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(57) Abrégé/Abstract:
A thermal stabilization system stabilizes inertia! measurement unit (IMU) performance by reducing or slowing operating variations

over time of the internal temperature. More specifically, a thermoelectric heating/cooling device operates according to the Peltier
effect, and uses thermal insulation and a mechanical assembly to thermally and mechanically couple the IMU to the thermoelectric
device. The thermal stabilization system may minimize stress on the IMU and use a control system to stabilize internal IMU
temperatures by judiciously and bidirectionally powering the thermoelectric heating/cooling device. The thermal stabilization system
also may use compensation algorithms to reduce or counter residual IMU output errors from a variety of causes such as thermal
gradients and imperfect colocation of the IMU temperature sensor with inertial sensors.

C an a dg http:vopic.ge.ca » Ottawa-Hull K1A 0C9 - aup.:/eipo.ge.ca OPIC

OPIC - CIPO 191



wo 2017/142716 A1 || NN OO0 OO0 O O 0 R

(43) International Publication Date

CA 03015059 2018-08-17

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Ny
Organization é
International Bureau -,

=

\

(10) International Publication Number

WO 2017/142716 Al

24 August 2017 (24.08.2017) WIPO|PCT
(51) International Patent Classification: (74) Agents: FORD, Stephen, S. ct al.; Schwabe, Williamson
G01C 21/16 (2006.01) GO1P 15/14 (2013.01) & Wyatt, Pacwest Center, 1211 Sw 5th Avenue, Suite
G01C 21/18 (2006.01) GOSD 23/19 (2006.01) 1900, Portland, OR 97204 (US).
GOIC 21/24 (2006.01) (81) Designated States (uniess otherwise indicated, for every
(21) International Application Number: kind of national protection available): AE, AG, AL, AM,
PCT/US2017/016470 AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY,
. . BZ, CA, CH, CL, CN, CO, CR, CU, CZ, DE, DJ, DK, DM,
(22) International Filing Date: DO, DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
3 February 2017 (03.02.2017) HN, HR, HU, ID, IL, IN, IR, IS, JP, KE, KG, KH, KN,
(25) Filing Language: English KP, KR, KW, KZ, LA, LC, LK, LR, LS, LU, LY, MA,
MD, ME, MG, MK, MN, MW, MX, MY, MZ, NA, NG,
(26) Publication Language: English NI, NO, NZ, OM, PA, PE, PG, PH, PL, PT, QA, RO, RS,
(30) Priority Data: RU, RW, SA, SC, SD, SE, SG, SK, SL, SM, ST, SV, SY,
62/297,712 19 February 2016 (19.02.2016) US TH, TJ, TM, TN, TR, TT, TZ, UA, UG, US, UZ, VC, VN,
15/420,910 31 January 2017 (31.01.2017) US ZA,IM, ZW.
(71) Applicant: AGJUNCTION LLC [US/US], 2207 Towa (84) Designated States (unless otherwise indicated, fO}" every
Street, Hiawatha, KS 66434 (US). kind of regional protection available): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, ST, SZ,
(72) Inventor: SOMMER, Jeremy, Sinclair; 2207 Iowa TZ, UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU,

Street, Hiawatha, KS 66434 (US).

TJ, TM), European (AL, AT, BE, BG, CH, CY, CZ, DE,
DK, EE, ES, FL, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU,

[Continued on next page]

(54) Title: THERMAL STABILIZATION OF INERTIAL MEASUREMENT UNITS

100~
i Heat Sink 102 I
104 108 § Thesmal Pag {oplianall 108 l 106 104
'''''' S4A e
§ 5 L 1545 THERMOELECTRIC {115 N 3
B 8 S4B~ DEVICE 110 " 3 &
2 g A 114 116 S b
2% & o ; g 5
= @ Thermaifayd i w &
Hox o 1T Bexil
_1_3.2_ #au 118 -
, POB 118
[
50/
180 4z S
‘:{‘)OA\?
=nlnlisn
f 1808
124470 LT
[ 1248
//—-\
125 > 4
.
152i 1528 ¥
Ehive chooifry {rg. H-bridige)} fmmy R0 Gontrofler
130 132

I

Communieation

Fower Supply

FIGURE 1

(57) Abstract: A thermal stabilization system stabilizes in-
ertia! measurement unit (IMU) performance by reducing or
slowing operating variations over time of the internal tem-
perature. More specifically, a thermoelectric heating/cooling
device operates according to the Peltier effect, and uses
thermal insulation and a mechanical assembly to thermally
and mechanically couple the IMU to the thermoelectric
device. The thermal stabilization system may minimize
stress on the IMU and use a control system to stabilize in-
ternal IMU temperatures by judiciously and bidirectionaliy
powering the thermoelectric heating/cooling device. The
thermal stabilization system also may use compensation al-
gorithms to reduce or counter residual IMU output errors
from a variety of causes such as thermal gradients and im-
perfect colocation of the IMU temperature sensor with iner-
tial sensors.
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THERMAL STABILIZATION OF INERTIAL MEASUREMENT UNITS

The present application claims priority to U.S. Provisional Patent Application Ser,
No. 62/297,712 filed on February 19, 2016, entitled, METHOD AND DESIGN FOR
THERMAL STABILIZATION OF INERTIAL MEASUREMENT UNITS.

COPYRIGHT NOTICE

[8001] A portion of the disclosure of this patent document contains material which is
subject to copyright protection. The copyright owner has no objection to the facsimile
reproduction by anyone of the patent document or the patent disclosure, as it appears in
the United States Patent and Trademark Office patent file or records, but otherwise

reserves all copyright rights whatsoever.
TECHNICAL FIELD

[00602] One or more implementations relate generally to thermal stabilization of inertial

measurement ynifs.
BACKGROUND

[8083] Commercially-available inertial measurement units (IMUs) at the lower end of
the price spectrum are prone to low-frequency measurement instability, in both offset
{(bias) and scale factor, due to variations in their thermal environments. This instability
can be the dominant source of measurement errors, even with seemingly minor

temperature changes.

[0604] Mitigation of this instability is typically attempted by one or more of the
following techniques. In one example, each individual IMU is characterized in a thermal
chamber, producing a lookup table used as a source of corrections in the field
Drawbacks to this technique include the tradeoff between characterization time and
measurement accuracy; mismatches between optimum corrections for rising and falling

temperature ramps of various slopes, due to effects of hysteresis, thermal delay, heat flux,

Date regue/Date received 2023-05-19
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and/or inertial/thermal sensor non-colocation within the IMU; interpolation error when
operating at temperatures not adequately characterized, or modeled with insufficient
accuracy; extrapolation error when operating at temperatures outside the characterized
range; and the use of additional complex equipment within a thermal chamber to

characterize scale factors of gyroscopes and accelerometers over temperature.

{00065} One could pay more for a higher-grade IMU, either an inherently superior part
or one that has been pre-selected and/or pre-characterized extensively by the equipment
manufacturer, the device manufacturer, or a third-party technology aggregator. A

principal drawback of this method would be the high cost.

{0006} Another technique may incorporate measurement inputs for low-frequency
error correction from additional sensors, such as magnetic, vision, lidar, ultrasonic, multi-
antenna GNSS, or other sensor types, with higher weighting and/or higher bandwidth of
utilization than feasible with more stable IMUs. A drawback to this technique is
exposure to additional sources of error in an unstable or unpredictable environment,
which must be evaluated and fused into an optimum attitude or position estimate. Such
ervors may not be conducive to simple resolution of ambiguities. In some cases, use of an

insufficiently trustworthy sensor may lead to a degraded estimate.

[8067] Essentially all IMU manufacturers have come across this problem, just as all
oscillator manufacturers have had to address thermal instabilities. As yet, none are
known to have incorporated in-device thermal stabilization in any but the most expensive
products (i.e. tactical or industrial grade devices). For the grade of device which is the
subject of this invention (i.e. non-stabilized IMUSs), the great majority of IMU users rely

on one of the methods listed above to mitigate the problem.
BRIEF DESCRIPTION OF THE DRAWINGS

[0008] The included drawings are for illustrative purposes and serve to provide
examples of possible structures and operations for the disclosed inventive systems,

apparatus, methods and computer-readable storage media. These drawings in no way
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limit any changes in form and detail that may be made by one skilled in the art without

departing from the spirit and scope of the disclosed implementations.

{00609} FIG. 1 is a cross-sectional block diagram through a midline of an IMU that

includes a thermal stabilization system.
[6010] FIG. 2 is a perspective view of the box used in the thermal stabilization system.
[6611] FIG. 3 1s a logical process for providing thermal stabilization of IMUs,

[6012] FIG. 4 shows an example duty cycle compensation process used by the thermal

stabilization system.

{00613} FIG. 5 shows how duty cycle is compensated for dead-time such as may be

caused by non-zero rise and fall times of a pulse width modulated current driver.

[06014] FIG. 6 shows how a scale factor coefficient is used for compensating a dead-
time compensated duty cycle for the relative inefficiency of thermoelectric

heating/cooling devices when cooling versus heating.

{0015} FIG. 7 shows a feedback control system used by the thermal stabilization

system.
[6616] FIGS. 8A-8C show plus width modulated signals with different duty cycles.
[60617] FIG. 9 shows the average voltage for different duty cycles.

[6018] FIG. 10 shows a temperature ramp applied to an IMU while operating within
the thermal stabilization system, for the purpose of characterization and determination of

calibration parameters.

(0019} FIG. 11 shows IMU results while operating within the thermal stabilization

system.

{0026] FIG. 12 shows a vehicle guidance system that may use the thermal stabilization

system.
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[0021] FIG. 13 shows the vehicle guidance system of FIG. 12 in more detail.

DETADLED DESCRIPTION

[0022] Detailed aspects of the thermal stabilization system are disclosed herein,
however, it is to be understood that the disclosed aspects are merely exemplary of the
invention, which may be embodied in various forms. Therefore, specific structural and
functional details disclosed herein are not to be interpreted as limiting, but merely as a
basis for the claims and as a representative basis for teaching one skilled in the art how to

variously employ the present invention in virtually any appropriately detailed structure.

[6023] Certain terminology will be used in the following description for convenience
in reference only and will not be limiting. For example, up, down, front, back, right and
left refer to the invention as orientated in the view being referred to. The words,
“inwardly” and “outwardly” refer to directions toward and away from, respectively, the
geometric center of the aspect being described and designated parts thereof. Forwardly
and rearwardly are generally in reference to the direction of travel, if appropriate. Said
terminology will include the words specifically mentioned, derivatives thereof and words

of similar meaning.

[6024] A thermal stabilization system stabilizes ivertial measurement unit (IMU)
performance by reducing or slowing operating variations over time of the internal
temperature.  More specifically, a thermoelectric heating/cooling device operates
according to the Peltier effect, and uses thermal insulation and a mechanical assembly to
thermally and mechanically couple the IMU to the thermoelectric device. The thermal
stabilization system may minimize stress on the IMU and use a control systern to stabilize
internal IMU temperatures by judiciously and bidirectionally powering the thermoelectric
heating/cooling device. The thermal stabilization system also may use compensation

algorithms to reduce or counter residual IMU output errors from a variety of causes such
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as thermal gradients and imperfect colocation of the IMU temperature sensor with inertial

SCNSOrs,

[0025] One embodiment of the thermal stabilization system stabilizes IMUs with
temperature-dependent errors of offset (bias) and/or scale factor which constitute, after
settling to a particular value of temperature, substantially continuous, repeatable, history-

independent, and non-hysteretic functions of temperature.

[8026] One embodiment of the thermal stabilization system stabilizes IMUs with
temperature-gradient-dependent errors of offset (bias) which constitute, after settling to a
particular value of temperature gradient, at a particular value of measured IMU
temperature, substantially continuous, repeatable, history-independent, and non-hysteretic

functions of temperature gradient.

[6027} FIG. 1 shows a thermal stabilization system 100 for an inertial measurement
unit 118 FIG. 1 is a cutaway cross-sectional view through the midline of IMU 118.
FIG. 2 shows a perspective view of a thermal box 112 used in stabilization system 100.
Referring to FIGS. 1 and 2, IMU 118 may include any type and combination of inertial
devices 116 for detecting the position, orientation, rate of rotation, acceleration, or any
other kinematic state of a device or vehicle. Some types of IMUs 118 may alternatively
be referred to as vertical reference units (VRUs) or digital measurement units (DMUSs)
and may also include inertial devices 116, such as, gyroscopes and accelerometers. In
one example, thermal stabilization system 100 is used in combination with IMUs 118
located on farm vehicles and used for automatically steering or operating the farm vehicle

and/or a farm implement towed by the farm vehicle.

{0028] Stabilization system 100 may include a thermoelectric heating/cooling device
110. In one example, device 110 operates based on the Peltier effect and is collocated
with IMU 118 such that a nominally cool “active” side 111A of thermoelectric device
110 is closely and reliably coupled, both thermally and mechanically, to gyroscope and
accelerometer devices 116 in IMU 118, In one example, thermoelectric device 110 is

compressed against IMU 118 with an intervening thermal pad 114 of suitable
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compressibility to act as a thermal coupling device, gap filler, and if necessary, a

mechanical stabilizer, while not inducing excessive mechanical stress on IMU 118,

{0029} A nominally hot side 111B of thermoelectric device 110 is possibly coupled
through a thermally-conductive pad 108 to a heat sink 102. Heat sink 102 may be a
mechanical enclosure of a product suitable for, clamping onto a device or vehicular for
providing vehicle alignment, robusiness, physical attractiveness, and/or heat transfer. In
other embodiments, heat sink 102 may be a separate set of metal heat fins or any other
type of material that transfers heat between an ambient environment and thermoelectric

device 110.

(0030} IMU 118 may be mounted within a substantially rigid 5-sided box structure
112. The thermoelectric device 110 may be clamped onto a top side 113 of box 112 and
form a 6th top side or cover for box 112, Compressive force of thermoelectric device
110 is applied primarily onto top side 113 of box 112 relieving stress on IMU 118 while
maintaining suitable mechanical coupling and alignment between IMU 118 and heat sink

102.

[6031] One of the 5 sides of box 112 may include, but is not limited to, a printed
circuit board (PCB) 119 to which either box 112, IMU 118, or both, may be mechanically
and/or electrically connected. In one example, box 112 may include or comprise a socket
that is electrically and wmechanically attached to PCB 119 and permits easy
removal/instaliation of IMU 118, Box 112 or socket 112 may be constructed of a
combination of thermally insulating and thermally conductive materials. Box 112 may
reduce heat transfer between IMU 118 and the ambient environment other than through
thermoelectric device 110. Box 112 may increase uniformity of the thermal environment

around IMU 118, thereby minimizing thermal gradients and consequent heat flux.

[60632] When used as one of the 5 sides of box 112, PCB 119 may include voids and/or
copper planes that perform temperature and stress stabilization functions. For example,
struts (not shown) may connect IMU 118 to the remainder of PCB 119 and reduce stress
coupling through PCB 119 to IMU 118. IMU 118 may include a temperature sensor 115

that senses a temperature associated with gyroscope 116A, accelerometer 1168, or both.
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Alternatively, a temperature sensor, such as a thermistor, may attach externally to IMU

118 and measure the IMU temperature.

10033} A pulse-width-modulator (PWM)-driven drive circuit 130 may drive
thermoelectric device 110 and use a bidirectional, finely-adjustable direct-current (DC)
160 provided by a power supply 134, Drive circuit 130 may include output inductance
125 to reduce cuirent ripple. Drive circuit 130 may monitor current 160 drawn by
thermoelectric device 110. In one example, drive circuit 130 uses H-bridge circuitry to
change current polarity on lines 124 driving thermoelectric device 110. A first positive
current polarity 160A generated on line 124A by drive circuit 130 may cause device 110
to cool IMU 118 and a second negative current polarity 160B generated on line 1248 by
drive circuit 130 may cause device 110 to heat IMU 118. The duration or width of
voltage pulses 161 on lines 124 determine the amount of cooling or heating device 110

provides to IMU 118,

[6034] A controller 132 may be connected to IMU 118 via a communications line 126
that sends a sensed temperature value from temperature sensor 115. Controller 132 may
use the sensed IMU temperature value monitored on line 126 as an input for providing
negative feedback to thermoelectric device drive circuit 130. In one example, controller
132 may be a double proportional integral derivative (PI2ZD) controller that provides

long-term bias cancellation during linear temperature ramps.

[60358] All non-IMU circuitry on PCB 119 may be thermally isolated from IMU 118 to
increase cooling efficiency of thermoelectric device 110. For example, ICs on PCB 119,
drive circuit 130, controlier 132, and any associated microprocessors, microcontrollers, or
communication devices may be spaced apart and/or insulated from thermoelectric device
110 and IMU 118. For example, the non-IMU circuitry may be located on the outside of
box 112. Any heat that requires removal from such circuitry can be coupled to the

external environment heat sink by a path that does not involve IMU 113.

[8036] Voltage pulses 161 output on lines 124 do not instantaneously change from low
to high and at low pulse widths start to resemble triangles reducing the efficiency of drive

circuit 130 and the feedback control loop gain. The control loop gain may be
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compensated when the PWM duty cycle is less than a particular amount. For example,
controller 132 may increase loop gain coefficients when generating the control signals for

drive circuit 130,

[6637] Other factors may change the response of IMU 118 such as, mechanical stress
on IMU 118, heat flux through IMU 118, non-colocation of temperature sensor 115 with
the inertial devices 116, and/or inability of one temperature sensor 115 to adequately
monitor temperature of a multiplicity of inertial devices 116. Compensation values may
be added to different individual IMU output data streams such as, angular rate or
acceleration associated with a particular axis to remove residual IMU output biases.
These compensation values may be derived from low-pass-filtered, efficiency-
compensated verstons of the predicted or measured thermoelectric device current, which
may itself be proportional to the most recently applied slew-rate-compensated or
uncompensated PWM duty cycle value. Efficiency compensation may take into account

the difference in heating vs. cooling efficiency of thermoelectric device 110,

[0038] Alternatively, controller 132 may compensate for residual IMU output biases
by addition, to each individual IMU output data stream (angular rate or acceleration
associated with a particular axis), compensation values that may be proportional to low-
pass-filtered, efficiency-compensated, versions of the measured temperature difference
between the IMU temperature sensor 115 and one or more additional temperature sensors
located within the systemn. The additional temperature sensors may be positioned such
that their measurements provide information on the thermal gradients within the system.
The residual IMU output biases again may be caused by factors such as mechanical stress
on the IMU, heat flux through the IMUJ, non-colocation of the temperature sensor with
the inertial sensors, and/or inability of one temperature sensor to adequately monitor

temperature of a multiplicity of inertial sensors.

[0039] In one example, a commercially-available IMU 118 is soldered to PCB 119 and
may contain its own temperature sensor 115 which may be read externally by controller
132 via lines 126. Temperature sensor 115 may be mounted on a circuit board that forms

part of IMU 118 that also retains gyroscope 116A and accelerometer 116B. Temperature
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sensor 115 also may be located internally within gyroscope 116A and/or accelerometer
116B. Some thermal stabilization systems 100 may use other types of IMUs 118 with
different configurations for attaching to a vehicle and may use other types of temperature

sensors 115 for monitoring the IMU temperature.

[60406] As mentioned above, box 112 may comprise an IC socket. For example, some
IMUs 118 are provided in a PLCC-28 type package which may be inserted in a
compatible socket. Alternatively, IMU 118 may be soldered to PCB 119, with a
surrounding 4-sided box 112 that fits snugly around it, of a material with good properties
of thermal insulation and mechanical strength. In this configuration, PCB 119 may form
the 5th bottom side of box 112, and the height of remaining 4 sides 140 are sufficient to
ensure IMU 118 ts recessed within cavity 142 formed by box 112. The region above
PCB 119 within cavity 142 formed by 5-sided box 112 may be filled with insulating
material such as urethane. Additional components such as connectors, bypass capacitors,

etc. may be separated from IMU 118 and attached on PCB 119 outside of box 112,

{0043} A series of slots 144 may be formed in PCB 119 and extend immediately
adjacent, externally, and peripherally around the outside of IMU 118 and 5-sided box
112. Slots 144 reduce lateral heat transfer through PCB 119 while retaining sufficient
channels 146 for printed interconnects 148 used by electronic IC devices while also
maintaining mechanical integrity of PCB 119. To reduce transfer of stress through PCB
119 to IMU 118, the number of routing channels 146 and number of intervening slots 144

may each be around 3, however any number and sizes of slots 144 may be used.

[0042] A bottom side 150 of PCB 119 immediately below IMU 118 may be kept as
free as possible of IC components, to reduce thermal transfer. An insulating foam 120 or
some other type of insulating material may be placed on bottom side 150 of PCB 119. To
further reduce thermal transfer, connectors and bypass capacitors (not shown) may be

placed reasonably far from IMU 118 on bottom side 150 of PCB 119,

[8043] As described above, one type of thermoelectric device 110 may include a
Peltier module capable of transferring heat generated by IMU 118 when in a cooling

mode. Device 110 also may overcome environmental heat flux to/from IMU 118 across
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a determined ambient temperature range. The cold/active side 111A of thermoelectric
device 110 may form the 6th top side or cover for box 112 so box sides 140, PCB 119,
and device 110 completely surround IMU 118, Example thermoelectric devices 110 may
include the Model No. CUI CP60140 sold by CUI Inc., Tualatin, Or 97062 and the
Model No. HT5.3 F2.2525 TB.RT. W6 sold by Laird PLC; Earth City, Mo 63045,

{0044] IMU thermal pad 114 may be custom-cut for a moderately-snug fit that
occupies space 142 between IMU 118 and thermoelectric device 110. Mechanical
compression of thermal pad 114 may be sufficient to prevent excessive mechanical stress
on IMU 118 while ensuring that space 142 remains filled and heat transfer is adequate.
One example material used for thermal pad 114 may include Model No. Softflex-B016
made by Aavid Thermalloy LLC; Laconia, NH 03246. The hot side heat sink 102 may
include a thermal pad 108, thermal compound, and/or fine surface finish to increase

efficiency of heat transfer to thermoelectric device 110.

[6045] PCB 119, box 112, thermoelectric device 110 (with any associated “hot side”
thermal pad 108 if provided}, and hot side heat sink 102 may be compressed together for
good thermal and mechanical performance. One technique to achieve this compression is
to mount standoffs/spacers 106 around box 112 which press against PCB 119 on bottom
end and press against heat sink 102 on top ends. Compression devices 122 such as
screws, studs, etc. are inserted into holes formed in PCB 119, spacers 100 and heat sink
102. Compression devices 122 screw into threaded holes formed in heat sink 102 pulling
heat sink 102, thermal pad 103, and thermoelectric device 110 against top surface 113 of

box 112 and compressing thermal pad 114 against IMU 118,

[0046] In another example, threaded or unthreaded screw holes may be formed in box
112. Compression devices 122 are then inserted up through aligned holes formed in PCB
119 and box 112, and threadingly engage with aligned threaded holes formed in heat sink
102. Compression devices 122 are further screwed into the threaded holes formed in heat
sink 102 pulling heat sink 102, thermal pad 108, and thermoelectric device 110 against

top surface 113 of box 112 and compressing thermal pad 114

10
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[0047] In either example, compression devices 122 may be located in reasonable
proximity to IMU 118 to avoid creating undue stress on IMU 118 and avoid warping
PCB 119. Compression devices 122 when in contact with heat sink 102 may create a
potential thermal path that may reduce the efficiency of thermoelectric device 110
Compression devices 122 are selected, designed, and located to maintain the efficiency of
device 110. For example, low non-thermal conducting plastic screws 122 may be used or
screws may be located far enough from box 112 to reduce heat transfer to IMU 118, In
one example, compression of thermoelectric device 110 against IMU 118 is limited by
the dimensions of box 112, avoiding full compressive force from thermoelectric device

110 against IMU 118 or thermal pad 114,

[8048] Thermal pad 108 may occupy the space between thermoelectric device 110 and
heat sink 102 to avoid tolerance stackup issues. Heat sink 102, insulation 104 formed
around the outside of box 112, and PCB 119 could all extend laterally, without materially
affecting the nature of this embodiment. Similarly, heat sink 102 as shown could form
one side of an enclosure which surrounds the other elements, in whole or in part. Trace

routing, voids, circuit paths, and connectors are not shown in FIGS 1 and 2 for clarity.

{0049} As mentioned above, thermoelectric device drive circuit 130 may consist of an
H-bridge, with two outputs 152A and 152B each electrically connected to a ditferent
terminal 154A and 154B, respectively, of thermoelectric device 110. Inductors 125 may
be placed in series in one or both of connections 124 between terminals 154 and outputs
152. An example H-bridge circuit 130 may include Model No. DMHC3025LSD made
by Diodes Incorporated; Plano, TX 75024. Example series inductors 125 may include
Model No. HC9-470-R made by Eaton Bussmann; Cleveland, OH 44122, Drive circuit
130 may operate at a pulse width modulated (PWM) frequency of about 200kHz, and
may draw SV DC power from power supply 134, In one example, inductors 125 are
located relatively far from IMU 118 to reduce the concentration of magnetic fields from

any magnetic sensors operating in IMU 118,

100507 PI2ZD controller 132 may be any microcontroller capable of controlling H-

bridge drive circuit 130 in one example at a rate of 200kHz with a duty-cycle resolution

11
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of around 1% or less. Controller 132 may have a floating-point capability for improved
loop dynamics and limit checking and use a 32-bit operation for increased calculation
precision. Controller 132 may receive sensor data from IMU 118 in real-time over
communications lines 126, including temperature values from temperature sensor 115
whether incorporated into IMU 118 or not. Controller 132 also may receive a continuous
signed measurement of drive current 160 supplied to thermoelectric device 110 from a

current measurement device (not shown).

[6051] Communication device 136 may include any interface for communicating with
controlier 132, such as a universal serial bus (USB) interface, local area network (LAN)
interface, controller area network (CAN) bus interface, a wireless (WiF1) interface, or any
other communication network or bus interface. In one example, drive circuit 130,
controller 132, power supply 134 and communication device 136 are thermally isolated

from IMU 118 and provided with thermal dissipation paths that avoid IMU 118,

[6052] Thermoeleciric device 110 is appropriately sized to transfer heat generated by
IMU 118 and H-bridge drive circuit 130 is appropriately sized to provide bidirectional
current with good efficiency. For example, the CUI CP60140 Peltier module described
above operates at up to 6.0amps (A), with greatest efficiency in the lower half of its
operating range of (0-3A). The Peltier module has a resistance of about 0.3Q, so a
voltage of up to about 1V may be used, plus additional voltage for the resistance of drive

circuit 130,

{0083} Many H-bridges are composed of MOSFETs and require a particular minimum
supply voltage to operate with good efficiency. In one example, H-bridge 130 may be
powered by a 5 volt (V) operating supply voltage from power supply 134, allowing for a
linear 3.3V sub-regulator for clean voltage supply to IMU 118 and/or PIZD controller
132.

[0084] To reduce current ripple that may degrade Peltier efficiency in device 110 and
to allow for the use of small inductors, drive circuit 130 may be operated at as high a
PWM frequency as can be achieved without excessive efficiency degradation from

switching losses. Too-high a PWM frequency may increase the effective “dead-time” in
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the transfer function of duty cycle to current, requiring more aggressive gain
compensation and raising the likelihood of degraded stability or loop bandwidth. A
preferred frequency may depend on specific component choices and may be a tradeoff
between factors such as component size and cost, current ripple, switching losses, dead-

time, emissions, and duty cycle resolution.

[8055] The greatest stress on thermoelectric device 110 may occur at maximum
cooling when operating at maximum ambient temperature. A preferred operating point
(i.e. temperature set point) for IMU 118 may be set high enough to keep the temperature
on hot side 111B of thermoelectric device 110 below an absolute maximum during all
expected operating conditions.  For example, the Laird ThermaTEC series of

thermoeleciric devices can operate up to 150C.

[8056] An open-loop time/frequency response of temperature stabilization system 100
may be either simulated or measured. Coefticients are then accordingly selected for
PI2D controller 132 and the consequent loop dynamics. The processes for performing
control loop analysis are known to those skilled in the art and are therefore not described

in further detail.

[80587] Rise and fall times are measured for the output voltage of H-bridge drive circuit
130. The gain coefficients used in the proportional, integral, double-integral, and
derivative PI2D controller 132 may be automatically varied to compensate for the
effective gain reduction that occurs when the PWM duty cycle falls below the sum of the
rise and fall times. For example, the PWM waveform output on lines 124 in FIG. 1 may
resemble a triangular shape when the duty cycle falls below the sum of the rise and fall
times. During these short duty cycles, the gain coefficients used in controller 132 may be
multiplied by a correction factor inversely proportional to the most recent duty cycle.
This particular gain correction might only be necessary if PWM is used to conirol the

drive current 160, as opposed to a linear drive method.

[0058] The gain correction factor may be designed to be continuous at value 1.0 as
duty cycle traverses the boundary defined as duty cycle equal to sum of rise time and fall

time. Gradual changes in gain correction factor may be applied when the duty cycle
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drops below the sum of the rise and fall times to prevent sudden steps in the drive cusrent.
Also, the gain correction factor may be constrained by an upper limit with a value higher
than 1.0. One gain correction factor limit value that shows good results is 10.0. This
gain correction limit value is a tradeoff between different sources of instability (too-slow

or too-fast response).

[8059] Thermal stabilization system 100 improves performance of non-stabilized IMU
118 using the structure described above. For additional improvement, thermal
stabilization system 100 may operate over the intended operating temperature range,
while the internal IMU temperature is stabilized using the compensation processes
described above. In one example, controller 132 ramps drive current 160 across the full
operating range of ambient temperatures in both current directions for both heating and

cooling.

[0060] The following steps use characterization data for IMU 118 in conjunction with
varying drive current 160. Drive current 160 may be monitored directly or substituted
with the applied and signed PWM duty cycle value. Heating and cooling are assigned
opposite signs, whether of drive current or duty cycle, and drive current value 160 is

preferably compensated for slew-rate-induced offsets.

[0061] For each IMU sensor device 116, and for each physical axis monitored by that
sensor device 116, a linear regression is performed (i.e. least-squares curvefit) on the
uncompensated (i.e. raw} sensor/axis characterization data from the temperature-
stabilized IMUT 118, A modification is used for either the actual Peltier drive current 160,
the slew-rate-compensated PWM duty cycle value, or the raw PWM duty cycle value,
The modification may incorporate both low-pass-filtering and scale factor compensation
to account for the lower efficiency of Peltier device 110 when cooling compared to

heating.

[0062] FIG. 3 is a flow chart showing the process for characterizing and calibrating
each IMU 118 over an external ambient temperature range. In this embodiment of the
flow chart, thermoelectric drive strength is implicitly estimated from the known PWM

duty cycle Dfi]. As part of each linear regression 179, a low-pass filter time constant td,
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scale factor compensation value k, and dead-time estimate dd are varied to optimize the
curvefit. For each sensor/axis combination, a sensitivity term Coeff (which generally
may be response divided by current, or response divided by PWM duty cycle, depending
on which measure of thermoelectric device drive strength is used; in this embodiment it is
response divided by PWM duty cycle) is stored in non-volatile memory within either
controller 132 or external memory in the system 100. The low-pass filter time constant
value td, scale factor compensation value k, and dead-time estimate dd for each optimum
curvefit are also stored. The offset terms for the linear regressions may be discarded if
system 100 contains other means of adapting to a constant bias in the IMU sensor data.

Otherwise, the offset terms are stored in the non-volatile memory.

{0063] In actual operation of stabilization system 100, a continuous additive correction
is applied to each sensor/axis data stream. For example, the corresponding arithmetic
product of the stored sensitivity term Coeff as described above and the corresponding
low-pass-filtered, efficiency-compensated version of either the Peltier drive current, or
the slew-rate-compensated PWM duty cycle value, or the raw PWM duty cycle value,
depending on which measure of thermoelectric device drive strength is used, is subtracted

from each data stream (Val’[i] = Val[i] - D’[i] * Coef¥).

[60664] Ideally characterization of IMU 118 corresponds to an intended temperature
operating range. As mentioned earlier, a bidirectional temperature ramp may provide an
overall correction for actual use cases as ambient temperature rises or falls. But a ramp
composed entirely of heating or cooling still may provide some value. In one example,

the IMU 118 is actively stabilized during calibration to a fixed temperature set point.

10065} FIG. 3 also shows how the obtained calibration coefficients are applied to
convert raw IMU data from a temperature stabilized IMU 118 into compensated data. In
one example, a linear regression is used. In another example, a polynomial regression

also may be used but may use additional coefficients, depending on the number of terms.

[8066] Thermal characterizations 169 are performed for different inertial devices 116
in IMU 118, Parameters 180 are generated for each of the inertial devices 116 i IMU

118 and then used on live raw data series 183 output from IMU 118 during normal
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operation to generate compensated data series 187. Thermal characterization data series
170 is data output from IMU 118 during characterization operations 169. Valfi] is a
general description of any one of the data series output by IMU 118 representing an
inertial measurement. For example, Valfi] could represent the angular rate around the x,
y, or z-axis or could represent the acceleration in the x, v, or z directions. Each of these
individual data series 170 are characterized and compensated and Val[i] may be the ith

sample of raw IMU output for any of rateX, rate, rateZ, accel X, accelY, accelZ.

[6067] Dli] represents either the measured or predicted duty cycle that controller 132
causes H-bridge drive circuit 130 to generate for driving thermoelectric device 110. For
example, D[i] may be the ith sample of uncompensated PWM duty cycle (-1.0 <D <
1.0). Itis assumed that D{i] is either generated directly in synchronization with Valfi], or
derived by re-sampling, interpolation, or some other means, either in real time or as part
of post-processing. Such methods are known in the art and are therefore not described

here.

{0068} The pressure applied to IMU 118 by thermal stabilization system 100 may
generate a bias on the output data series Val[i]l. As mentioned above, the outputs from
accelerometer 116B may have more bias from the applied pressure than the outputs from
gyroscope 116A. The amount of bias may be proportional to the duty cycle D used for
driving thermoelectric device 110. Coeff 176 represents a constant of proportionality that
relates the bias imposed by thermal stabilization system 100 on the duty cycle Dfi]
applied to thermoelectric device 110. The offset in linear regression 179 is a constant
term that removes any initial data value reading from inertial device 116 when there is no

movement.

[6069] Dead-time compensation value dd and scale factor compensation value k are
calculated for different inertial devices 116 in IMU 118 by ramping the temperature up
and down. Guesses are then initially made for dead-time compensation value dd in
operation 173, the scale factor compensation value k in operation 174, and the low pass

filter time delay td in operation 175.
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[8076] Linear regression 179 generates both a constant of proportionality Coeff 176,
and a root mean squared (RMS) residue 181, from the data series output Valfi] and the
compensated duty cycle Dfi]. Residue 181 represents the RMS value of the difference
between the measured data output Val[i] and the linear regression output Val'[i]
calculated based on predicted dead-time compensation 173, scale factor compensation

174, and low-pass filter 175.

{0071} An iterative minimizing optimizer 182 calculates a new deadtime compensation
value dd, scale factor compensation value k, and time delay td. The same data series 170
as before is compared with the new output of linear regression 179, producing new
parameters 180, and the resulting residue 181 is fed back into optimizer 182, This
iterative process is repeated until a lowest residue 181 is generated. Parameters 180
(Coeft, dd, k, and td) generating the lowest residue 181 represent the characterization of
MU 118 and are used in compensation 186 to adjust the output of IMU 118 during

normal operation.

{0072} IMU 118 generates live raw data series 183 during normal operation while
used in combination with thermal stabilization systern 100, For example, IMU 118 may
be used as part of an automatic steering system that steers a farm vehicle along a path on
a tield. Of course this is just one exaraple, and thermal stabilization system 100 may be
used with any type of IMU 118 for any application. IMU 118 may generate different
accelerometer or gyroscope data 184 (Valfi]) based on duty cycle 185 Dfi] generated by
drive circuit 130. Duty cycle 185 (Df{i]) is generated by drive circuit 130 based on
control signals generated by controller 132, Compensation 186 is performed either by

controlier 132 or some other processing device.

[6073] Parameters 180 (Coeff, dd, k, and td) may be stored in memory within
controller 132 and associated with a specific IMU 118. Parameters 180 are then used to
compensate the raw data Val[i] based on the duty cycle D[i] used for operating
thermoelectric device 110. For example, controller 132 may in compensation 186
compensate the actual duty cycle D[i] that was applied to thermoelectric device 110, and

then multiply the compensated duty cycle ID'[i] by Coeff 176 and subtract the product of
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said multiplication from IMU 118 outputs Val[i] to generate a compensated data series
187 where compensated IMU 118 outputs Val'[i] = Val[i] — (D’[i] * Coeff). Val’[i] may
be the ith sample of compensated IMU output either during characterization, or from live
data. D’[i] may be the ith sample of compensated PWM duty cycle either during

characterization or from live data.

{0074} FIG. 4 shows one example process for duty cycle compensation. The
uncompensated duty cycle is received and operation 190A determines if the absolute
value of the duty cycle is less than the dead-time dd value. If yes, operation 190D sets a
dead-time compensated duty cycle D1[i] to zero. If the absolute value of the duty cycle
D1} is greater than dd, operation 190C determines if D[i] is positive. If D[i] is positive,
operation 190E subtracts dd from Df{i] to produce D1[i]. If D[i] is negative, operation

190B adds dd to D{i] to produce D1[i}].

10075} Operation 190F determines if the duty cycle indicates heating or cooling based
on the sign of dead-band compensated duty cycle value D 1{i]. If cooling, operation 190G
multiplies the dead-band compensated duty cycle value by the scale factor k to generate
scale factor compensated duty cycle value D2[i].  If the duty cycle indicates heating,
operation 190H sets the scale factor compensated duty cycle D2[i] to the dead-band
compensated duty cycle value D1[i]. Operation 1901 applies a low pass filter to the duty

cycle value D2[i] to generate the final compensated duty cycle D’[i] in operation 190J

[6076] To explain in more detail, controller 132 attempts to stabilize the temperature of
IMU 118, Controller may use parameters 180 (the scale factor compensation value k,
dead-time compensation value dd, time delay td, and Coeff) in compensating raw IMU
data Val[i]

{8077 Duty cycle D again refers to a PWM duty cycle. Opposite signs refer to heating
and cooling. The term dd again refers to an assumed dead-time as a fraction of a time
period. Dead-time compensation D is calculated according to the following (using

Octave script syntax):

D = D.-sign(D). *((abs(D)>dd). *dd-+(abs(D)<=dd). *abs(D))
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{0078} With polarity taken into account, the lesser of D itself and the presumed dead-
time dd are subtracted from D. Only changes in PWM duty cycle outside duty cycle

dead-band, -dd <D < dd are counted.

[8079] FIG. 5 shows one example of a dead-band compensated duty cycle. Graphs
200A and 200B include horizontal x axes representing time and vertical axes representing
duty cycle D. Graph 200A shows a dead-band 202 created when thermoelectric device

110 transitions between heating and cooling operations.

[60806}] For example, controller 132 may continuously shorten the duty cycle D of the
drive current used for operating thermoelectric device 110 as the measured temperature
around IMUJ 118 starts nearing heating/cooling transition 203. The actual set point may
be above or below the heating/cooling transition depending on ambient temperature and

heat flux.

[6081] The current gain quickly decreases as the duty cycle narrows below the sum of
the duty cycle nise and fall times. Controller 132 may rapidly increase the duty cycle
during dead-band 202 to rapidly traverse dead-band 200 and compensate for the reduced

duty-cycle-to-current gain in this region of duty cycle.

[0082] Linear regression may not expect the non-linear change in duty cycle during
dead-band 202, and may produce an inferior set of optimized parameters 180 if this
sudden non-linear change is not removed. Controller 132 may compensate duty cycle D
to remove the effects of dead-band 202. For example, controller 132 may add a dead-
time compensation value dd to the duty cycle value during a first cooling portion of duty
cycle curve 204A and subtract the dead-time compensation value dd from a second
heating portion of duty cycle curve 204A to create a compensated linear duty cycle curve
204B as shown in graph 200B. Note that the actual PWM duty cycle is unchanged by
this particular compensation, it is only the value used as an input to linear regression that

is changed.
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[0083] Scale factor compensation value k refers to Peltier cooling efficiency/Peltier
heating efficiency, where 0 < k < 1. Efficiency may refer to the amount of power or
watts used for driving thermoelectric device 110 when heating or cooling. For example,
device 110 may use more power and be less efficient cooling compared with heating, for

the same temperature difference between opposite sides of device 110.

{0084] The following equation shows the application of k to the PWM duty cycle D to
compensate for efficiency differences between heating and cooling. In this example,
positive D is assurmed to correspond to cooling. If positive, D is scaled by the presumed
relative cooling/heating efficiency k. Heating may be more efficient sc D may change

slower. Using Octave script syntax, we can compensate D for this effect:
D=D.*((D>0).*k + (D<0))

(If D is positive, here assumed to correspond to cooling, scale D by presumed relative

cooling/heating efficiency k")

[0085] FIG. 6 includes a graph 206A showing the effects of less efficient cooling by
thermoelectric device 110. For example, inherent heat created by the drive current may
increase heating efficiency of thermoelectric device 110 and thereby use less drive
current. The current heating effects may reduce cooling efficiency and cause controller
132 to increase the PWM duty cycle at a faster rate when cooling is underway than when
heating is underway, for the same temperature difference between the hot and cold sides

of device 110.

[6086] Linear regression may not expect the change in slope of duty cycle when
transitioning between heating and cooling, and may produce an inferior set of optimized
parameters 180 if this change in slope is not removed. Scale factor compensation
accounts for different efficiencies for cooling versus heating by multiplying the portion of
duty cycle curve 208A associated with heating by a scale factor compensation value k to
generate a linear duty cycle response as shown by duty cycle curve 208B in graph 206B.
Alternatively, the portion of curve 208A associated with cooling is multiplied by a scale

factor compensation value k, or both cooling and heating portions of curve 208A are
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multiplied by different scale factor compensation values k to provide a linearly
compensated duty cycle curve 208B. Note that the actual PWM duty cycle is unchanged
by this particular compensation, it is only the value used as an input to linear regression

that is changed.

[6087} Low pass filter 175 reduces noise in the compensated data series 187 that might
otherwise be added by calibration calculations. Low-pass filter single pole time constant
in seconds is referred to as td. An example of application of a single-pole low-pass filter

with time constant td to the duty cycle D is shown below (using Octave syntax):
(D, sfl=filter([1/(1+alpha),0], [1, 1/(1+alpha)-1], D, D(1)*alpha/{1-+alpha)),

where, alpha=fs*td, and fs is the cut-off frequency.

[6088] Iterative mimimizing optimizer 182 in FIG. 3 attempts to optimize a particular
system output, defined to be optimum when residue 181 is minimized. Optimizer 182
iteratively searches through combinations of system parameters 180 in a manner
presumed to converge at a reasonably optimum result. One example, optimizer is

fminsearch provided in Octave.

{0089} FIG. 7 shows an example feedback control system implemented in controller
132 (FIG. 1) shown in the form of Laplace transtorms. Tiyy (the IMU temperature) is
monitored and compared 1o Tepom (the desired temperature setpoint). The difference
(AT) is multiplied by gain H in the feedback path, producing H-bridge duty cycle D.
This duty cycle controls the current applied to thermoelectric device 110, with polarity
such that as Tiny increases above Teegoinm, thermoelectric device 110 is made to apply
cooling to IMU 118, The effect of D on IMU temperature is represented by Cpeiier, With
the required negative feedback indicated by the negative sign at the summation node.
Meanwhile, T (the ambient temperature) also affects Timy, through function Cuum

which is ideally weaker and slower-acting than Cpaer.

[06090] The equation relating Timy to Tams and Tepoins may be derived:
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Tomp (5) * Comp (g) + Tsetpaint ‘ Cpeltier(s) - H (S )
1+ Cpaitier “H{s)

This equation is sufficient to predict the long-term effect of a linear ramp of ambient
temperature on Timy. For long-term effects (t goes to infinity), the effect on the Laplace
transform is for frequency (s) to go to zero. Therefore the above equation is evaluated in

the limit as s approaches zero.

[6091] Assuming that Cynp and Cparer are bounded over time (as would be the case for
a physical system}, the series representation of their Laplace transforms can not contain
any terms with inverse s. Therefore, for the purpose of predicting long-term behavior,
their series representations are presumed to be constants, and are dropped from the
Laplace transform representation. For a linear ramp of Tiy,, its Laplace transform will be

proportional to 1/s; let it be a/s, where a is a constant.

[8692] The behavior of Ty is then predicted for two cases: a PID controller and a
PI’D controller. For a PID controller, the dominant term of H(s) as s approaches zero

will be of the form k/s, where k is a constant. Ignoring all other terms of H(s):

a, . o . k
('2;") “Coamp + }setgooz’.nt ’ ('pelti.er ) (T;')

. k
1+ (*'peitier ’ (:;:)

Tinu(s) =

T . a Comp + Iset'point ’ (fpe[tier "k
imu(s) """ +C )
S peltier ¢

[86093] The limit of Tj,.(s) as s approaches zero is:

P a - Comp }
]gl;réré{fii,,w(s)} = M + Tsetpoint

peltier
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This shows there is a finite offset that depends on the four parameters shown in the offset

term.

[0094] For a PI’D controller, the dominant term of H(s) as s approaches zero will be of

the form k/s’, where k is a constant. Ignoring all other terms of H(s), we find:

a. , k.
. ) ('g?) *Comp + Tsetpoint ’ Cpeltier ’ (';'2"}
Timu(s) = T
1+ Cpeltier ‘ (".Sf"z"\"
T . @ Comp S+ Isetpoinc ; {‘peltz’er -k
imu(f’.) -

s? + Cpe!tier k
[0095] The limit of Timu(s) as s approaches zero is:
i&né{?jimu ()} = Tsetpoint

Therefore, for a linear ambient temperature ramp, a PI’D controller eliminates long-term

bias.
PIZD CONTROLLER LAPLACE TRANSFORM
[6096] Assume the PI2D controller’s standard coefficients are defined as follows:
Proportional coefficient = Cp
Integral coefficient = (;
Double-integral coefficient = Cp,
Derivative coeffient = Cy

0097 The Laplace transform of the PI2D controller’s feedback gain when the duty
p g 3

cycle is above some threshold is:
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GAIN COMPENSATION FOR DUTY-CYCLE DEAD-TIME

[06088}] FIG. BA shows a waveform 208 with a reasonably large duty cycle generated
by the PWM driver 130 in FIG. 1. Thermoelectric device 110 is responsive to current,
which (on average) will be proportional to average voltage, which for waveform 208 is
itself roughly proportional to the duty cycle. Note that the voltage does not rise and fall

instantaneously, but experiences non-zero rise and fall times.

[6099] FIG. 8B shows a waveform with a smaller duty cycle, such that the voltage
starts to fall as soon as it has risen completely. Assume the rise and fall of voltage are
perfectly linear, and the sum of rise and fall time (i.e. width of each triangle 209} is
denoted t. The value of the duty cycle that produces waveform 209 is defined as D; and

the consequent average voltage is v.

[60100] FIG. 8C shows a further reduction of the duty cycle to half of that shown in
FIG. 8B. Area 210 shows the reduced voltage area. The peak voltage has been halved.
However, the average voltage which is proportional to the area under triangular
waveform 211 is now reduced to a quarter of the previous value in FIG. 8B, ie v/4
When the duty cycle creates a pulse width less than 1, the average voltage is proportional
to the square of the duty cycle, instead of proportional to the duty cycle. This

progressively reduces the loop gain as the duty cycle approaches zero.

[00161] FIG. 9 shows the effects of reduced duty cycle. The shape of curve 212 when
D < Dy is quadratic {a parabola) and is proportional to D when D > D, To compensate
for the changes in curve 212, the PI2D coefficients are divided by duty cycle D when D <
D.. The behavior smoothiy-varies (i.e. continuous) as D traverses above or below D
For example, PI2D controller 132 may use C; as the integral coefficient for D > Dy, but

use Ci B/D for D <D, Both these values have the same value (Cy at D = D,
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[00102] The same approach may be used for the other PI2D coefficients. Note that for
very small values of D, this adjustment may increase the coefficients by a
correspondingly large amount. Given imperfections in system modeling, linearity, or
implementation, this may add rather than reduce instability. Therefore, the gain
coefficient adjustment may be limited to a particular ratio, such as 10:1 compared to the

standard optimized values.

[00103] FIG. 10 shows a graph with a horizontal x-axis representing time in seconds
and a vertical y-axis representing temperature in a thermal chamber in millidegrees
Celsius. Multiple IMUs 118 were tested with thermal stabilization system 100. Line 210

represents the changes in the chamber temperature ramped between 9C and 61C.

[00104] FIG. 11 shows results in bias deviations for both an accelerometer and a
gyroscope. The horizontal x axes represent degrees Celsius and the vertical y axes
represent the maximum temperature interval error (MTIE). MTIE is the greatest
deviation, between the minimum and maximum values experienced during that time
interval, of the accelerometer or gyroscope output value, during a time interval during

which the temperature deviated by up to a specified amount.

[80165] Graph 220A shows unsorted values for the accelerometer, graph 220B shows
the sorted values for the accelerometer, graph 220C shows unsorted values for the
gyroscope, and graph 220D shows sorted values for the gyroscope, where “sorting” refers
to re-ordering of the dataset in order of increasing temperature. The x-axes represent a
delta change in degrees Celsius, the y-axes in graphs 220A and 220B represent the
accelerator output acceleration value due to gravity (g), and y-axes in graphs 220C and

220D represent the gyroscope output degrees per second (dps).

[80106] The unsorted values are calculated directly from raw data sets of output data
generated by the accelerometer or gyroscope. The sorted values are calculated after
sorting the data sets by increasing temperature. In this way, the sorted data sets include
the effects of hysteresis. The Y-intercept of sorted graphs 220B and 220D show the

deviation caused by hysteresis alone. The changes in curves 222A in graphs 220A and
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220B represent the effects of temperature hysteresis that may cause a 0.05g output

uncertainty based on a rising temperature ramp vs. a falling temperature ramp.

[00107] Graphs 220 contain curves 222 for three cases. Curves 222A represent
unstabilized outputs from the inertial units where thermal stabilization system 100 is not
used. Curves 222B represent stabilized outputs from the inertial units where thermal
stabilization system 100 is used except no Peltier drive compensation of sensor data is
performed. Curves 222C represent compensated outputs from the inertial units where
thermal stabilization system 100 is used and Peltier drive compensation of sensor data is

performed.

[00108] As shown in graphs 220A and 220B, in one IMU 118, the stabilized
accelerometer temperature sensitivity shown in curves 222B increases for delta Celsius
exceeding about 30C, but is greatly reduced by subsequent compensation as shown by
curves 222C. This may be due to either temperature gradients within IMU 118 from
imperfect insulation, or mechanical stress due to expansion/contraction of the Peltier
device or thermal pad, or both. The gyroscope temperature sensitivity as shown in graphs
220C and 220D 1s greatly improved by stabilization alone, with essentially no further

improvement by compensation as shown by curves 222C.

[00109] In some cases, polynomial regression based compensation may provide better
results compared to simple linear regression based compensation. This may be due to a
non-linear relationship between current and power in the system, either in thermoelectric

device 110 orin drive circuit 130. Thus, either type of regression may be used.

[60110] Current drive circuit 130 may use H-bridge circuitry due to benefits of bi-
directionality and efficiency. However, other types of current drive circuits 130 may be
just as effective in some situations. Heat dissipated by current drive circuit 130 may be
isolated from thermoelectric device 110 and IMU 118 by suitable heat sinking, insulation,

and isolation.

[00111] Some temperature sensors external from the inertial devices 116 may have

worse performance than temperature sensors provided within IMU 118, However, not all
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IMUs 118 contain temperature sensors, or include temperature sensors with a resolution
necessary to properly stabilize the control loop. Therefore, some embodiments may

include external temperature sensors.

[66112] lnstead of compensating IMU data on the basis of drive current 160 as
described above, compensation may be performed based on the measured temperature
differences between IMU 118 and temperature sensors placed elsewhere within system
100. This temperature difference is similarly indicative or predictive of temperature

gradients within IMU 118,

[60113] Placement of IMU 118 within an enclosure facilitates thermal coupling of IMU
118 to thermoelectric heating/cooling device 110 and reduces the power required to
achieve a stable IMU temperature set point across a range of operating ambient
temperatures. The enclosure also provides mechanical rigidity, coupling, and alignment
of IMU 118 to a mounting surface. The enclosure also thermally isolates IMU 118 from
adjacent heat-generating devices and can act as a heat spreader to maximize uniformity of
the thermal environment around IMU 118, Thus, the enclosure may reduce thermal
gradients within IMU 118, and in conjunction with a pliable thermal pad 114, limit the
compressive force applied to IMU 118 by acting as a compression stop for thermoelectric

device 110.

[60114] Box 112 may have different shapes in additional to the S-sided box structure

described above, such as a cylinder of arbitrary shape.

[60115] In one example, rather than just one thermoelectric device 110, there may be
two or more thermoelectric devices 110 attached on vanous sides of box 112, such as on
a top side of box 112 and one on a bottom side of box 112, Thermoelectric device 110
may be embedded within a cutout formed in PCB 119. IMU 118 then may be mounted

directly on top of thermoelectric device 110.

[60116] Rather than supporting and pressing against thermoelectric device 110, box 112
may be partly or entirely composed of thermoeleciric devices 110. For example,

thermoelectric devices 110 may form sides, a bottom floor, and/or a top cover for box
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112. Thermoelectric devices 110 may operate in conjunction with each other, and may
be bonded or fastened together to form box 112 for IMU 118, Each individual
thermoelectric device 110 may form one side of box 112, with a cold side aligned toward
the interior space where IMU 118 is located. One or more heat sinks may contact the

exterior hot sides of thermoelectric devices 110,

{00117] As stated above, IMU 118 may be removably inserted into a socket that
operates as box 112. In another example, IM{J 118 may be soldered directly to PCB 119.
In this example, a separate box 112 may sit around IMU 118 as shown in FIG. 1 and PCB

119 may form the 5th bottom side of box 112,

[00118] Rather than using compression devices such as screws for assembly and
mechanical integrity, IMU 118 and/or box 112 may be fixed in place with an adhesive,
potting compound, or low-pressure overmolding material. The adhesive may maintain
good thermal coupling, through thermal pad 114 to the cold side of thermoelectric device
110. This disclosure explicitly incorporates all these alternatives, and other similar ones

which are obvious in consideration of them.

Computer. Software. and Control Systems

[60119] Examples of systems, apparatus, computer-readable storage media, and
methods are being provided solely to add context and aid in the understanding of the
disclosed implementations. It will thus be apparent to one skilled in the art that the
disclosed implementations may be practiced without some or all of the specific details
provided. In other instances, certain process or method operations, also referred to herein
as “blocks,” have not been described in detail in order to avoid unnecessarily obscuring
the disclosed implementations. Other implementations and applications also are possible,
and as such, the following examples should not be taken as definitive or limiting etther in

scope or setting.

[00120] References have been made to accompanying drawings, which form a pait of
the description and in which are shown, by way of illustration, specific implementations.

Although these disclosed implementations are described in sufficient detail to enable one
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skilled in the art to practice the implementations, it is to be understood that these
examples are not limiting, such that other implementations may be used and changes may
be made to the disclosed implementations without departing from their spirit and scope.
For example, the blocks of the methods shown and described above are not necessarily
performed in the order indicated in some other implementations. Additionally, in some
other implementations, the disclosed methods may include more or fewer blocks than are
described. As another example, some blocks described herein as separate blocks may be
combined in some other implementations. Conversely, what may be described herein as
a single block may be implemented in multiple blocks in some other implementations.
Additionally, the conjunction “or” is intended herein in the inclusive sense where
appropriate unless otherwise indicated; that is, the phrase “A, B or C” is intended to
include the possibilities of “A,” “B,” “C,” “Aand B,” “B and C,” “A and C” and “A, B
and C.”

{00121} Inertial navigation systems (INS) may include gyroscopic (gyro} sensors,
accelerometers and similar technologies for providing outputs corresponding to the
inertially~-measured states of moving components in all possible axes (linear directions
along and rotational about the X, Y and Z axes respectively). Said terminology will
include the words specifically mentioned, derivative thereof and words of similar

meaning.

[60122] FIG. 12 shows a guidance system 250 implementing an electrical direct-drive
steering assistance mechanism 3. Guidance system 250 may use thermal stabilization
system 100 described above. Without limitation on the generality of useful applications
of guidance system 250, a GNSS receiver 4 and a guidance processor 6 are connected to
a GNSS antenna 12 and installed into vehicle 252, such as an agricultural vehicle or
tractor. An auto-steering system 8 is electrically connected to guidance processor 6, and

is mechanically interfaced with vehicle 252 via steering assistance mechanism 3.

[00123] Figure 13 shows additional detail of guidance system 250. The GNSS receiver
4 is further comprised of an RF convertor (i.e., down convertor) 16, a tracking device 18,

and a rover RTK receiver element 20. The receiver electrically communicates with, and
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provides GNSS positioning data to, guidance processor 6. Guidance processor 6 includes
a graphical user interface (GUI) 26, a microprocessor 24, and a media element 22, such
as a memory storage drive. Guidance processor 6 electrically communicates with, and
provides control data to auto-steering system 8. An auto-steering subsystem includes a
wheel movement detection switch 28 and an encoder 30 for interpreting guidance and

steering commands from CPU 6.

[00124] Auto-steering system 8 may interface mechanically with the vehicle’s steering
coluran 34, which is mechanically attached to steering wheel 32. A control line 42 may
transmit guidance data from the CPU 6 to the auto-steering system 8. An electrical
subsystermn 44, which powers the electrical needs of vehicle 252, may interface directly
with auto-steering system 8 through a power cable 46. Auto-steering subsystem 8 can be
mounted to steering column 34 near the floor of the vehicle, and in proximity to the
vehicle’s control pedals 36. Alternatively, auto-steering system & can be mounted at

other locations along steering column 34,

[006125] The auto-steering system 8 physically drives and steers vehicle 252 by actively
turning steering wheel 32 via steering column 34, A motor 45 powered by vehicle
electrical subsystem 44 may power a worm drive which powers a worm gear affixed to
auto-steering system 8. In other embodiments, auto-steering system 8 is integrated

directly into the vehicle drive control system independently of steering column 34,

[60126] Some of the operations described above may be implemented in software and
other operations may be implemented in hardware. One or more of the operations,
processes, or methods described herein may be performed by an apparatus, device, or

system similar to those as described herein and with reference to the illustrated figures.

[00127] “Computer-readable storage medium” (or alternatively, “machine-readable
storage medium”) used in guidance system 250 may include any type of memory, as well
as new technologies that may arise in the future, as long as they may be capable of
storing digital information in the nature of a computer program or other data, at least
temporarily, in such a manner that the stored information may be “read” by an

appropriate processing device. The term “computer-readable” may not be limited to the
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historical usage of “computer” to imply a complete mainframe, mini-computer, desktop,
wireless device, or even a laptop computer. Rather, “computer-readable” may comprise
storage medium that may be readable by a processor, processing device, or any
computing system. Such media may be any available media that may be locally and/or
remotely accessible by a computer or processor, and may include volatile and non-

volatile media, and removable and non-removable media.

[00128] Having described and illustrated the principles of a preferred embodiment, it
should be apparent that the embodiments may be modified in arrangement and detatl
without departing from such principles. Claim is made to all modifications and varnation

coming within the spirit and scope of the following claims.
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CLAIMS

1. A thermal stabilization system for stabilizing operation of an inertial measurement unit (IMU),
comprising:
a thermoelectric device for stabilizing the temperature around the IMU;
a drive circuit generating a pulse width modulated (PWM) drive signal for operating the
thermoelectric device; and
a controller configured to:
monitor a temperature around the thermoelectric device and a duty cycle for the drive
signal used for operating the drive circuit,
generate a control signal for controlling the drive circuit based on the temperature and
duty cycle of the drive signal, and
vary a dead-time compensation value and a scale factor compensation value used for

linear or polynomial regression of IMU data versus PWM duty cycle.

2. The thermal stabilization system of claim 1, the controller further configured to increase loop
gain coefficients for the control signal to compensate for a gain reduction that occurs when the duty
cycle of the drive signal falls below a value dependent on at least one of a rise time and fall time of the

drive signal.

3. The thermal stabilization system of claim 1, the controller further configured to adjust loop gain
coefficients for the control signal to compensate for a dead-band response associated with transitioning

the thermoelectric device between heating and cooling operations.

4, The thermal stabilization system of claim 3, the controller further configured to increase the
loop gain coefficients by a correction factor inversely proportional to a most recently measured duty
cycle.

5. The thermal stabilization system of claim 4, the controller further configured to apply the scale

factor compensation value to the duty cycle such that different efficiencies of the thermoelectric device

during the heating and cooling operations are compensated.
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6. The thermal stabilization system of claim 4 or claim 5, the controller further configured to
apply the dead-time compensation value to the duty cycle such that an increased duty cycle rate of
change is compensated when the duty cycle drops below a value dependent on at least one of a rise

time and fall time of the drive signal.

7. The thermal stabilization system of any one of claims 1-6, wherein the IMU is held in
compression by the thermoelectric device so the IMU operates is a substantially linear operating

region.

8. The thermal stabilization system of any one of claims 1-7, further comprising:

a platform;

a box mounted on the platform for retaining the IMU, wherein the thermoelectric device is
located on the box for stabilizing the temperature around the IMU; and

a compression structure for holding the IMU in compression within the box.

9. The thermal stabilization system of claim 8, wherein the compression structure includes a
thermal pad located on top of the IMU within the box and a heat sink located on top of the
thermoelectric device and pressing the thermoelectric device down against a top surface of the box and

compressing the thermal pad.

10. The thermal stabilization system of claim 9, wherein the heat sink is a wall of an enclosure;
and/or:
wherein the thermal stabilization system includes a thermal pad located between the heat sink
and the thermoelectric device;
and/or:
wherein the thermal stabilization system includes:
spacers located between the platform and the heat sink; and
a compression device extending up through the platform and the spacers and holding the

heat sink and the thermoelectric device in compression against a top surface of the box.

11.  The thermal stabilization system of any one of claims 8-10, wherein the platform comprises a

printed circuit board forming a bottom floor of the box;
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or:
wherein the platform comprises a printed circuit board forming a bottom floor of the box, and
wherein the thermal stabilization system includes slots formed in the printed circuit board around an

outside perimeter of the box providing thermal isolation of the printed circuit board from the IMU.

12.  The thermal stabilization system of any one of claims 8-10, wherein the platform comprises a
printed circuit board (PCB) and the box comprises a socket that attaches to the printed circuit board and
includes an interior space for receiving the IMU;
and/or:
wherein the thermoelectric device comprises a Peltier module contained in an enclosure that

presses against a top end of the box.

13. A method for stabilizing operation of an inertial measurement unit (IMU), comprising:

locating a box on a platform;

locating the IMU within the box;

locating a thermoelectric device over the box;

holding the thermoelectric device against a top side of the box so the IMU is compressed within
the box;

monitoring a temperature around the IMU;

generating a pulse width modulated (PWM) drive signal to power the thermoelectric device
based on the temperature monitored around the IMU;

varying gain coefficients for a duty cycle of the PWM drive signal to compensate for a dead-
band in the PWM drive signal; and

varying a dead-time compensation value and a scale factor compensation value used for linear

or polynomial regression of IMU data versus PWM duty cycle.
14.  The method of claim 13, further comprising holding a heat sink in compression against a top

side of the thermoelectric device causing the thermoelectric device to compress a thermal pad located
in the box against the IMU.
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15.  The method of claim 14, wherein the platform comprises a printed circuit board (PCB), the
heatsink is attached to the PCB, and the box, IMU, and thermoelectric device are located in between
the platform and the printed circuit board.
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