 12 is determined to be
greater than or equal to an upper control limit (step 226), the controller 16 will set
the output to 100%, providing the amount of power to the TEM 22 that is at or
near a maximum amount of power for the TEM 22 (step 228). In such a way, the
thermoelectric refrigeration system 10 can pull down the temperature of the
cooling chamber 12 at the fastest rate, according to some embodiments. If the
temperature of the cooling chamber 12 is determined to be less than the upper
control limit, the controller 16 with set the output to proportional mode (step 230).
In proportional mode, the temperature of the cooling chamber 12 may be



10

15

20

25

30

WO 2016/014574 PCT/US2015/041388

16

decreased in a slower, more efficient manner. Either way, the procedure returns
to step 204 to again measure the various system parameters.

[0057] If the controller 16 determines that the temperature of the cooling
chamber 12 is less than an upper steady state limit, then the controller 16
determines if output is enabled (step 232). If output is not enabled, the
procedure returns to step 204 to again measure the various system parameters.
If output is enabled, the thermoelectric refrigeration system 10 is considered to
be operating in steady state mode and the procedure continues on Figure 5
which illustrates a method for operating a thermoelectric refrigeration system 10
near steady state operation according to some embodiments of the present
disclosure.

[0058] As shown in Figure 5, the controller 16 measures the temperature
control and the AT of the at least one TEM 22 (step 300). The controller 16 also
determines any other system parameters that are necessary, such as the
ambient temperature, depending on the implementation. Again, the controller 16
determines if the temperature of the heat exchanger is greater than or equal to a
maximum limit (step 302). If the amount of power being provided to the TEM 22
is not the minimum power level (step 304), the controller 16 decreases the
amount of power provided to the TEM 22 by decrementing the output (step 306).
If the current amount of power provided is the minimum power level, then the
controller 16 powers off the output and issues a reset (step 308). Either way, the
procedure returns to step 300 to again measure the various system parameters.
[0059] If the hot side of the TEM 22 is not overheated, the controller 16
checks whether the temperature of the cooling chamber 12 is greater than the
set point temperature (step 310). If the temperature of the cooling chamber 12 is
less than the set point temperature, the controller 16 now determines if the
temperature of the cooling chamber 12 is less than or equal to the steady state
limit, the output is on, and AT is in the current band (step 312). If all of these are
true, the controller 16 powers off the TEM 22 and decreases the output to 0.x
Volts, stores this value in the new steady state output value, and stores the
previous value in the old steady state output value (step 314). If not all of these
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conditions are true, then the procedure returns to step 304 and attempts to
decrease the amount of power provided to the TEM 22.

[0060] If the temperature of the cooling chamber 12 is greater than the set
point temperature, the controller 16 determines if the temperature of the cooling
chamber 12 is also greater than or equal to the steady state limit (step 316). |If
the temperature of the chamber is less than the steady state limit, the controller
determines if the timer int has been set (step 318). If it has been set, the
controller 16 sets the output to the old steady state output (step 320). After this,
or if it has not been set, the procedure returns to step 300 to again measure the
various system parameters.

[0061] If the temperature of the cooling chamber 12 is greater than or equal to
the steady state limit, the controller 16 determines if the temperature of the
chamber is greater than or equal to the upper control limit (step 322). If the
chamber is greater than or equal to the upper control limit, the controller 16 will
set the output to 100%, providing the amount of power to the TEM 22 that is at or
near a maximum amount of power for the TEM 22 (step 324). This indicates that
the thermoelectric refrigeration system 10 is considered to be in a pull down
mode of operation, and the procedure returns to step 204 of Figure 4 to again
measure the various system parameters.

[0062] If the chamber is less than the upper control limit, the controller 16 will
determine if the temperature of the cooling chamber 12 is greater than or equal
to the hysteresis value (step 326). If it is not, the controller 16 increases the
output to a new steady state output value (step 328), and the procedure returns
to step 300 to again measure the various system parameters. According to
some embodiments, this new steady state output value may be the amount of
power that would maximize the COP of the TEM 22 based on one or more
system parameters. If the temperature of the cooling chamber 12 is greater than
or equal to the hysteresis value, this again indicates that the thermoelectric
refrigeration system 10 is considered to be in a pull down mode of operation, and
the procedure returns to step 204 of Figure 4 to again measure the various

system parameters.
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[0063] As discussed above, overheating of the TEM 22 or the heat exchanger
may cause undesired operation or be dangerous to the TEM 22. As such, both
step 210 in Figure 4 and step 302 in Figure 5 check for such an overheating
condition. While Figures 4 and 5 attempt to reduce the temperature of the TEM
22 by reducing the power and powering off the TEM 22, this may be undesirable
or inefficient in some situations. As such, Figure 6 illustrates a method for
operating a TEM 22 to decrease the temperature of the hot side of the TEM 22
according to some embodiments of the present disclosure.

[0064] The controller 16 first provides a first amount of power to a TEM 22
(step 400). The controller 16 then determines if the temperature of the hot side
of the TEM 22 is above a first threshold (step 402). As discussed previously, in
some embodiments, the first threshold indicates that the hot side of the TEM 22
is saturated and cannot accept any additional heat. Also, the first threshold
might indicate that the TEM 22 may be damaged by being operated at
temperatures above the first threshold. If the temperature is not above the first
threshold, the controller 16 continues to provide the first amount of power or
operate according to any other control scheme that does not include overheating.
If the temperature of the hot side of the TEM 22 is above the first threshold, the
controller 16 provides a second amount of power to the TEM 22 that is less than
the first amount of power (step 404). In some embodiments, this reduced power
allows the temperature of the hot side of the TEM 22 to decrease while still
operating the TEM 22.

[0065] In some embodiments, the controller 16 then determines if the
temperature of the hot side of the TEM 22 is below a second threshold (step
406). This indicates that the TEM 22 has cooled down sufficiently and is no
longer saturated. In some embodiments, the controller 16 will then provide a
third amount of power to the TEM 22 which may be equal to the first amount of
power but is not necessarily equal. Figure 6 illustrates an embodiment where the
procedure returns to step 400 and provides the first amount of power again. By
increasing the power provided to the TEM 22, additional heat is able to be

transferred.
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[0066] In some embodiments, the first amount of power provided to the TEM
22 is at or near a maximum amount of power for the TEM 22. This is likely the
case in a pull down mode of operation when the thermoelectric refrigeration
system 10 is trying to remove heat as quickly as possible in order to reach the
set point temperature. In some embodiments, the first amount of power provided
to the TEM 22 is at or near the point where the COP of the TEM 22 is maximized.
This is likely the case in a steady state mode of operation when the
thermoelectric refrigeration system 10 is trying to remove the heat most
efficiently.

[0067] In some embodiments, the second amount of power provided to the
TEM 22 is at or near the point where the COP of the TEM 22 is maximized. In
some embodiments, the second amount of power provided to the TEM 22 is at
least an amount of power such that a temperature of the cooling chamber 12
does not increase. As discussed previously, in some embodiments, this
mitigates heat rejection limitations of the TEM 22, especially when the hot side of
the TEM 22 is passively cooled.

[0068] Figure 7 illustrates one possible implementation of the method of
Figure 6 according to some embodiments of the present disclosure. Figure 7
includes three lines. The top plots the temperature of the reject side (hot side) of
the TEM 22. The bottom line plots the temperature of the cold side of the TEM
22. The middle line plots the power provided to the TEM 22 as the voltage
applied to the TEM 22. At the beginning of the plot, the temperatures of the hot
side and the cold side of the TEM 22 are similar. This may indicate that the
thermoelectric refrigeration system 10 has just been powered on or that it is in
pull down mode for some other reason such as being left open long enough.
[0069] At the beginning, the controller 16 provides a first voltage to the TEM
22. In this example, the temperature of the hot side of the TEM 22 increases
while the temperature of the cold side of the TEM 22 decreases. In this example,
the first threshold for the temperature of the hot side of the TEM 22 is 50 °C.
When the controller 16 determines that the temperature of the hot side of the
TEM 22 has reached 50 °C, the controller 16 reduces the power and provides a
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second amount of power to the TEM 22 that is less than the first amount.
Because of this, less heat is being pumped to the hot side of the TEM 22 and it
starts to cool down. Also, the temperature of the cold side of the TEM 22 has
slowed its decrease or may be even rising slightly. This amount of power is
provided to the TEM 22 until the controller 16 has determined that the hot side of
the TEM 22 has cooled down enough.

[0070] When the controller 16 determines that the temperature of the hot side
of the TEM 22 is below a second threshold, the controller 16 again provides the
first amount of power to the TEM 22. This again causes the hot side of the TEM
22 to become overheated, but the cold side of the TEM 22 is now colder than it
was when the hot side of the TEM 22 was last saturated. The controller 16 can
continue this action of going between the two amounts of power to provide a
quick pull down of the temperature of the cooling chamber 12 while mitigating
heat rejection limitations of the TEM 22. This can be especially helpful when the
hot side of the TEM 22 is passively cooled. While this example only shows two
different amounts of power, the methods are not limited thereto. In some
embodiments, either the larger amount of power or the smaller amount of power
could be at or near the point where the COP of the TEM 22 is maximized, and
this value may be recalculated each time based on the system parameters.
[0071] In other words, if this is a thermosyphon-based system, the cold side
temperature is tied to an insulated chamber (e.g., cooling chamber 12). Atthe
point where heat dissipation on the hot side has saturated and the further
decrease of the cold side temperature is stalled, power to the TEM 22 is folded
back to a level that will mitigate any elevation of the cold side temperature but
allow the hot side temperature to decrease. This exploits the insulation of the
cold side and its improved thermal stability over the hot side. Power is held
reduced until the hot side temperature has lowered to a point that can allow for
more heat rejection. When this point is reached, the TEM 22 power is increased,
and the hot side or heat dissipation increases once again towards saturation.
However, during this time, the cold side temperature will decrease since the hot
side temperature is starting at a lower point. This cycling of power and
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temperature can be repeated many times to create a very slight pumping effect
to augment natural convection around the hot side, allowing more overall heat to
dissipate and allowing the cold side to reduce to its set point temperature.

[0072] Figure 8 is a diagram of a controller 16 for operating a TEM 22
including a power determining module 32, a power providing module 34, and a
system parameter determining module 36 according to some embodiments of the
present disclosure. The power determining module 32, the power providing
module 34, and the system parameter determining module 36 are each
implemented in software that, when executed by a processor of the controller 16,
causes the controller 16 to operate according to one of the embodiments
described herein.

[0073] Figure 9 is another diagram of a controller 16 for operating a TEM 22
including a power providing module 38 and a temperature determining module 40
according to some embodiments of the present disclosure. The power providing
module 38 and the temperature determining module 40 are each implemented in
software that, when executed by a processor of the controller 16, causes the
controller 16 to operate according to one of the embodiments described herein.
[0074] Those skilled in the art will recognize improvements and modifications
to the preferred embodiments of the present disclosure. All such improvements
and modifications are considered within the scope of the concepts disclosed
herein and the claims that follow.
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Claims
What is claimed is:
1. A method of operating a thermoelectric module, comprising:

determining (100) a first amount of power that would maximize a
coefficient of performance of the thermoelectric module based on one or more
system parameters;

providing (102) the first amount of power to the thermoelectric module;

determining (104) that at least one of the one or more system parameters
has changed;

determining (106) a second amount of power that would maximize the
coefficient of performance of the thermoelectric module based on the one or
more system parameters; and

providing (108) the second amount of power to the thermoelectric module.

2. The method of claim 1 wherein providing the first amount of power to the
thermoelectric module comprises providing a first amount of current to the
thermoelectric module and providing the second amount of power to the
thermoelectric module comprises providing a second amount of current to the
thermoelectric module.

3. The method of any of claim 1 wherein providing the first amount of power
to the thermoelectric module comprises providing a first amount of voltage to the
thermoelectric module and providing the second amount of power to the
thermoelectric module comprises providing a second amount of voltage to the
thermoelectric module.

4. The method of any of claims 1 through 3 wherein:
the thermoelectric module is operative to reduce a temperature of a

cooling chamber; and
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at least one of the group consisting of the first amount of power and the
second amount of power is determined based on at least one of the group
consisting of:
the temperature of the cooling chamber;
a temperature of a hot side of the thermoelectric module;
a temperature of an environment that is external to the cooling
chamber; and
an electric property of the thermoelectric module such as the figure

of merit.

5. The method of claim 4 wherein:

determining the first amount of power comprises determining the
first amount of power that would maximize the coefficient of performance
of the thermoelectric module based on the temperature of the environment
that is external to the cooling chamber;

determining that at least one of the one or more system parameters
has changed comprises determining that the temperature of the
environment that is external to the cooling chamber has changed; and

determining the second amount of power comprises determining
the second amount of power that would maximize the coefficient of
performance of the thermoelectric module based on the temperature of
the environment that is external to the cooling chamber.

6. The method of any of claims 1 through 5 wherein:
determining the first amount of power comprises determining the
first amount of power that would maximize the coefficient of performance
of the thermoelectric module based on the one or more system
parameters using a lookup table; and
determining the second amount of power comprises determining

the second amount of power that would maximize the coefficient of
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performance of the thermoelectric module based on the one or more
system parameters using the lookup table.

7. The method of any of claims 1 through 6 wherein providing the first
amount of power to the thermoelectric module further comprises providing the
first amount of power to one subset of more than one subset of thermoelectric
modules and providing the second amount of power to the thermoelectric module
further comprises providing the second amount of power to the one subset of the

more than one subset of thermoelectric modules.

8. The method of any of claims 1 through 7 further comprising:

determining that a temperature of a hot side of the thermoelectric module
is above a first threshold; and

providing an amount of power to the thermoelectric module that is less
than the amount of power that would maximize the coefficient of performance of

the thermoelectric module based on the one or more system parameters.

9. The method of claim 8 further comprising:

determining that the temperature of the hot side of the thermoelectric
module is below a second threshold; and

providing an amount of power to the thermoelectric module that is the
amount of power that would maximize the coefficient of performance of the

thermoelectric module based on the one or more system parameters.

10. A thermoelectric refrigeration system, comprising:
a cooling chamber;
a heat exchanger comprising:
a cold side heat sink;
a hot side heat sink; and
a thermoelectric module disposed between the cold side heat sink
and the hot side heat sink; and
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a controller configured to:

determine a first amount of power that would maximize a coefficient
of performance of the thermoelectric module based on one or more
system parameters;

provide the first amount of power to the thermoelectric module;

determine that at least one of the one or more system parameters
has changed;

determine a second amount of power that would maximize the
coefficient of performance of the thermoelectric module based on the one
or more system parameters; and

provide the second amount of power to the thermoelectric module.

11. A controller for operating a thermoelectric module adapted to:

determine a first amount of power that would maximize a coefficient of
performance of the thermoelectric module based on one or more system
parameters;

provide the first amount of power to the thermoelectric module;

determine that at least one of the one or more system parameters has
changed,;

determine a second amount of power that would maximize the coefficient
of performance of the thermoelectric module based on the one or more system
parameters; and

provide the second amount of power to the thermoelectric module.

12.  The controller of claim 11 adapted to perform the method of any of claims
1 through 9.

13. A computer program comprising instructions which, when executed on at
least one processor, cause the at least one processor to carry out the method
according to any one of claims 1 through 9.
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14. A carrier containing the computer program of claim 13, wherein the carrier
is one of an electronic signal, an optical signal, a radio signal, or a computer
readable storage medium.

15. A controller for operating a thermoelectric module comprising:

a power determining module operative to determine a first amount of
power that would maximize a coefficient of performance of the thermoelectric
module based on one or more system parameters and determine a second
amount of power that would maximize the coefficient of performance of the
thermoelectric module based on the one or more system parameters;

a power providing module operative to provide the first amount of power to
the thermoelectric module and to provide the second amount of power to the
thermoelectric module; and
a system parameter determining module operative to determine that at least one
of the one or more system parameters has changed.
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