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INPUT POWER CONTROL FOR 
THERMOELECTRIC-BASED 

REFRGERATOR APPARATUSES 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

0001. This application is related to U.S. patent applica 
tion Ser. No. entitled “Thermoelectric-Based Refrig 
erator Apparatuses' filed herewith. 

TECHNICAL FIELD 

0002 The invention relates generally to refrigeration 
devices and, in particular, to micro refrigerators. 

BACKGROUND ART 

0003 Millions of people in the U.S. with diabetes depend 
on a reliable Supply of insulin. Although insulin can be 
readily purchased, and has a reasonable shelf life, it needs to 
be stored under proper conditions. Insulin is a protein that 
can be degraded by exposure to excessive heat or cold. In 
particular, even brief exposure to temperatures below 2°C. 
or above 30° C. can cause unacceptable degradation. In 
general, it is recommended that insulin be stored in a 
refrigerator for extended storage, but room temperature 
storage for periods up to a month is also considered accept 
able, provided that the room temperature does not exceed 
30°C. (86°F). Many insulin users are satisfied with keeping 
a supply in their refrigerator. However, refrigerators occa 
sionally are set at a temperature too low for safe storage of 
insulin, and insulin can accidentally be frozen. In addition, 
insulin users who travel regularly are often faced with 
issues, such as hotel rooms that do not provide refrigerators, 
and long airplane flights. During travel in Such unpredictable 
environments, it is possible that the insulin could be exposed 
to damaging temperatures, even without the knowledge of 
the owner. 
0004. The only devices currently on the market aimed at 
providing portable personal refrigerated insulin storage are 
phase-change devices. These are devices that contain a 
fluid/solid that melts near 10° C.; they are essentially ice 
packs. The fluid might be water, or some water-based fluid. 
Like an ice pack, prior to use, they must be pre-chilled in a 
freezer. The heat of fusion absorbed as the solid melts is used 
to keep it cold for an extended period. 
0005. Several difficulties are encountered with these 
devices. Among these are that temperature control is mar 
ginal; the device starts at freezer temperature (which is too 
low for safe insulin storage) and gradually warms to the 
phase change temperature. The temperature then remains 
fairly constant until all of the phase-change material melts, 
at which time the temperature begins to rise again. If the 
phase-change material is water, the temperature plateau is at 
0° C., which is again too cold for long-term insulin storage. 
Phase-change materials can be found that melt at 10°C., but 
they do not have the high heat of fusion of water, limiting the 
lifetime of the device. Lifetime of the devices is also limited 
if the mass of the phase-change material is to be kept 
reasonable. In addition, there is no reliable indicator of when 
the solid is nearly or completely exhausted. The user only 
knows it is time to recharge the device when it begins to get 
too warm. Finally, the only way to recharge the device is to 
leave it in a freezer for some time; the user is then faced with 
the issues of finding a freezer, and of where to keep the 
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insulin while the storage device is being recharged (since it 
is not safe to leave the insulin in the device while it is in the 
freezer). 
0006. It would be useful to be able to provide a portable 
refrigeration device that helps prevent unacceptable degra 
dation of a Substance stored therein. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0007 FIG. 1 is a perspective view of a refrigerator 
apparatus according to an example embodiment of the 
present invention; 
0008 FIG. 2A is a cross-sectional end view of the refrig 
erator apparatus of FIG. 1, shown with its housing opened to 
provide access to the interior chamber; 
0009 FIG. 2B is a cross-sectional side view of the 
refrigerator apparatus of FIG. 1; 
0010 FIG. 2C is a cross-sectional top view of the refrig 
erator apparatus of FIG. 1; 
0011 FIG. 3 shows an example embodiment of electron 
ics for a refrigerator apparatus, the electronics including a 
single cold side temperature sensor, 
0012 FIG. 4 is a plot of thermoelectric voltage versus 
cold side temperature according to an example operating 
mode where a substantially constant input power is applied 
within a desired temperature range; 
0013 FIG. 5 is a plot of thermoelectric voltage versus 
cold side temperature according to an example operating 
mode where a proportional input power is applied within a 
desired temperature range; 
0014 FIG. 6 is a plot of normalized power versus tem 
perature according to an example operating mode where no 
input power is applied within a desired temperature range; 
0015 FIG. 7 shows an example embodiment of electron 
ics for a refrigerator apparatus, the electronics including 
both cold side and hot side temperature sensors; 
0016 FIG. 8 shows an example embodiment of electron 
ics for a refrigerator apparatus, the electronics including a 
Universal Serial Bus (USB) interface; and 
0017 FIG. 9 shows an example embodiment of electron 
ics for a refrigerator apparatus, the electronics including a 
USB interface and battery charger. 

DISCLOSURE OF INVENTION 

0018. The present invention involves refrigerator appa 
ratuses, for example, portable micro refrigerators for insulin 
or other medicines, drugs and materials that require storage 
in a temperature controlled environment. 
0019. In example embodiments, refrigerator apparatuses 
are controlled according to one or more operating modes. In 
an example operating mode, the measured temperature of a 
Substance stored in the refrigerator apparatus is allowed to 
vary over some or all of the temperature range under which 
the Substance (e.g., insulin) can be safely stored without 
significant degradation. For refrigerator apparatuses that use 
batteries as a power source, this and other operating modes 
described herein increases the lifetime of the battery. 
0020 Referring to FIG. 1, in an example embodiment, a 
refrigerator apparatus 100 includes a housing 102. In this 
example embodiment, the housing 102 includes a top por 
tion 104 and a bottom portion 106. In this example embodi 
ment, a hinge 108 mechanically couples the top portion 104 
and the bottom portion 106, and a latch 110 secures the 
portions of the housing in a closed position as shown. It 
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should be appreciated that other mechanisms can be used to 
secure the top portion 104 and the bottom portion 106 
together. 
0021. In this example embodiment, the top portion 104 
includes a display 112 (e.g., LCD, touch screen), user input 
mechanisms 114 (Such as a numeric keypad, arrow buttons, 
etc.), indicator lights 115 (e.g., LEDs), and a speaker 117. In 
this example embodiment, the refrigerator apparatus 100 
also includes a wireless communications interface 116 (e.g., 
Bluetooth) and a wired communications interface 118 (e.g., 
USB). Other input mechanisms, indicators, communications 
interfaces and/or combinations of these devices can also be 
employed. In this example embodiment, the top portion 104 
and the bottom portion 106 are both provided with access to 
the communications interfaces 116 and 118 (e.g., via a signal 
interface Such as a ribbon cable providing a communications 
link between the top portion 104 and the bottom portion 
106). 
0022. Example embodiments are configured to permit 
programming of the refrigerator apparatus 100. In an 
example embodiment, one or more of the communications 
interfaces 116 and 118 are used to download executable 
program files and/or data (e.g., related to control modes for 
particular Substances and particular environmental or other 
conditions). In an example embodiment, the user input 
mechanisms 114 allow a clinician or other user of the 
refrigerator apparatus 100 to provide data inputs and/or 
navigate a Graphical User Interface (GUI) provided at the 
display 112. In an example embodiment, one or more of the 
display 112, indicator lights 115, and speaker 117 is used to 
provide an indication of a condition (e.g., associated with a 
measured temperature, temperature history, state of battery 
charge, or operational status of a component within the 
refrigerator apparatus 100), or to prompt the user to provide 
a data input (e.g., make a decision regarding selection of an 
operating mode), establish a remote communications link 
(e.g., to download software updates), discard/replace a 
stored Substance that may have become degraded, or to take 
Some other recommended or required action. 
0023 For example, the refrigerator apparatus 100 can be 
configured (programmed) to monitor temperature extremes 
to which a stored Substance has been exposed, and notify the 
user (through the display 112, indicator lights 115 and 
speaker 117, for example) that the substance has been 
exposed to unacceptable temperatures. Also by way of 
example, the refrigerator apparatus 100 can be programmed 
to monitor battery Voltage and provide an indication (e.g., 
activate an alarm) when battery capacity is running low. 
0024. Referring to FIGS. 2A-2C, in an example embodi 
ment, the refrigerator apparatus 100 includes an interior 
chamber 120 which is defined by chamber walls 122 of the 
top portion 104 and the bottom portion 106, respectively. 
The chamber walls 122, as well as the outer walls 123, are 
made of aluminum, for example, or any material(s) with 
good thermal conductivity. In an example embodiment, the 
interior chamber 120 is complementary in shape to a con 
tainer 125 in which a substance is stored. In an example 
embodiment, inner surfaces 124 of the chamber walls 122 
are semi-circular in shape as shown. 
0025. In this example embodiment, the refrigerator appa 
ratus 100 includes insulators 126 (e.g., aerogel insulators) 
and thermoelectric devices 128 adjacent to the chamber 
walls 122 of each housing portion as shown. The insulators 
126 control the heat load on the cold side of the thermo 
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electric devices 128. Each of the housing portions also 
includes electronics 130 (e.g., an electronics module) and 
batteries 132 for providing input power. 
0026. In an example embodiment, a refrigerator appara 
tus includes a housing with an interior chamber, an aerogel 
insulator within the housing, a thermoelectric device that is 
thermally coupled to the interior chamber, and electronics 
configured to generate and apply input power to the ther 
moelectric device. In an example embodiment, the aerogel 
insulator is molded. In an example embodiment, the aerogel 
insulator includes layers of aerogel fabric. In an example 
embodiment, the aerogel insulator is under a vacuum. 
0027. In an example embodiment, the interior chamber 
120 is configured to provide a data input to the electronics 
130 that identifies the substance within the container 125. In 
this example, an ID reader 134 is provided within the 
interior chamber 120. By way of example, the ID reader 134 
is complementary in shape to a base portion of the container 
125. This facilitates proper seating of the container 125 so 
that machine-readable indicia or the like (e.g., a bar code) 
carried on the base portion of the container 125 can be read, 
thereby providing an identification of a substance within the 
container 125. This identification data is in turn provided to 
the electronics 130 which, in example embodiments, are 
configured to automatically select particular operating 
modes or other temperature control schemes that are cus 
tomized to the particular needs of the identified substance. 
0028. In the illustrated example embodiment, the two 
halves (top portion 104 and bottom portion 106) are com 
pletely independent in power Supply and cooling elements, 
providing redundancy. In an example embodiment, the ther 
moelectric devices 128 are controlled by their respective 
electronics 130 to pump heat from the chamber walls (cold 
cell) 122 to the outer walls (case) 123. In an example 
embodiment, the case is made of a good thermal conductor 
(such as aluminum) and is large enough to dissipate the heat 
without noticeable temperature rise. In the illustrated 
example embodiment, power is Supplied to each of the two 
halves (top portion 104 and bottom portion 106) by two pairs 
of batteries 132 (e.g., AA batteries). The batteries 132 can 
be, but are not required to be, rechargeable batteries. In an 
example embodiment, the electronics 130 controls the 
power to maintain the desired temperature on the cold side. 
0029. In an example embodiment, a refrigerator appara 
tus includes a housing with an interior chamber, thermo 
electric devices that are thermally coupled to the interior 
chamber, and dual redundant electronics configured to gen 
erate and apply input power to the thermoelectric devices. In 
an example embodiment, the dual redundant electronics are 
configured to maintain for each of the thermoelectric devices 
a functional relationship between the input power and a 
temperature measurement. In an example embodiment, the 
dual redundant electronics include dual microcontrollers 
each configured for direct connection to a battery without 
the use of a Voltage regulator. 
0030 FIG. 3 shows an example embodiment of electron 
ics 300 for a refrigerator apparatus. In this example embodi 
ment, the electronics 300 include a battery pack 302, micro 
controller 304, power converter 306, thermoelectric 308, 
thermistor 310, power source 320, power distribution and 
conditioning circuit 322, battery charger 324, and commu 
nications interface 330 configured as shown. Switch SW is 
a single pole, double throw Switch that connects the circuitry 
to either the battery pack 302 or the output of the power 
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distribution and conditioning circuit 322. The microcontrol 
ler 304 monitors a temperature sensor, the thermisor Rt in 
this example embodiment, and calculates an appropriate 
operating voltage for the thermoelectric 308. In this example 
embodiment, an analog Voltage is generated using 4 digital 
outputs (DO 0 through DO3) and a resistor divider network 
(R1 through R5). Other techniques such as low-pass filtering 
of a high-frequency pulse-width modulated digital output 
can be used to provide an analog output voltage using fewer 
output ports and components, or direct digital output can be 
used with a power converter designed for digital inputs. In 
this example embodiment, the power converter 306 is an 
analog power converter which acts as an impedance-match 
ing amplifier to drive the thermoelectric cooler. Microcon 
trollers have high-impedance digital outputs while thermo 
electric coolers tend to be low-impedance devices. The 
power converter 306 provides unity gain or some other fixed 
gain as required. 
0031. In an example embodiment, the thermistor 310 is 
part of a resistor divider with R6. When the DO 4 digital 
output is driven high, current flows through the thermistor 
and R6. The voltage of the thermistor-R6 junction, read by 
analog input 0 (Ain 0) is a function of temperature. With 
appropriate choice of R6, the analog input Voltage will be 
proportional to temperature. Use of a digital output to 
activate the thermistor circuit allows reduced energy con 
Sumption since temperature measurements are not required 
continuously. The thermal time constants are typically 
longer than a few seconds and the temperature can be 
measured by the microcontroller 304 within a tenth of a 
second. 

0032. In an example embodiment, the electronics 300 
include a single cold side temperature sensor (the thermistor 
310). It should be appreciated, however, that temperature 
sensors other than thermistors can also be used. 

0033. An additional energy conservation approach is the 
direct connection of microcontrollers to batteries without the 
use of a Voltage regulator. By way of example, a pair of 
1.5-V alkaline batteries, connected in series, produces an 
output voltage between 0 and 3.0 Volts, depending on the 
state of discharge for the batteries. The output voltage for a 
pair of batteries that have been drained by 90% over the 
course of at least an hour is about 2.0 Volts. Current 
generation microcontrollers are capable of operating over a 
1.7-to-5 Volt Supply range, and are thus capable of operating 
directly on batteries down to ~10% of their remaining 
capacity. Use of a Voltage regulator to power the microcon 
troller would suffer from a 10-to-20% energy loss due to 
conversion inefficiency, thus decreasing available battery 
lifetime. 

0034. In an example embodiment, the microcontroller 
304 and thermistor 310 are powered directly by batteries and 
can operate over a 1.7-to-5V Voltage range while maintain 
ing temperature measurement accuracy. This simplifies the 
circuitry by eliminating a second power converter that 
would normally be used to provide a stable Supply Voltage 
for the microcontroller. It also extends battery life by elimi 
nating power conversion losses from this second converter. 
0035. In an example embodiment, a refrigerator appara 
tus includes a housing with an interior chamber, a thermo 
electric device that is thermally coupled to the interior 
chamber, and electronics configured to generate and apply 
input power to the thermoelectric device, the electronics 
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including a microcontroller configured for direct connection 
to a battery without the use of a Voltage regulator. 
0036. In an example embodiment, the electronics 300 
allow a refrigerator apparatus to operate on external power, 
power source 320, such as a wall outlet, or through such 
Sources as cigarette lighters or aircraft power sources. In an 
example embodiment, the power source 320 is a solar cell. 
By way of example, a Solar cell powered embodiment using 
body-mounted cells and rechargeable batteries accommo 
dates long-term operation away from civilization, e.g., 
camping or ground shipping of medicines. In an example 
embodiment, the solar power is monitored and divided 
between cooling and battery charging as needed. In the 
example embodiment shown in FIG. 3, the power distribu 
tion and conditioning circuit 322 monitors power output by 
the power source 320 and distributes power between the 
temperature control circuitry (the microcontroller 304 and 
the power converter 306) and the battery charger 324. 
0037. In an example embodiment, the refrigerator appa 
ratus can be recharged by exchanging batteries, which takes 
only seconds. Alternatively, the refrigerator apparatus can be 
recharged in any wall outlet or other convenient power 
Source. Such as a cigarette lighter in a car. At the same time, 
the refrigerator apparatus continues to function as a con 
trolled refrigerator while being recharged. In either case, 
whether powered by disposable or rechargeable batteries, 
the Substance (e.g., insulin) can be left in the refrigerator 
apparatus at all times. 
0038. The microcontroller 304 can be programmed to 
implement additional power conservation features such as 
transitioning the microcontroller 304 to a sleep state or sleep 
mode, and turning off the temperature measurement circuit 
when not needed. 
0039. In an example embodiment, one or more input/ 
output (I/O) pins of the microcontroller 304 are connected to 
the communications interface 330, which can include one or 
more wireless or wired communications mechanisms. In an 
example embodiment, the microcontroller 304 also includes 
I/O connections from the ID reader 134 (denoted “ID 
READER) and to an indicator device, e.g., the display 112, 
indicator lights 115, and/or speaker 117 (denoted "INDICA 
TOR DEVICE). 
0040. In an example embodiment, the microcontroller 
304 includes a memory device for storing executable and 
other program files, as well as data files (e.g., Substance 
specific temperature control profiles, monitored tempera 
tures and Voltages), and user inputs and preferences. Alter 
nately, the memory device is separate from the 
microcontroller 304, e.g., as part of the electronics 300 
and/or remotely located and accessed via the communica 
tions link 330. Distributed processing configurations can 
also be employed. 
0041. In an example embodiment, the microcontroller 
304 is programmable and is configured (programmed) to 
monitor the temperature of a Substance stored in the refrig 
erator apparatus and to control the power applied to the 
thermoelectric device. The microcontroller 304 can be pro 
grammed via the communications interface 330. Addition 
ally, in this example embodiment, user inputs to the micro 
controller 304 are provided using one or more of the display 
112 (e.g., a touch screen) and the user input mechanisms 
114. 
0042. In an example embodiment, a refrigerator appara 
tus includes a housing with an interior chamber, a thermo 
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electric device that is thermally coupled to the interior 
chamber, a temperature sensing device that is thermally 
coupled to the interior chamber, the temperature sensing 
device providing a temperature measurement, an indicator 
device (e.g., a display, light, and/or speaker), and electronics 
configured to generate and apply input power to the ther 
moelectric device. The electronics are configured to monitor 
the temperature measurement, compare the temperature 
measurement to a range of acceptable temperatures for a 
substance stored within the interior chamber, and to control 
the indicator device to provide an indication of exposure to 
an unacceptable temperature when the temperature measure 
ment is outside the range of acceptable temperatures. 
0043. In an example embodiment, the electronics are 
configured to track the temperature measurement over time. 
In an example embodiment, the electronics are configured to 
provide the indication when the temperature measurement 
has been outside the range of acceptable temperatures for an 
unacceptable amount of time for the Substance. For example, 
as a safety feature, in any operating mode, the refrigerator 
apparatus can be programmed to monitor the temperature 
extremes of the stored Substance, and provide a notice, 
alarm, indication, or the like (through the display 112, 
indicator lights 115, and/or speaker 117, for example) that 
the Substance has been exposed to unacceptable tempera 
tures. In an example embodiment, the electronics are con 
figured to apply the input power depending upon an 
expected lifetime of the substance. 
0044 FIG. 4 is a plot of thermoelectric Voltage versus 
cold side temperature according to an example operating 
mode where a Substantially constant input power (denoted 
“PLATEAU) is applied within a desired temperature range. 
In this range, the thermoelectric Voltage applied (in this 
example, 0.5V) matches the thermal heat load to the cold 
side. In this example operating mode, at colder tempera 
tures, the thermoelectric Voltage is proportionally reduced as 
shown (denoted “WARMING”) to allow normal thermal 
heat loads to warm the cold side. If the cold side temperature 
approaches a dangerously cold condition Such as freezing 
for a substance that should not be frozen, the thermoelectric 
Voltage can go negative, thus pumping heat from the outside 
into the interior. At higher temperatures, thermoelectric 
cooling is proportionally increased as shown (denoted 
“REDUCED COOLING”) to drop temperatures into the 
desired range. At still higher temperatures, the maximum 
thermoelectric voltage (denoted “MAXIMUM COOLING') 
is reached. In some instances, this limit is either imposed by 
battery voltage or by the electronics. In other example 
embodiments, power is applied to either cool or heat even 
when the cold side temperature is within the desired tem 
perature range, e.g., a non-Zero thermoelectric Voltage is 
applied in the PLATEAU region. For example, an external 
temperature measurement or other input can be processed to 
determine an adjustment (e.g., offset and/or gain) in the 
thermoelectric voltage or other modification to the thermo 
electric Voltage profile for that particular operating mode. 
0045. The proportional temperature control schemes 
described herein can provide increased efficiency and longer 
battery life than simple on/off cycling of the thermoelectric. 
This is due to the nonlinear cooling efficiency of a given 
thermoelectric as a function of input power. The propor 
tional control approach also minimizes thermal cycling 
within the thermoelectric cooler that can lead to premature 
failure. 
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0046. Thermoelectric devices are solid-state heat pumps. 
They take advantage of the Peltier effect, in which heat is 
either evolved or absorbed at the junction of two dissimilar 
electrical conductors when an electric current flows through 
the junction. In a Peltier cooler, the rate of heat absorption 
is linearly proportional to the electric current and the dif 
ference between the Peltier coefficients of the two conduc 
tors. Thus, increasing the current increases the rate of heat 
pumping. The current cannot be increased without penalty, 
however, because the conductors used to form the Peltier 
junction also have an electrical resistance, and the current 
flow through the conductors will generate resistive heating. 
This heating is proportional to the square of the electric 
current. At high currents, therefore, the resistive heating will 
overwhelm the Peltier cooling and the device will cease to 
function as a refrigerator. 
0047. A consequence of the linear relation between cur 
rent and Peltier cooling and the quadratic relation between 
current and resistive heating is that it is preferable to operate 
a Peltier cooler with a proportional power control. Normal 
refrigerators, operating on a fluid-dynamic cycle, typically 
operate with a thermostatically-controlled on-off cycle: 
when the thermostat detects that the cold Zone is warmer 
than a set point, full power is applied to the cooling unit. 
When the temperature falls below the set point, the cooling 
unit is turned off. If the same control scheme is applied to a 
thermoelectric device, there will be significant inefficiencies 
in the system. For example, if the average duty cycle of the 
cooling element is 50%, the current flow during the time that 
power is on is twice what it would need to be to deliver the 
same amount of cooling in a continuous manner. Doubling 
the current will quadruple the resistive heating. The 50% 
duty cycle will reduce this by a factor of two, so the net 
increase in resistive heating relative to the steady-state case 
will be a factor of two. Similarly, if the duty cycle is only 
10%, the resistive heating is ten times higher than it would 
have been in the steady state case. Thus, the most efficient 
way to operate the cooling elements is with a proportional 
power control system where the power applied to the 
cooling elements is just enough to maintain the temperature 
at the set point. 
0048 FIG. 5 is a plot of thermoelectric voltage versus 
cold side temperature according to an example operating 
mode where a proportional input power (denoted “SLOPE) 
is applied within a desired temperature range. In this 
example, the functional relationship between the thermo 
electric Voltage and the cold side temperature proportionally 
changes as shown but remains linear within the desired 
temperature range. In other embodiments, the functional 
relationship between the thermoelectric Voltage and a mea 
Sured temperature can include proportional relationship(s) 
and/or non-proportional relationship(s). In other embodi 
ments, the functional relationship is between input power 
and a measured temperature (or a temperature differential). 
In still other embodiments, the functional relationship can 
include discontinuities (i.e., steps) in the thermoelectric 
Voltage (or applied power). 
0049. In other embodiments, the microcontroller 304 is 
programmed to receive user inputs that may override appli 
cation of power according to a particular operating mode. 
For example, the boundaries of a desired temperature range 
can be changed. In other embodiments, only authorized 
users (such as clinicians) can provide Such overriding inputs. 
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0050 FIG. 6 is a plot of normalized power versus tem 
perature according to an example operating mode where no 
input power is applied within a desired temperature range. 
This operating mode provides an extended range of condi 
tions (in this example, from 5° C. to 20°C.) under which no 
power is applied. The applied power for any operating mode 
described herein can be a function of a measured tempera 
ture, measured temperatures, a temperature differential, bat 
tery voltage, user inputs, and/or other measurements, inputs, 
data, etc. 
0051. As noted previously, the function does not need to 
be linear. In an example embodiment, a curve with more 
gentle transitions between regions is provided. When the 
temperature is in the acceptable range and is stable, there is 
no need to apply power. As the temperature goes outside this 
range, the power is gradually increased (either heating or 
cooling) to attempt to keep the measured temperature in the 
correct range. In an example embodiment, maximum power 
is applied only if the temperature goes beyond a limit where 
the stored substance is subject to (rapid) degradation. 
0052. In an example embodiment, a refrigerator appara 
tus includes a housing with an interior chamber, a thermo 
electric device that is thermally coupled to the interior 
chamber, a temperature sensing device that is thermally 
coupled to the interior chamber, the temperature sensing 
device providing a temperature measurement, and electron 
ics configured to generate and apply input power to the 
thermoelectric device, and to adjust the input power main 
taining a functional relationship between the input power 
and the temperature measurement. In an example embodi 
ment, the functional relationship includes a proportional 
relationship between the input power and the temperature 
measurement. In an example embodiment, the input power 
is adjusted to maintain the functional relationship when the 
temperature measurement falls outside a range of acceptable 
temperatures for a substance stored within the interior 
chamber. In an example embodiment, the input power is 
adjusted to maintain the functional relationship when the 
temperature measurement falls inside a range of acceptable 
temperatures for a substance stored within the interior 
chamber. In an example embodiment, the input power is 
held Substantially constant when the temperature measure 
ment falls inside a range of acceptable temperatures for a 
substance stored within the interior chamber. In an example 
embodiment, no input power is applied when the tempera 
ture measurement falls inside a range of acceptable tem 
peratures for a substance stored within the interior chamber. 
In an example embodiment, the electronics are configured to 
apply the input power to cause the thermoelectric device to 
heat the interior chamber only when the temperature mea 
Surement indicates a dangerously cold condition for a Sub 
stance stored in the interior chamber. In an example embodi 
ment, the electronics are configured to apply the input power 
to cause the thermoelectric device to cool the interior 
chamber at a maximum available cooling rate of the ther 
moelectric device only when the temperature measurement 
indicates a dangerously hot condition for a Substance stored 
in the interior chamber. In an example embodiment, the 
temperature sensing device is a thermistor circuit, and the 
electronics include a microcontroller that provides a digital 
output to activate the thermistor circuit. 
0053 An operating mode can be custom tailored to a 
particular Substance, insulin for example. Since insulin can 
be safely stored for extended periods at temperatures up to 
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30° C., in an example embodiment, a safety backup oper 
ating mode is employed. In normal use, the refrigerator 
apparatus continuously monitors the temperature of the 
insulin bottle. When the refrigerator apparatus is in an 
environment where the temperature is below 30° C., no 
power is applied to cooling the insulin. When the tempera 
ture of the environment rises above 30°C., the power control 
circuit senses the temperature and applies power to the 
thermoelectrics to maintain the temperature below 30° C. 
Since people rarely spend extended periods in environments 
with temperatures above 30°C., the long-term drain on the 
batteries is limited. For people who prefer to store their 
insulin at lower temperatures, the temperature setting of the 
refrigerator apparatus can be adjusted to any desired value. 
0054. In another example operating mode, the insulin is 
stored in the refrigerator apparatus which is, in turn, stored 
in a cold environment Such as inside a standard refrigerator. 
If the refrigerator setting is too low, the refrigerator appa 
ratus, being thermoelectric, can operate in reverse as a 
heater, ensuring that the insulin bottle is not exposed to 
unacceptably low temperatures. 
0055. In another example operating mode, the refrigera 
tor apparatus monitors insulin temperature, external tem 
peratures, and battery voltage and determines an optimum 
strategy to maximize insulin lifetime (e.g., keep as cool as 
possible as long as the temperature is above 2°C.) for a fixed 
operational time (e.g., 24 hours) based on an initial battery 
capacity (e.g., 2-AA alkaline cells). This mode accommo 
dates users who are uncomfortable with room-temperature 
insulin. 
0056. Additionally, refrigerator apparatuses described 
herein can be operated in a long-term, wall-powered mode 
with any desired temperature setting. 
0057. In an example embodiment, a refrigerator appara 
tus includes a housing with an interior chamber, a thermo 
electric device that is thermally coupled to the interior 
chamber, and a temperature sensing device that is thermally 
coupled to the interior chamber, the temperature sensing 
device providing a temperature measurement, and electron 
ics configured to receive power from a battery and to 
generate and apply input power to the thermoelectric device, 
and to adjust the input power according to an operating 
mode selected by the electronics depending upon the tem 
perature measurement and a Voltage measurement at an 
output of the battery. In an example embodiment, the oper 
ating mode is selected by the electronics to be a normal 
operating mode when the Voltage measurement indicates a 
Sufficiently high battery output Voltage, and a low energy 
reserve operating mode otherwise. In an example embodi 
ment, the electronics, when adjusting the input power in the 
low energy reserve operating mode, prevent the thermoelec 
tric device from operating at the maximum heating or 
cooling rates of the thermoelectric device. In an example 
embodiment, the operating mode includes a functional rela 
tionship between the input power and the temperature mea 
Surement. For example, the functional relationship includes 
a proportional relationship between the input power and the 
temperature measurement. For example, the input power is 
adjusted to maintain the functional relationship when the 
temperature measurement falls outside a range of acceptable 
temperatures for a substance stored within the interior 
chamber. For example, the input power is adjusted to 
maintain the functional relationship when the temperature 
measurement falls inside a range of acceptable temperatures 
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for a substance stored within the interior chamber. In an 
example embodiment, the input power is held Substantially 
constant when the temperature measurement falls inside a 
range of acceptable temperatures for a substance stored 
within the interior chamber. In an example embodiment, the 
electronics are configured to apply the input power to cause 
the thermoelectric device to heat the interior chamber only 
when the temperature measurement indicates a dangerously 
cold condition for a substance stored in the interior chamber. 
In an example embodiment, the electronics are configured to 
apply the input power to cause the thermoelectric device to 
cool the interior chamber at a maximum available cooling 
rate of the thermoelectric device only when the temperature 
measurement indicates a dangerously hot condition for a 
substance stored in the interior chamber. 
0058 When operating on battery power alone, the oper 
ating mode is often directed toward maximizing battery 
lifetime. This is governed by the total energy available in the 
batteries, the efficiency of the power control system, the 
efficiency of the thermoelectric modules, and the heat load 
on the cold side. Both of the later two are functions of the 
hot side temperature, which is typically somewhere between 
room temperature and 40°C. In an example operating mode, 
whenever the room temperature is below 30° C., the only 
power requirement is for the temperature monitoring func 
tion, which can be kept very low. When temperatures go 
above 30°C., the thermoelectrics cut in, drawing significant 
battery power. The efficiency of thermoelectric modules is a 
strong function of the temperature difference across the 
module. However, with temperature differences smaller than 
10°C., the efficiency is very good. The heat load on the cold 
side can be controlled with insulation. 
0059 Since the refrigerator apparatus can encounter a 
variety of environments, the power required to maintain a 
stable cold-Zone temperature may vary. Various refrigerator 
apparatus embodiments provide for power control that is a 
function of both internal and external temperatures. 
0060 FIG. 7 shows an example embodiment of electron 
ics 700 for a refrigerator apparatus, the electronics including 
both cold side and hot side temperature sensors. The elec 
tronics 700 are the same as the electronics 300, except as 
described differently below. In this example embodiment, 
the electronics 700 include a thermistor 312 which monitors 
the hot side of the thermoelectric 308. In an alternative 
embodiment, the thermistor 312 (or other temperature sens 
ing device) is positioned to measure an external temperature. 
In this example embodiment, the microcontroller 304 moni 
tors two temperature sensors (Rt1 and Rt2 thermistors, in 
this example embodiment) and the voltage produced by the 
battery pack 302. In this example embodiment, temperature 
sensor Rt1 is thermally connected to the cold side of the 
thermoelectric element while temperature sensor Rt2 is 
thermally connected to the hot side. In an example embodi 
ment, the microcontroller 304 measures both temperatures, 
estimates the energy left in the battery pack 302 by mea 
Suring its output Voltage, and calculates an appropriate 
driving voltage for the thermoelectric 308. 
0061. In an example embodiment, a refrigerator appara 
tus includes a housing with an interior chamber, a thermo 
electric device that is thermally coupled to the interior 
chamber, temperature sensing devices that provide tempera 
ture measurements, and electronics configured to generate 
and apply input power to the thermoelectric device, and to 
adjust the input power depending upon the temperature 
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measurements. In an example embodiment, the temperature 
sensing devices include a first temperature sensing device in 
thermal contact with one end of the thermoelectric device 
and a second temperature sensing device in thermal contact 
with an opposite end of the thermoelectric device. In an 
example embodiment, the temperature sensing devices 
include a first temperature sensing device in thermal contact 
with the interior chamber and a second temperature sensing 
device in thermal contact with an exterior portion of the 
housing. In an example embodiment, the electronics are 
configured to estimate a rate of heat transfer based on the 
temperature measurements. In an example embodiment, the 
temperature measurements include an interior chamber tem 
perature measurement, and the input power is adjusted to 
maintain a functional relationship when the interior chamber 
temperature measurement falls outside a range of acceptable 
temperatures for a substance stored within the interior 
chamber. In an example embodiment, the temperature mea 
Surements include an interior chamber temperature measure 
ment, and the input power is adjusted to maintain a func 
tional relationship when the interior chamber temperature 
measurement falls inside a range of acceptable temperatures 
for a substance stored within the interior chamber. In an 
example embodiment, the temperature measurements 
include an interior chamber temperature measurement, and 
the input power is held substantially constant when the 
interior chamber temperature measurement falls inside a 
range of acceptable temperatures for a Substance stored 
within the interior chamber. In an example embodiment, the 
temperature measurements include an interior chamber tem 
perature measurement, and the electronics are configured to 
apply the input power to cause the thermoelectric device to 
heat the interior chamber only when the interior chamber 
temperature measurement indicates a dangerously cold con 
dition for a substance stored in the interior chamber. In an 
example embodiment, the temperature measurements 
include an interior chamber temperature measurement, and 
the electronics are configured to apply the input power to 
cause the thermoelectric device to cool the interior chamber 
at a maximum available cooling rate of the thermoelectric 
device only when the interior chamber temperature mea 
Surement indicates a dangerously hot condition for a Sub 
stance stored in the interior chamber. 
0062. In example embodiments, multiple different oper 
ating modes are available and are selected (automatically, or 
otherwise) to accommodate normal operating conditions or 
low energy reserve operating conditions. 

Normal Operating Modes: 

0063 Example embodiments utilize a database of tem 
perature ranges and/or other control parameters (as concep 
tually illustrated in Table 1 below). In an example embodi 
ment, a set of temperature ranges is associated with each 
different Substance (drug, hormone, tissue, etc.) If the cold 
side temperature rises to “Dangerously Warm levels where 
the cooled item begins to thermally degrade, the controller 
will Supply maximum cooling until the temperature drops 
into the "warm' range where thermal degradation is mini 
mal. Conversely, if the cold side temperature drops down to 
“Dangerously Cold levels where freezing could destroy the 
item, the cooler will be operated as a heat pump that pumps 
heat from the outside to the interior chamber to bring the 
temperature into the “cold range. Operation as a heat pump 
requires reversing the polarity of the Voltage applied to the 
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thermoelectric cooler. This can be accomplished using tran 
sistor Switches, electromechanical relays, or through the use 
of a selectable second power converter with opposite output 
polarity. 

TABLE 1. 

Example of Normal Operating Modes 

Danger- Danger 
ously ously 

Category Cold Cold Desired Warm Warm 

Condition: Potential Cooler than Optimum Warmer Potential 
freezing desired than degrada 

desired tion 
Example <32° F. >32°F. and >45 F. 550 F. >65°F. 
Range: 45° F. and and 

550 F. 65°F. 
Action: Heating No cooling No net Moderate Maximum 

cooling cooling cooling 

0064. Example embodiments are directed toward main 
taining the cooled item in the “Desired temperature range 
while consuming minimum power. Under normal operating 
conditions, this is accomplished by providing moderate 
cooling when the item is in the “Warm condition and no 
cooling in the “Cold condition. The term “Moderate Cool 
ing refers to a cooling rate that changes the internal cold 
side temperature by less than ~10 degrees per hour. This 
results in thermal time constants of hours rather than min 
utes for moving from the “Warm” or “Cold” condition to 
“Desired. While higher levels of active cooling or heating 
could be used to quickly drive the temperature towards 
“Desired, it has been observed that this is less efficient than 
moderate levels of active cooling or heating. Use of long 
time constants effectively extends battery lifetime. The term 
“No net cooling' means the active heat transfer rate out of 
the cold side produced by the thermoelectric cooler matches 
the estimated heat transfer rate into the cold side by thermal 
conduction from the outside world. The term “No cooling 
refers to the thermoelectric cooler being off. 
0065. In an example embodiment, the microcontroller 

first estimates the rate of heat transfer into the cold chamber 
based on the cold side temperature and the hot side tem 
perature. The heat transfer rate is proportional to the tem 
perature difference. The proportionality constant is deter 
mined by the physical geometry of the system and the 
materials used. The microcontroller then calculates a 
required thermoelectric Voltage based on the estimated heat 
input and the cooling/voltage characteristic for the thermo 
electric cooler with the measured hot side/cold side tem 
perature difference. If the current temperature is in the 
“Optimum range, the microcontroller will output this volt 
age to produce Zero net cooling. The thermoelectric cooling 
rate will balance the heat inflow rate. If the current tem 
perature is in the “Warm range, the microcontroller will 
output a slightly higher Voltage to produce slight excess 
cooling with a slow drop in temperature over time. If the 
current temperature is in the “Cold' range, the output 
voltage is 0; the thermoelectric cooler is turned off. 

Low Energy Reserve Modes: 

0066 Use of a microcontroller with a battery voltage 
monitor allows initiation of emergency ultra-low power 
modes when the battery capacity has been sufficiently 
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exhausted. Battery Voltage typically drops as the battery 
capacity is used up, thus allowing battery Voltage to serve as 
a monitor of remaining battery energy. A low-power indi 
cator Such as a lightbulb, light emitting diode, liquid crystal 
display, audio or wireless alarm can be activated to alert the 
user that the batteries are nearing the end of their operating 
life and should be changed or recharged. If the low battery 
warning is ignored and the battery Voltage drops further, the 
controller can shift emphasis from maintaining Zero degra 
dation to minimizing thermal degradation as conceptually 
illustrated in Table 2 below. Under low energy reserve 
conditions, maximum heating or cooling rates are not used. 
Moderate heating/cooling rates are used to conserve power 
in the “Dangerously Cold/Warm temperature ranges, and 
no net cooling is used in both the “Desired' and "Warm 
temperature ranges. With further degradation in battery 
energy reserves, the controller will generate either no net 
cooling or Zero cooling until the battery is exhausted. 

TABLE 2 

Example of Energency Ultra-low-power Operating Modes 

Danger- Danger 
ously ously 

Category Cold Cold Desired Warm Warm 

Condition: Potential Cooler than Optimum Warmer Potential 
freezing desired than degrada 

desired tion 
Example <32° F. >32°F. and >45 F. and >55° F 65°F. 
Range: 45° F. 550 F. and 

65°F. 
Action: Moderate No cooling No net No net Moderate 

Heating cooling cooling or no net 
cooling 

0067. In an example embodiment, a refrigerator appara 
tus includes a housing with an interior chamber, a thermo 
electric device that is thermally coupled to the interior 
chamber, temperature sensing devices that provide tempera 
ture measurements, and electronics configured to receive 
power from a battery and to generate and apply input power 
to the thermoelectric device, and to adjust the input power 
according to an operating mode selected by the electronics 
depending upon the temperature measurements and a volt 
age measurement at an output of the battery. In an example 
embodiment, the temperature sensing devices include a first 
temperature sensing device in thermal contact with one end 
of the thermoelectric device and a second temperature 
sensing device in thermal contact with an opposite end of the 
thermoelectric device. In an example embodiment, the tem 
perature sensing devices include a first temperature sensing 
device in thermal contact with the interior chamber and a 
second temperature sensing device in thermal contact with 
an exterior portion of the housing. In an example embodi 
ment, the electronics are configured to estimate a rate of heat 
transfer based on the temperature measurements. In an 
example embodiment, the temperature measurements 
include an interior chamber temperature measurement, and 
the input power is adjusted to maintain a functional rela 
tionship between the input power and the interior chamber 
temperature measurement. For example, the functional rela 
tionship includes a proportional relationship between the 
input power and the interior chamber temperature measure 
ment. In an example embodiment, the temperature measure 
ments include an interior chamber temperature measure 
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ment, and the input power is adjusted to maintain a 
functional relationship when the interior chamber tempera 
ture measurement falls outside a range of acceptable tem 
peratures for a substance stored within the interior chamber. 
In an example embodiment, the temperature measurements 
include an interior chamber temperature measurement, and 
the input power is adjusted to maintain a functional rela 
tionship when the interior chamber temperature measure 
ment falls inside a range of acceptable temperatures for a 
substance stored within the interior chamber. In an example 
embodiment, the temperature measurements include an inte 
rior chamber temperature measurement, and the input power 
is held substantially constant when the interior chamber 
temperature measurement falls inside a range of acceptable 
temperatures for a substance stored within the interior 
chamber. In an example embodiment, the temperature mea 
Surements include an interior chamber temperature measure 
ment, and the electronics are configured to apply the input 
power to cause the thermoelectric device to heat the interior 
chamber only when the interior chamber temperature mea 
Surement indicates a dangerously cold condition for a Sub 
stance stored in the interior chamber. In an example embodi 
ment, the temperature measurements include an interior 
chamber temperature measurement, and the electronics are 
configured to apply the input power to cause the thermo 
electric device to cool the interior chamber at a maximum 
available cooling rate of the thermoelectric device only 
when the interior chamber temperature measurement indi 
cates a dangerously hot condition for a substance stored in 
the interior chamber. In an example embodiment, the oper 
ating mode is selected by the electronics to be a normal 
operating mode when the Voltage measurement indicates a 
Sufficiently high battery output Voltage, and a low energy 
reserve operating mode otherwise. For example, the elec 
tronics, when adjusting the input power in the low energy 
reserve operating mode, prevent the thermoelectric device 
from operating at the maximum heating or cooling rates of 
the thermoelectric device. 

0068. As noted above, example embodiments of the 
electronics include a communications interface, which can 
be wireless or wired. In an example embodiment, the 
communications interface facilitates a radio connection 
(e.g., Bluetooth). In an example embodiment, the commu 
nications interface includes a USB port. In an example 
embodiment, the electronics are configured to receive data 
and/or control inputs via the communications interface. 
0069. In an example embodiment, the electronics are 
configured to draw power from the communications inter 
face. FIGS. 8 and 9 illustrate examples of such electronics. 
0070 FIG. 8 shows an example embodiment of electron 
ics 800 for a refrigerator apparatus, the electronics including 
a Universal Serial Bus (USB) interface 340. FIG.9 shows an 
example embodiment of electronics 900 for a refrigerator 
apparatus, the electronics including a USB interface 340 and 
a battery charger 324. Electronics 800 and 900 are a sim 
plified version of the electronics 300, except as described 
differently below. 
(0071. The USB interface 340 facilitates, inter alia, pro 
gramming the cooler and/or downloading temperature data. 
In an example embodiment, the microcontroller 304 
includes digital input/output pins that can be connected 
directly to the USB data lines. If the refrigerator apparatus 
is connected to a computer or powered USB hub by a USB 
cable, it can also draw power from the computer or hub. 
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USB cables have four wires: a ground wire, a +5 V wire, and 
a twisted pair for data. The +5 V line can supply up to 500 
milliamperes. This +5 V line can be used to power the 
electronics 800 and 900 for device programming or data 
readout. Recharging batteries requires additional battery 
charger circuitry. To this end, electronics 900 additionally 
include the battery charger 324 configured as shown. 
0072 Although the present invention has been described 
in terms of the example embodiments above, numerous 
modifications and/or additions to the above-described 
embodiments would be readily apparent to one skilled in the 
art. It is intended that the scope of the present invention 
extend to all Such modifications and/or additions. 

What is claimed is: 
1. A refrigerator apparatus comprising: 
a housing with an interior chamber; 
a thermoelectric device that is thermally coupled to the 

interior chamber; 
a temperature sensing device that is thermally coupled to 

the interior chamber, the temperature sensing device 
providing a temperature measurement; and 

electronics configured to generate and apply input power 
to the thermoelectric device, and to adjust the input 
power maintaining a functional relationship between 
the input power and the temperature measurement. 

2. The refrigerator apparatus of claim 1, wherein the 
functional relationship includes a proportional relationship 
between the input power and the temperature measurement. 

3. The refrigerator apparatus of claim 1, wherein the input 
power is adjusted to maintain the functional relationship 
when the temperature measurement falls outside a range of 
acceptable temperatures for a substance stored within the 
interior chamber. 

4. The refrigerator apparatus of claim 1, wherein the input 
power is adjusted to maintain the functional relationship 
when the temperature measurement falls inside a range of 
acceptable temperatures for a substance stored within the 
interior chamber. 

5. The refrigerator apparatus of claim 1, wherein the input 
power is held substantially constant when the temperature 
measurement falls inside a range of acceptable temperatures 
for a substance stored within the interior chamber. 

6. The refrigerator apparatus of claim 1, wherein no input 
power is applied when the temperature measurement falls 
inside a range of acceptable temperatures for a Substance 
stored within the interior chamber. 

7. The refrigerator apparatus of claim 1, wherein the 
electronics are configured to apply the input power to cause 
the thermoelectric device to heat the interior chamber only 
when the temperature measurement indicates a dangerously 
cold condition for a substance stored in the interior chamber. 

8. The refrigerator apparatus of claim 1, wherein the 
electronics are configured to apply the input power to cause 
the thermoelectric device to cool the interior chamber at a 
maximum available cooling rate of the thermoelectric device 
only when the temperature measurement indicates a dan 
gerously hot condition for a Substance stored in the interior 
chamber. 

9. The refrigerator apparatus of claim 1, wherein the 
temperature sensing device is a thermistor circuit, and the 
electronics include a microcontroller that provides a digital 
output to activate the thermistor circuit. 
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10. The refrigerator apparatus of claim 1, wherein the 
electronics include a microcontroller configured for direct 
connection to a battery without the use of a Voltage regu 
lator. 

11. A refrigerator apparatus comprising: 
a housing with an interior chamber; 
a thermoelectric device that is thermally coupled to the 

interior chamber; 
temperature sensing devices that provide temperature 

measurements; and 
electronics configured to generate and apply input power 

to the thermoelectric device, and to adjust the input 
power depending upon the temperature measurements. 

12. The refrigerator apparatus of claim 11, wherein the 
temperature sensing devices include a first temperature 
sensing device in thermal contact with one end of the 
thermoelectric device and a second temperature sensing 
device in thermal contact with an opposite end of the 
thermoelectric device. 

13. The refrigerator apparatus of claim 11 wherein the 
temperature sensing devices include a first temperature 
sensing device in thermal contact with the interior chamber 
and a second temperature sensing device in thermal contact 
with an exterior portion of the housing. 

14. The refrigerator apparatus of claim 11, wherein the 
electronics are configured to estimate a rate of heat transfer 
based on the temperature measurements. 

15. The refrigerator apparatus of claim 11, wherein the 
temperature measurements include an interior chamber tem 
perature measurement, and the input power is adjusted to 
maintain a functional relationship when the interior chamber 
temperature measurement falls outside a range of acceptable 
temperatures for a substance stored within the interior 
chamber. 

16. The refrigerator apparatus of claim 11, wherein the 
temperature measurements include an interior chamber tem 
perature measurement, and the input power is adjusted to 
maintain a functional relationship when the interior chamber 
temperature measurement falls inside a range of acceptable 
temperatures for a substance stored within the interior 
chamber. 

17. The refrigerator apparatus of claim 11, wherein the 
temperature measurements include an interior chamber tem 
perature measurement, and the input power is held Substan 
tially constant when the interior chamber temperature mea 
Surement falls inside a range of acceptable temperatures for 
a substance stored within the interior chamber. 

18. The refrigerator apparatus of claim 11, wherein the 
temperature measurements include an interior chamber tem 
perature measurement, and the electronics are configured to 
apply the input power to cause the thermoelectric device to 
heat the interior chamber only when the interior chamber 
temperature measurement indicates a dangerously cold con 
dition for a substance stored in the interior chamber. 

19. The refrigerator apparatus of claim 11, wherein the 
temperature measurements include an interior chamber tem 
perature measurement, and the electronics are configured to 
apply the input power to cause the thermoelectric device to 
cool the interior chamber at a maximum available cooling 
rate of the thermoelectric device only when the interior 
chamber temperature measurement indicates a dangerously 
hot condition for a substance stored in the interior chamber. 

Jan. 31, 2008 

20. The refrigerator apparatus of claim 11, wherein the 
electronics include a microcontroller configured for direct 
connection to a battery without the use of a Voltage regu 
lator. 

21. A refrigerator apparatus comprising: 
a housing with an interior chamber; 
a thermoelectric device that is thermally coupled to the 

interior chamber; and 
a temperature sensing device that is thermally coupled to 

the interior chamber, the temperature sensing device 
providing a temperature measurement; and 

electronics configured to receive power from a battery and 
to generate and apply input power to the thermoelectric 
device, and to adjust the input power according to an 
operating mode selected by the electronics depending 
upon the temperature measurement and a voltage mea 
Surement at an output of the battery. 

22. The refrigerator apparatus of claim 21, wherein the 
operating mode is selected by the electronics to be a normal 
operating mode when the Voltage measurement indicates a 
Sufficiently high battery output Voltage, and a low energy 
reserve operating mode otherwise. 

23. The refrigerator apparatus of claim 22, wherein the 
electronics, when adjusting the input power in the low 
energy reserve operating mode, prevent the thermoelectric 
device from operating at the maximum heating or cooling 
rates of the thermoelectric device. 

24. The refrigerator apparatus of claim 21, wherein the 
operating mode includes a functional relationship between 
the input power and the temperature measurement. 

25. The refrigerator apparatus of claim 24, wherein the 
functional relationship includes a proportional relationship 
between the input power and the temperature measurement. 

26. The refrigerator apparatus of claim 24, wherein the 
input power is adjusted to maintain the functional relation 
ship when the temperature measurement falls outside a 
range of acceptable temperatures for a Substance stored 
within the interior chamber. 

27. The refrigerator apparatus of claim 24, wherein the 
input power is adjusted to maintain the functional relation 
ship when the temperature measurement falls inside a range 
of acceptable temperatures for a substance stored within the 
interior chamber. 

28. The refrigerator apparatus of claim 21, wherein the 
input power is held Substantially constant when the tem 
perature measurement falls inside a range of acceptable 
temperatures for a substance stored within the interior 
chamber. 

29. The refrigerator apparatus of claim 21, wherein the 
electronics are configured to apply the input power to cause 
the thermoelectric device to heat the interior chamber only 
when the temperature measurement indicates a dangerously 
cold condition for a substance stored in the interior chamber. 

30. The refrigerator apparatus of claim 21, wherein the 
electronics are configured to apply the input power to cause 
the thermoelectric device to cool the interior chamber at a 
maximum available cooling rate of the thermoelectric device 
only when the temperature measurement indicates a dan 
gerously hot condition for a Substance stored in the interior 
chamber. 

31. A refrigerator apparatus comprising: 
a housing with an interior chamber; 
a thermoelectric device that is thermally coupled to the 

interior chamber; 
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temperature sensing devices that provide temperature 
measurements; and 

electronics configured to receive power from a battery and 
to generate and apply input power to the thermoelectric 
device, and to adjust the input power according to an 
operating mode selected by the electronics depending 
upon the temperature measurements and a Voltage 
measurement at an output of the battery. 

32. The refrigerator apparatus of claim 31, wherein the 
temperature sensing devices include a first temperature 
sensing device in thermal contact with one end of the 
thermoelectric device and a second temperature sensing 
device in thermal contact with an opposite end of the 
thermoelectric device. 

33. The refrigerator apparatus of claim 31, wherein the 
temperature sensing devices include a first temperature 
sensing device in thermal contact with the interior chamber 
and a second temperature sensing device in thermal contact 
with an exterior portion of the housing. 

34. The refrigerator apparatus of claim 31, wherein the 
electronics are configured to estimate a rate of heat transfer 
based on the temperature measurements. 

35. The refrigerator apparatus of claim 31, wherein the 
temperature measurements include an interior chamber tem 
perature measurement, and the input power is adjusted to 
maintain a functional relationship between the input power 
and the interior chamber temperature measurement. 

36. The refrigerator apparatus of claim 35, wherein the 
functional relationship includes a proportional relationship 
between the input power and the interior chamber tempera 
ture measurement. 

37. The refrigerator apparatus of claim 31, wherein the 
temperature measurements include an interior chamber tem 
perature measurement, and the input power is adjusted to 
maintain a functional relationship when the interior chamber 
temperature measurement falls outside a range of acceptable 
temperatures for a substance stored within the interior 
chamber. 

38. The refrigerator apparatus of claim 31, wherein the 
temperature measurements include an interior chamber tem 
perature measurement, and the input power is adjusted to 
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maintain a functional relationship when the interior chamber 
temperature measurement falls inside a range of acceptable 
temperatures for a substance stored within the interior 
chamber. 

39. The refrigerator apparatus of claim 31, wherein the 
temperature measurements include an interior chamber tem 
perature measurement, and the input power is held Substan 
tially constant when the interior chamber temperature mea 
Surement falls inside a range of acceptable temperatures for 
a substance stored within the interior chamber. 

40. The refrigerator apparatus of claim 31, wherein the 
temperature measurements include an interior chamber tem 
perature measurement, and the electronics are configured to 
apply the input power to cause the thermoelectric device to 
heat the interior chamber only when the interior chamber 
temperature measurement indicates a dangerously cold con 
dition for a substance stored in the interior chamber. 

41. The refrigerator apparatus of claim 31, wherein the 
temperature measurements include an interior chamber tem 
perature measurement, and the electronics are configured to 
apply the input power to cause the thermoelectric device to 
cool the interior chamber at a maximum available cooling 
rate of the thermoelectric device only when the interior 
chamber temperature measurement indicates a dangerously 
hot condition for a substance stored in the interior chamber. 

42. The refrigerator apparatus of claim 31, wherein the 
operating mode is selected by the electronics to be a normal 
operating mode when the Voltage measurement indicates a 
Sufficiently high battery output Voltage, and a low energy 
reserve operating mode otherwise. 

43. The refrigerator apparatus of claim 42, wherein the 
electronics, when adjusting the input power in the low 
energy reserve operating mode, prevent the thermoelectric 
device from operating at the maximum heating or cooling 
rates of the thermoelectric device. 

44. The refrigerator apparatus of claim 31, wherein the 
electronics include a microcontroller configured for direct 
connection to the battery without the use of a voltage 
regulator. 


