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(54) AIR DATA AIDED INERTIAL MEASUREMENT UNIT

(57) An inertial measurement unit (IMU) includes an
inertial sensor assembly including a plurality of acceler-
ometers and a plurality of rate gyroscopes, an inertial
sensor compensation and correction module, and a Ka-
lman estimator module. The inertial sensor compensa-
tion and correction module is configured to apply a set
of error compensation values to sensed acceleration and
rotational rate to produce a compensated acceleration
and a compensated rotational rate of the IMU. The Ka-

lman estimator module is configured to determine a set
of error correction values based on a difference between
a change in integrated acceleration of the IMU and a
change in true airspeed of the IMU. The inertial sensor
compensation and correction module is further config-
ured to apply the set of error correction values to each
of the compensated acceleration and the compensated
rotational rate to output an error-corrected acceleration
and an error-corrected rotation rate.
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Description

BACKGROUND

[0001] This disclosure relates generally to inertial
measurement units, and more particularly to inertial
measurement units that utilize air data parameters to pro-
duce error-compensated output values.
[0002] Many complex vehicle guidance systems, such
as aircraft inertial navigation systems, utilize an inertial
measurement unit (IMU) that senses and outputs current
acceleration forces experienced by the IMU as well as
changes in rotational position (e.g., roll, pitch, and yaw).
Such IMUs typically sense the current acceleration in
three dimensions via a triad of accelerometers, each ori-
ented along one of three mutually-orthogonal axes. Sim-
ilarly, changes in rotational position are typically sensed
via a triad of gyroscopes, each oriented along one of the
three mutually-orthogonal axes.
[0003] Outputs of the IMU (e.g., a three-axis acceler-
ation vector as well as a three-axis vector representing
changes in rotational speed) are often integrated over
time by an inertial navigation system to arrive at a position
and orientation of the vehicle relative to a known starting
position and orientation via, e.g., dead reckoning tech-
niques. However, such integration techniques can com-
pound sensor errors over time. Some sensor errors, such
as those due to temperature, can be considered deter-
ministic in nature, and therefore compensated for in the
integration techniques via pre-defined correction factors.
Other errors, such as turn-on to turn-on biases and scale
factor errors can be unpredictable or stochastic in nature,
thereby preventing the use of such pre-defined correction
factors for effective error compensation operations. The
use of a fiber optic gyroscope (FOG) or ring laser gyro-
scope (RLG) can provide greater accuracy and consist-
ency of measurements than, e.g., micro-electro-mechan-
ical system sensors, but at significant added cost. Ac-
cordingly, accuracy of measurement is typically sacri-
ficed for the benefit of reduced cost when utilizing MEMS
sensors for measuring acceleration forces and rotational
position changes in IMUs.

SUMMARY

[0004] In one example, an inertial measurement unit
includes an inertial sensor assembly, an inertial sensor
compensation and correction module, and a Kalman es-
timator module. The inertial sensor assembly includes a
plurality of accelerometers and a plurality of rate gyro-
scopes. Each of the plurality of accelerometers is con-
figured to sense acceleration of the IMU along one of a
plurality of axes. Each of the plurality of rate gyroscopes
is configured to sense rotational rate of the IMU along
one of the plurality of axes. The inertial sensor compen-
sation and correction module is configured to apply a set
of error compensation values to acceleration sensed by
the plurality of accelerometers and to rotational rate

sensed by the plurality of rate gyroscopes to produce a
compensated acceleration and a compensated rotational
rate of the IMU. The Kalman estimator module is config-
ured to determine a change in integrated acceleration of
the IMU over a time interval based on the compensated
acceleration and the compensated rotational rate of the
IMU, determine a set of error correction values based on
a difference between the change in the integrated accel-
eration of the IMU and a change in true airspeed of the
IMU, and provide the set of error correction values to the
inertial sensor compensation and correction module. The
inertial sensor compensation and correction module is
further configured to apply the set of error correction val-
ues to each of the compensated acceleration and the
compensated rotational rate to produce an error-correct-
ed acceleration and an error-corrected rotation rate, and
output the error-corrected acceleration and the error-cor-
rected rotational rate.
[0005] In another example, a method includes sensing
acceleration of an inertial measurement unit (IMU) along
a plurality of axes via a plurality of accelerometers of the
IMU, and sensing rotational rate of the IMU along the
plurality of axes via a plurality of rate gyroscopes of the
IMU. The method further includes applying a set of error
compensation values to each of the sensed acceleration
and the sensed rotational rate to produce a compensated
acceleration and a compensated rotational rate of the
IMU, determining a change in integrated acceleration of
the IMU over a time interval based on the compensated
acceleration and the compensated rotational rate of the
IMU, and determining a set of error correction values
based on a difference between the change in the inte-
grated acceleration of the IMU and a change in true air-
speed of the IMU. The method further includes applying
the set of error correction values to each of the compen-
sated acceleration and the compensated rotational rate
to produce an error-corrected acceleration and an error-
corrected rotational rate, and outputting the error-correct-
ed acceleration and the error-corrected rotational rate.

BRIEF DESCRIPTION OF THE DRAWINGS

[0006]

FIG. 1 is a schematic block diagram illustrating an
example inertial measurement unit (IMU) that utilizes
air data inputs to produce error-corrected accelera-
tion and angular rate outputs.
FIG. 2 is a schematic block diagram illustrating fur-
ther details of the inertial sensor compensation and
correction module of FIG. 1 to produce error-correct-
ed acceleration and angular rate outputs.
FIG. 3 is a schematic block diagram illustrating fur-
ther details of the attitude determination module of
FIG. 1 to determine a vehicle attitude using the error-
corrected and compensated acceleration and angu-
lar rate outputs from the inertial sensor compensa-
tion and correction module.
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FIG. 4 is a schematic block diagram illustrating fur-
ther details of the Kalman estimator module of FIG.
1 to produce bias and scale factor error correction
values that are utilized by the IMU to produce error-
corrected acceleration and angular rate outputs.
FIG. 5 is a schematic block diagram illustrating de-
tails of the Kalman estimator module of FIG. 1 to
produce an initial attitude quaternion representing
an initial attitude of the IMU.

DETAILED DESCRIPTION

[0007] As described herein, an inertial measurement
unit (IMU) utilizes air data parameter values, such as true
airspeed and angle of attack, to produce error-corrected
angular rate and acceleration output values. The IMU
determines vehicle attitude parameters based on sensed
acceleration and rotational position information received
from accelerometers and gyroscopes of the IMU. Air data
parameter values received and/or calculated by the IMU
are utilized to estimate bias and/or scale factor errors of
the accelerometer and gyroscope outputs. The IMU re-
moves the estimated errors from the sensed angular rate
and acceleration parameters to produce error-corrected
output values, thereby increasing an accuracy of the IMU
outputs.
[0008] FIG. 1 is a schematic block diagram illustrating
inertial measurement unit (IMU) 10 that utilizes air data
inputs to produce error-corrected body-axis accelera-
tions 12 and body-axis angular rates 14. As illustrated in
FIG. 1, IMU 10 includes inertial sensor assembly 16, in-
ertial sensor compensation and correction module 18,
attitude determination module 20, and Kalman estimator
module 22. Inertial sensor assembly 16 includes accel-
erometers 24A, 24B, and 24C, analog-to-digital convert-
er 26, temperature sensors 28A, 28B, and 28C, analog-
to-digital converter 30, rate gyroscopes 32A, 32B, and
32C, and analog-to-digital converter 34. As further illus-
trated, IMU 10 receives true airspeed 36 and angle of
attack 38 as inputs, and produces body-axis angular
rates 12 and body-axis accelerations 14 as outputs. In
other examples, rather than receive true airspeed 36 and
angle of attack 38 as inputs, IMU 10 can receive sensor
measurements, such as static pressure measurements,
total pressure measurements, total air temperature
measurements, or other sensor measurements that are
usable by IMU 10 to derive true airspeed 36 and angle
of attack 38. Body-axis angular rates 12 and body-axis
accelerations 14 output from IMU 10 can be utilized by,
e.g., an inertial navigation system of an aircraft or other
moving body to which IMU 10 is mounted.
[0009] Accelerometers 24A, 24B, and 24C of inertial
sensor assembly 16 form a 3-axis triad of accelerome-
ters, each mounted (e.g., on a circuit board) and aligned
to sense acceleration forces along one of three mutually-
orthogonal axes. Rate gyroscopes 32A, 32B, and 32C
are similarly mounted (e.g., on the same circuit board)
and aligned to sense a rotational rate along one of three

mutually-orthogonal axes (e.g., roll rate, pitch rate, and
yaw rate). Temperature sensors 28A, 28B, and 28C are
mounted (e.g., on the same circuit board) proximate ac-
celerometers 24A-24C and rate gyroscopes 32A-32C to
sense a temperature of an operational environment with-
in inertial sensor assembly 16. For instance, temperature
sensor 28A can be mounted proximate accelerometer
24A and rate gyroscope 32A to sense a temperature of
an operational environment within inertial sensor assem-
bly 16 proximate accelerometer 24A and rate gyroscope
32A. Temperature sensor 28B can be mounted proxi-
mate accelerometer 24B and rate gyroscope 32B to
sense a temperature of an operational environment with-
in inertial sensor assembly 16 proximate accelerometer
24B and rate gyroscope 32B. Temperature sensor 28C
can be mounted proximate accelerometer 24C and rate
gyroscope 32C to sense a temperature of an operational
environment within inertial sensor assembly 16 proxi-
mate accelerometer 24C and rate gyroscope 32C. Any
one or more of accelerometers 24A-24B, temperature
sensors 28A-28C, and rate gyroscopes 32A-32C can be
implemented as micro-electro-mechanical systems
(MEMS).
[0010] As illustrated, inertial sensor assembly 16 fur-
ther includes analog-to-digital (A-toD) converters 26, 30,
and 34. Each of A-to-D converters 26, 30, and 34 includes
discrete and/or integrated logic circuitry to convert an an-
alog signal input, such as a voltage, to a digital numerical
representation proportional to a magnitude of the analog
signal input. In operation, A-to-D converter 26 converts
a voltage output from each of accelerometers 24A-24C
to a digital numerical representation proportional to a
magnitude of the voltage output from the respective one
of accelerometers 24A-24C. A-to-D converter 30 con-
verts a voltage output from each of temperature sensors
28A-28C to a digital numerical representation proportion-
al to a magnitude of the voltage output from the respective
one of temperature sensors 28A-28C. A-to-D converter
34 converts a voltage output from each of rate gyro-
scopes 32A-32C to a digital numerical representation
proportional to a magnitude of the voltage output from
the respective one or rate gyroscopes 32A-32C.
[0011] Each of inertial sensor compensation and cor-
rection module 18, attitude determination module 20, and
Kalman estimator module 22 can be implemented in
hardware, software, or combinations of hardware and
software. For example, IMU 10 can include one or more
processors and computer-readable memory encoded
with instructions that, when executed by the one or more
processors, cause IMU 10 to operate in accordance with
techniques described herein. Examples of the one or
more processors include any one or more of a microproc-
essor, a controller, a digital signal processor (DSP), an
application specific integrated circuit (ASIC), a field-pro-
grammable gate array (FPGA), or other equivalent dis-
crete or integrated logic circuitry. Computer-readable
memory of IMU 10 can be configured to store information
within IMU 10 during operation. The computer-readable
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memory can be described, in some examples, as com-
puter-readable storage media. In some examples, a com-
puter-readable storage medium can include a non-tran-
sitory medium. The term "non-transitory" can indicate
that the storage medium is not embodied in a carrier wave
or a propagated signal. In certain examples, a non-tran-
sitory storage medium can store data that can, over time,
change (e.g., in RAM or cache). Computer-readable
memory of IMU 10 can include volatile and non-volatile
memories. Examples of volatile memories can include
random access memories (RAM), dynamic random ac-
cess memories (DRAM), static random access memories
(SRAM), and other forms of volatile memories Examples
of non-volatile memories can include magnetic hard
discs, optical discs, floppy discs, flash memories, or
forms of electrically programmable memories (EPROM)
or electrically erasable and programmable (EEPROM)
memories.
[0012] As illustrated in FIG. 1, the outputs of A-to-D
converter 26, A-to-D converter 30, and A-to-D converter
34 are provided as inputs to inertial sensor compensation
and correction module 18, which also receives Kalman
scale factor and bias error corrections from Kalman es-
timator module 22. Inertial sensor compensation and cor-
rection module 18 outputs body-axis angular rates 12
and body-axis accelerations 14 (i.e., error-corrected out-
put values) via, e.g., a data bus or other communicative
connection for use by an inertial navigation system or
other consuming system. Body-axis angular rates 12 and
body-axis accelerations 14 are also provided to attitude
determination module 20 and Kalman estimator module
22 as inputs. Attitude determination module 20 further
receives tilt error correction values δq and initial attitude
quaternion qC

init from Kalman estimator module 22 and
provides attitude information outputs to Kalman estima-
tor module 22 in the form of attitude quaternion qC. Ka-
lman estimator module 22 further receives true airspeed
36 and angle of attack 38 from, e.g., an aircraft air data
system, and provides Kalman scale factor and bias error
corrections to inertial sensor compensation and correc-
tion module 18 for use in modifying inputs received from
accelerometers 24A-24C and rate gyroscopes 32A-32C
to produce error-corrected outputs body-axis angular
rates 12 and body-axis accelerations 14, as is further
described below.
[0013] In operation, accelerometers 24A-24C and rate
gyroscopes 32A-32C sense acceleration forces and ro-
tational rates along the three mutually-orthogonal axes.
Temperature sensors 28A-28C sense a temperature of
an operational environment of accelerometers 24A-24C
and rate gyroscopes 32A-32C, for example on one or
more circuit boards within a housing of IMU 10 that en-
closes components of IMU 10. The outputs of each of
accelerometers 24A-24C, temperature sensors 28A-
28C, and rate gyroscopes 32A-32C are provided to in-
ertial sensor compensation and correction module 18 via
A-to-D converters 26, 30, and 34, illustrated in FIG. 1 as
VA, VT, and Vω. That is, VA represents a three-dimen-

sional vector, each element of the vector corresponding
to the output from one of accelerometers 24A, 24B, and
24C. Similarly, VT represents a three-dimensional vector,
each element corresponding to the output from one of
temperature sensors 28A, 28B, and 28C. Vω also repre-
sents a three-dimensional vector, each element of the
vector corresponding to the output from one of rate gy-
roscopes 32A, 32B, and 32C.
[0014] Inertial sensor compensation and correction
module 18 applies compensation and correction factors
to adjust each of the inputs VA, VT, and Vω to produce
body-axis angular rates 12 and body-axis accelerations
14. Body-axis angular rates 12 and body-axis accelera-
tions 12 each represent three-axis outputs of error-com-
pensated and error-corrected output values correspond-
ing to the adjusted inputs VA, VT, and Vω. As is further
described below, inertial sensor compensation and cor-
rection module 18 applies compensation and correction
factors to inputs VA, VT, and Vω to adjust inputs VA, VT,
and Vω to compensate for sensor scale factor errors cor-
responding to an error in the slope of the sensor output
over a temperature range, bias errors corresponding to
a non-zero offset in the sensor output over the temper-
ature range, non-linearity errors corresponding to non-
linearity of the sensor output over the temperature range,
and non-orthogonality errors corresponding to offsets in
the mutual-orthogonality of the sensor installations along
the three axes within inertial sensor assembly 16. Such
temperature-dependent scale factor errors, tempera-
ture-dependent bias errors, non-linearity errors, and non-
orthogonality errors can be considered deterministic in
nature. As such, compensation and correction factors
applied by inertial sensor compensation and correction
module 18 to compensate sensor inputs VA, VT, and Vω
for the deterministic errors can be pre-determined during,
e.g., a testing phase in a laboratory or manufacturing
facility and stored in computer-readable memory of IMU
10 for use by inertial sensor compensation and correction
module 18 during operation.
[0015] Accordingly, inertial sensor compensation and
correction module 18 applies compensation and correc-
tion factors to adjust sensor inputs VA, VT and Vω to com-
pensate for deterministic errors, such as temperature de-
pendent errors and sensor installation position and align-
ment errors. In addition, as illustrated in FIG. 1, inertial
sensor compensation and correction module 18 receives
Kalman scale factor and bias error correction values from
Kalman estimator module 22 and also applies the Ka-
lman scale factor and bias error correction values to sen-
sor inputs VA, VT and Vω to correct for non-deterministic
sensor errors, as is further described below.
[0016] Inertial sensor compensation and correction
module 18 outputs the error-compensated and error-cor-
rected sensor inputs VA, VT and Vω (i.e., compensated
and corrected via application of the temperature-depend-
ent scale factor error compensation values, the Kalman
scale factor error correction values, the temperature-de-
pendent bias error compensation values, the Kalman bi-
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as error correction values, the non-linearity error com-
pensation values, and the non-orthogonality error com-
pensation values) as body-axis angular rates 12 and
body-axis accelerations 14. As such, body-axis angular
rates 12 and body-axis accelerations 14 represent error-
compensated and error-corrected output values of rate
gyroscopes 32A-32C and accelerometers 24A-24C, re-
spectively, after compensation for deterministic errors
(e.g., temperature-dependent scale factor errors, tem-
perature-dependent bias errors, sensor non-linearity er-
rors, and non-orthogonality errors) and correction for
non-deterministic scale factor and bias errors that may
arise during operation of IMU 10 (e.g., turn-on to turn-on
bias and scale factor errors, vibration-related bias and
scale factor errors, or other non-deterministic errors).
[0017] As illustrated in FIG. 1, Kalman estimator mod-
ule 22 receives as inputs body-axis angular rates 12 and
body-axis accelerations 14 from inertial sensor compen-
sation and correction module 18, as well as true airspeed
36 and angle of attack 38 from, e.g., an aircraft air data
system. In addition, Kalman estimator module 22 re-
ceives attitude information corresponding to aircraft roll
and pitch in the form of attitude quaternion qC from atti-
tude determination module 20.
[0018] As is further described below, attitude determi-
nation module 20 utilizes body-axis angular rates 12 and
body-axis accelerations 14 to determine an attitude
quaternion qC corresponding to a coordinate transform
between local level and body-axis roll and pitch of, e.g.,
an aircraft within which IMU 10 is installed. The deter-
mined attitude quaternion qC is provided to Kalman es-
timator module 22.
[0019] Kalman estimator module 22 utilizes attitude
quaternion qC determined by attitude determination mod-
ule 20 as well as body-axis angular rates 12 and body-
axis accelerations 14 to determine a change in an inte-
grated body-axis acceleration over a relative short time
duration (e.g., 0.5 seconds, 1.0 second, or other time
durations), as is further described below. Kalman esti-
mator module 22 compares the determined change in
the integrated body-axis acceleration over the time du-
ration to a difference in the received true airspeed 36
over the same time duration to determine an airspeed
difference value. Kalman estimator module 22 provides
the airspeed difference value as input to an extended
Kalman filter implemented by Kalman estimator module
22 to determine estimated scale factor errors and bias
errors for each of accelerometers 24A-24C and rate gy-
roscopes 32A-32C. The estimated scale factor errors and
bias errors for each of accelerometers 24A-24C and rate
gyroscopes 32A-32C are provided to inertial sensor com-
pensation and correction module 18 as Kalman scale
factor error correction values and Kalman bias error cor-
rection values associated with each of accelerometers
24A-24C and rate gyroscopes 32A-32C.
[0020] Inertial sensor compensation module 18 ap-
plies the received Kalman scale factor error correction
values and bias error correction values, the temperature-

dependent scale factor and bias error compensation val-
ues, the non-linearity error compensation values, and the
non-orthogonality error compensation values to each of
the received inputs from accelerometers 24A-24C and
rate gyroscopes 32A-32C to produce error-corrected out-
put values body-axis angular rates 12 and body-axis ac-
celerations 14. Accordingly, IMU 10, implementing tech-
niques of this disclosure, iteratively determines Kalman
scale factor and bias error correction values that are ap-
plied to (e.g., subtracted from, added to, or otherwise
applied to) sensed values from accelerometers 24A-24C
and rate gyroscopes 32A-32C to correct for non-deter-
ministic scale factor errors and bias errors that are un-
predictable in nature. The compensation for deterministic
errors (e.g., via the temperature-dependent scale factor
and bias error compensation values, the non-linearity er-
ror compensation values, and the non-orthogonality error
compensation values) as well as the non-deterministic
errors (e.g., via the Kalman scale factor and bias error
correction values) increases the accuracy of body-axis
angular rates 12 and body-axis accelerations 14 repre-
senting outputs of IMU 10 to consuming systems. As
such, the techniques described herein can enable more
accurate and precise operation of consuming systems,
such as inertial navigation or other consuming systems.
[0021] FIG. 2 is a schematic block diagram illustrating
further details of inertial sensor compensation and cor-
rection module 18 of FIG. 1 to produce error-compensat-
ed body-axis angular rates 12 and body-axis accelera-
tions 14. As illustrated in FIG. 2, inertial sensor compen-
sation and correction module 18 includes temperature
low-pass filter 40, accelerometer low-pass filter 42, rate
gyroscope low-pass filter 44, temperature module 46,
temperature averaging module 48, accelerometer ther-
mal scale factor and bias module 50, rate gyroscope ther-
mal scale factor and bias module 52, acceleration cluster
module 54, body accelerations module 56, output body
accelerations module 58, angular rate cluster module 60,
body angular rates module 62, and output body angular
rates module 64. As further illustrated, inertial sensor
compensation and correction module 18 receives VT, VA,
and Vω as inputs from inertial sensor assembly 16 (FIG.
1). In addition, inertial sensor compensation and correc-
tion module 18 receives Kalman accelerometer scale fac-
tor and bias error correction values EK-A and Kalman rate
gyroscope scale factor and bias error correction values
EK-G from Kalman estimator module 22. Inertial sensor
compensation and correction module 18 outputs body-
axis accelerations 14 and body-axis angular rates 12 via,
e.g., one or more communication data buses for use by
a consuming system, such as an aircraft inertial naviga-
tion system, stability augmentation system, or other con-
suming system. In addition, inertial sensor compensation
and correction module 18 provides compensated and
corrected body-axis accelerations Acomp-B as input to Ka-
lman estimator module 22 as well as compensated and
corrected body-axis angular rates ωcomp-B as input to
both Kalman estimator module 22 and attitude determi-
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nation module 20. Kalman estimator module 22 provides
tilt error correction values δq as input to attitude determi-
nation module 20.
[0022] Each of temperature low-pass filter 40, accel-
erometer low-pass filter 42, and rate gyroscope low-pass
filter 44 are low-pass filters (e.g., Butterworth low-pass
filters or other types of low-pass filters) implemented in
hardware and/or software and configured to pass signals
with frequencies lower than a cutoff frequency and atten-
uate signals with frequencies higher than the cutoff fre-
quency. Each of temperature low-pass filter 40, acceler-
ometer low-pass filter 42, and rate gyroscope low-pass
filter 44 can be configured with a same or different cutoff
frequency.
[0023] The output of temperature low-pass filter 40 is
provided to temperature module 46, which in turn pro-
vides temperatures T(n) as outputs to each of acceler-
ometer thermal scale factor and bias module 50 and rate
gyroscope thermal scale factor and bias module 52. Ac-
celerometer thermal scale factor and bias module 50 out-
puts temperature-dependent accelerometer scale factor
and bias error compensation values ASF-B to acceleration
cluster module 54. Rate gyroscope thermal scale factor
and bias module 52 outputs temperature-dependent rate
gyroscope scale factor and bias error compensation val-
ues GSF-B to angular rate cluster module 60. The com-
bined operations of temperature module 46, temperature
averaging module 48, accelerometer thermal scale factor
and bias module 50, and rate gyroscope thermal scale
factor and bias module 52 form temperature compensa-
tion operations that provide temperature compensation
scale factor and bias error compensation values for ap-
plication to (e.g., subtraction from) input values sensed
by accelerometers 24A-24C and rate gyroscopes 32A-
32C (FIG. 1).
[0024] Acceleration cluster module 54 receives the
temperature compensation scale factor and bias error
compensation values ASF-B from accelerometer thermal
scale factor and bias module 50 and applies the temper-
ature-dependent accelerometer scale factor error com-
pensation values and the temperature-dependent accel-
erometer bias error compensation values, as well as the
accelerometer non-linearity error compensation values
and the accelerometer non-orthogonality error compen-
sation values (e.g., stored in computer-readable memory
of IMU 10) to produce compensated accelerometer val-
ues Acomp-S in the sensor axis that are provided to body
accelerations module 56. Body accelerations module 56
receives the compensated sensor-axis accelerations
Acomp-S from acceleration cluster module 54 and Kalman
accelerometer scale factor and bias error correction val-
ues EK-A from Kalman estimator module 22. Body accel-
erations module 56 converts the compensated sensor-
axis accelerations Acomp-S to the aircraft (or other vehicle)
body-axis and applies the Kalman accelerometer scale
factor and bias error correction values EK-A to produce
compensated and corrected accelerometer values
Acomp-B in the body-axis that are provided as input to both

output body accelerations module 58 and Kalman esti-
mator module 22. Output body accelerations module 58
bandwidth-limits the received compensated and correct-
ed body-axis accelerations Acomp-B to produce body-axis
accelerations 14. The combined operations of accelera-
tion cluster module 54, body accelerations module 56
and output body accelerations module 58 form acceler-
ometer compensation operations that apply both deter-
ministic error compensation values (e.g., temperature-
dependent accelerometer scale factor error compensa-
tion values, temperature-dependent accelerometer bias
error compensation values, accelerometer non-linearity
error compensation values, and accelerometer non-or-
thogonality error compensation values) and non-deter-
ministic correction values (e.g., Kalman accelerometer
scale factor error correction values and Kalman acceler-
ometer bias error correction values) to produce body-
axis accelerations 14 (i.e., accelerations along each of
the three axes of accelerometers 24A-24C) that are error-
compensation and error-corrected for both the determin-
istic and non-deterministic errors.
[0025] As further illustrated in FIG. 2, angular rate clus-
ter module 60 receives the temperature compensation
scale factor and bias error compensation values GSF-B
from rate gyroscope thermal scale factor and bias module
52 and applies the temperature-dependent rate gyro-
scope scale factor error compensation values and the
temperature-dependent rate-gyroscope bias error com-
pensation values, as well as the rate gyroscope non-lin-
earity error compensation values and the rate gyroscope
non-orthogonality error compensation values (e.g.,
stored in computer-readable memory of IMU 10) to pro-
duce compensated angular rate values ωcomp-S in the
sensor axis that are provided to body angular rates mod-
ule 62. Body angular rates module 62 receives the com-
pensated sensor-axis angular rate values ωcomp-S from
angular rate cluster module 60 and Kalman rate gyro-
scope scale factor and bias error correction values EK-G
from Kalman estimator module 22. Body angular rates
module 62 converts the compensated sensor-axis angu-
lar rates ωcomp-S to the aircraft (or other vehicle) body-
axis and applies the Kalman rate gyroscope scale factor
and bias error correction values EK-G to produce com-
pensated and corrected angular rate values ωcomp-B in
the body-axis that are provided as input to output body
angular rates module 64, Kalman estimator module 22,
and attitude determination module 20. Output body an-
gular rates module 64 bandwidth-limits the received com-
pensated and corrected body-axis angular rates ωcomp-B
to produce body-axis angular rates 12. The combined
operations of angular rate cluster module 60, body an-
gular rates module 62 and output body angular rates
module 64 form rate gyroscope compensation opera-
tions that apply deterministic error compensation values
(e.g., temperature-dependent rate gyroscope scale fac-
tor error compensation values, temperature-dependent
rate gyroscope bias error compensation values, rate gy-
roscope non-linearity error compensation values, and
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rate gyroscope non-orthogonality error compensation
values) and non-deterministic error-correction values
(e.g., Kalman rate gyroscope scale factor error correction
values and Kalman rate gyroscope bias error correction
values) to produce body-axis angular rates 12 (i.e., an-
gular rates in each of the three axes of rate gyroscopes
32A-32C) that are error-compensation and error-correct-
ed to compensate and correct for both the deterministic
and non-deterministic errors.
[0026] In operation, temperature module 46 receives
low-pass filtered inputs VT from low-pass filter 40 which
represents a three-dimensional vector, each element
corresponding to a filtered digital representation of a volt-
age output of one of temperature sensors 28A, 28B, and
28C. Temperature module 46 converts the voltage rep-
resentation associated with each of temperature sensors
28A-28C to a separate temperature value using a poly-
nomial curve-fit having coefficients selected during, e.g.,
a testing phase to fit an output of the respective temper-
ature sensors 28A-28C to a reference temperature input.
Temperature module 46 provides temperatures T(n) (i.e.,
three temperature values, each corresponding to one of
temperature sensors 28A-28C) to temperature averag-
ing module 48. Temperature averaging module produces
an average temperature output for each of the received
input temperatures T(n), such as by using a moving av-
erage (e.g., over 8 samples, 10 samples, or other number
of samples) or other central tendency technique. Tem-
perature averaging module 48 provides the average tem-
perature associated with each of temperature sensors
28A-28C to each of accelerometer thermal scale factor
and bias module 50 and rate gyroscope thermal scale
factor and bias module 52.
[0027] Accelerometer thermal scale factor and bias
module 50 determines a temperature-dependent accel-
erometer scale factor error compensation value and a
temperature-dependent accelerometer bias error com-
pensation value corresponding to each of accelerome-
ters 24A-24C. For example, accelerometer thermal scale
factor and bias module 50 can apply the average input
temperature value for the one of temperature sensors
28A-28C that is associated with (e.g. mounted proxi-
mate) accelerometer 24A as input to a polynomial curve
fit of temperature-dependent accelerometer scale factor
errors corresponding to accelerometer 24A having coef-
ficients determined during, e.g., a testing phase (e.g., in
a laboratory or manufacturing phase). Accelerometer
thermal scale factor and bias module 50 can similarly
apply average input temperature values for each of tem-
perature sensors 28B and 28C that are associated with
accelerometers 24B and 24C as input to separate poly-
nomial curve fits of temperature-dependent accelerom-
eter scale factor errors corresponding to each of accel-
erometer 24B and 24C having coefficients determined
during the testing and/or manufacturing phase. Acceler-
ometer thermal scale factor and bias module 50 applies
the average temperature input value for each of temper-
ature sensors 28A-28C as input to polynomial curve fits

of temperature-dependent bias errors corresponding to
each of accelerometers 24A-24C (each of the polynomial
curve fits having coefficients determined during the test-
ing and/or manufacturing phase) to determine tempera-
ture-dependent bias error compensation values corre-
sponding to each of accelerometers 24A-24C.
[0028] Rate gyroscope thermal scale factor and bias
module 52 determines a temperature-dependent rate gy-
roscope scale factor error compensation value and a
temperature-dependent rate gyroscope bias error com-
pensation value corresponding to each of rate gyro-
scopes 32A-32C. For example, rate gyroscope thermal
scale factor and bias module 52 can apply the average
input temperature value for the one of temperature sen-
sors 28A-28C that is associated with (e.g. mounted prox-
imate) rate gyroscope 32A as input to a polynomial curve
fit of temperature-dependent rate gyroscope scale factor
errors corresponding to rate gyroscope 32A having co-
efficients determined during, e.g., a testing phase (e.g.,
in a laboratory or manufacturing phase). Rate gyroscope
thermal scale factor and bias module 52 can similarly
apply average input temperature values for each of tem-
perature sensors 28B and 28C that are associated with
rate gyroscopes 32B and 32C as input to separate pol-
ynomial curve fits of temperature-dependent rate gyro-
scope scale factor errors corresponding to each of rate
gyroscopes 32B and 32C having coefficients determined
during the testing and/or manufacturing phase. Rate gy-
roscope thermal scale factor and bias module 52 applies
the average temperature input value for each of temper-
ature sensors 28A-28C as input to polynomial curve fits
of temperature-dependent bias errors corresponding to
each of rate gyroscopes 32A-32C (each of the polynomial
curve fits having coefficients determined during the test-
ing and/or manufacturing phase) to determine tempera-
ture-dependent bias error compensation values corre-
sponding to each of rate gyroscopes 32A-32C.
[0029] Acceleration cluster module 54 receives the
temperature-dependent accelerometer scale factor error
compensation values and the temperature-dependent
accelerometer bias error compensation values from ac-
celerometer thermal scale factor and bias module 50. In
addition, acceleration cluster module 54 receives low-
pass filtered inputs VA from low-pass filter 42 which rep-
resents a three-dimensional vector, each element corre-
sponding to a filtered digital representation of a voltage
output of one of accelerometers 24A, 24B, and 24C. Ac-
celeration cluster module 54 converts the voltage repre-
sentation of each filtered input VA to an acceleration value
(e.g., in meters/second/second). In addition, acceleration
cluster module 54 applies the received temperature-de-
pendent accelerometer scale factor error compensation
values corresponding to each of accelerometers 24A-
24C to the inputs VA, such as by multiplying each of inputs
VA by the corresponding temperature-dependent accel-
erometer scale factor error compensation value. Accel-
eration cluster module 54 applies the received tempera-
ture-dependent accelerometer bias error compensation
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values corresponding to each of accelerometers 24A-
24C to the inputs VA via aggregation techniques (e.g.,
summing, subtracting, or other aggregation techniques).
In addition, acceleration cluster module 54 applies (e.g.,
multiplies) the non-linearity error compensation values
and the non-orthogonality error compensation values
corresponding to each of accelerometers 24A-24C (e.g.,
determined during a testing and/or manufacturing phase
and stored in computer-readable memory of IMU 10) to
the respective inputs VA to produce compensated sen-
sor-axis accelerations Acomp-S. Sensor-axis accelera-
tions Acomp-S therefore represent acceleration values as-
sociated with each of accelerometers 24A-24C in the
sensor axis that have been compensated for determin-
istic errors corresponding to temperature-dependent
scale factor and bias errors, sensor non-linearity errors,
and non-orthogonality errors associated with a misalign-
ment (i.e., non-mutually-orthogonal) of installation of ac-
celerometers 24A-24C.
[0030] Body accelerations module 56 receives the
compensated sensor-axis accelerations Acomp-S and
converts the accelerations from the sensor coordinate
frame to an aircraft (or other vehicle to which IMU 10 is
mounted) coordinate frame using a rotational matrix such
as a direction cosine matrix having direction angles con-
figured to transform the sensor coordinate frame to the
aircraft body axis frame. In addition, body accelerations
module 56 receives Kalman accelerometer scale factor
and bias error correction values EK-A from Kalman esti-
mator module 22. As is further described below, Kalman
accelerometer scale factor and bias error correction val-
ues EK-A include scale factor error correction values and
bias error correction values produced by an extended
Kalman filter implemented by Kalman estimator module
22, each of the scale factor error correction values and
bias error correction values corresponding to one of ac-
celerometers 24A-24C. Body accelerations module 56
applies the Kalman accelerometer scale factor and bias
error correction values EK-A to the compensated accel-
eration values Acomp-S to produce compensated and cor-
rected acceleration values Acomp-B in the body axis cor-
responding to each of accelerometers 24A-24C. The
body axis can be defined by three mutually-orthogonal
axes, a first of the three axes directed through the nose
of the aircraft, a second of the three axes directed through
a bottom of the aircraft toward the Earth when the aircraft
is on-ground, and a third of the three axes directed or-
thogonally to the first axis and to the second axis and
generally through a wing of the aircraft. Compensated
and corrected acceleration values Acomp-B therefore rep-
resent body axis (e.g., aircraft body axis) accelerations
corresponding to each of accelerometers 24A-24C that
are compensated for deterministic errors (e.g., temper-
ature-dependent scale factor and bias errors, sensor
non-linearity errors, and non-orthogonality errors) and
corrected for non-deterministic errors via Kalman scale
factor and bias error correction values EK-A.
[0031] Body accelerations module 56 provides com-

pensated and corrected acceleration values Acomp-B to
output body accelerations module 58 and Kalman esti-
mator module 22. Output body accelerations module 58
bandwidth-limits the output of compensated and correct-
ed acceleration values Acomp-B via, e.g., an infinite im-
pulse response (IIR) or other bandwidth-limiting filter to
a defined bandwidth of a consuming system, such as an
aircraft inertial navigation system. The bandwidth-limited
acceleration values are provided by output body accel-
erations module 58 as body-axis accelerations 14.
[0032] As further illustrated in FIG. 2, temperature-de-
pendent rate gyroscope scale factor and error compen-
sation values and temperature-dependent rate gyro-
scope bias error compensation values determined by
rate gyroscope thermal scale factor and bias module 52
are provided to angular rate cluster module 60 as input.
In addition, angular rate cluster module 60 receives low-
pass filtered inputs Vω from low-pass filter 44 which rep-
resents a three-dimensional vector, each element corre-
sponding to a filtered digital representation of a voltage
output of one of rate gyroscopes 32A, 32B, and 32C.
Angular rate cluster module 60 converts the voltage rep-
resentation of each filtered input Vω to an angular rate
value (e.g., in meters/second). In addition, angular rate
cluster module 60 applies the received temperature-de-
pendent rate gyroscope scale factor error compensation
values corresponding to each of rate gyroscopes 32A-
32C to the inputs Vω, such as by multiplying each of inputs
Vω by the corresponding temperature-dependent rate gy-
roscope scale factor error compensation value. Angular
rate cluster module 60 applies the received temperature-
dependent rate gyroscope bias error compensation val-
ues corresponding to each of rate gyroscopes 32A-32C
to the inputs Vω via aggregation techniques (e.g., sum-
ming, subtracting, or other aggregation techniques). In
addition, angular rate cluster module 50 applies (e.g.,
multiplies) the non-linearity error compensation values
and the non-orthogonality error compensation values
corresponding to each of rate gyroscopes 32A-32C (e.g.,
determined during a testing and/or manufacturing phase
and stored in computer-readable memory of IMU 10) to
the respective inputs Vω to produce compensated sen-
sor-axis angular rates ωcomp-S. Sensor-axis angular rates
ωcomp-S therefore represent angular rate values associ-
ated with each of rate gyroscopes 32A-32C in the sensor
axis that have been compensated for deterministic errors
corresponding to temperature-dependent scale factor
and bias errors, sensor non-linearity errors, and non-or-
thogonality errors associated with a misalignment (i.e.,
non-mutually-orthogonal) of installation of rate gyro-
scopes 32A-32C.
[0033] Body angular rates module 62 receives the
compensated sensor-axis angular rate values ωcomp-S
and converts the accelerations from the sensor coordi-
nate frame to an aircraft (or other vehicle to which IMU
10 is mounted) coordinate frame using a rotational matrix
such as a direction cosine matrix having direction angles
configured to transform the sensor coordinate frame to
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the aircraft body axis frame. In addition, body angular
rates module 60 receives Kalman rate gyroscope scale
factor and bias error correction values EK-G from Kalman
estimator module 22. As is further described below, Ka-
lman rate gyroscope scale factor and bias error correc-
tion values EK-G include scale factor error correction val-
ues and bias error correction values produced by the
extended Kalman filter implemented by Kalman estima-
tor module 22, each of the scale factor error correction
values and bias error correction values corresponding to
one of rate gyroscopes 32A-32C. Body angular rates
module 62 applies the Kalman rate gyroscope scale fac-
tor and bias error correction values EK-G to the compen-
sated angular rate values ωcomp-S to produce compen-
sated and corrected angular rate values ωcomp-B in the
body axis corresponding to each of rate gyroscopes 32A-
32C. As described above, the body axis can be defined
by three mutually-orthogonal axes, a first of the three
axes directed through the nose of the aircraft, a second
of the three axes directed through a bottom of the aircraft
toward the Earth when the aircraft is on-ground, and a
third of the three axes directed orthogonally to the first
axis and to the second axis and generally through a wing
of the aircraft. Compensated and corrected angular rate
values ωcomp-B therefore represent body axis (e.g., air-
craft body axis) angular rates corresponding to each of
rate gyroscopes 32A-32C that are compensated for de-
terministic errors (e.g., temperature-dependent scale
factor and bias errors, sensor non-linearity errors, and
non-orthogonality errors) as well as corrected for non-
deterministic errors via Kalman scale factor and bias er-
ror correction values EK-G.
[0034] Body angular rates module 62 provides com-
pensated and corrected angular rate values ωcomp-B to
each of output body angular rates module 64, attitude
determination module 20, and Kalman estimator module
22. Output body angular rates module 64 bandwidth-lim-
its the output of compensated and corrected angular rate
values ωcomp-B via, e.g., an infinite impulse response (IIR)
or other bandwidth-limiting filter to a defined bandwidth
of a consuming system, such as an aircraft inertial nav-
igation system. The bandwidth-limited angular rate val-
ues are provided by output body angular rates module
64 as body-axis angular rates 12.
[0035] Accordingly, IMU 10 implementing techniques
described herein outputs body-axis angular rates 12 and
body-axis accelerations 14 that are compensated to cor-
rect for deterministic errors and corrected for non-deter-
ministic errors. The techniques of this disclosure there-
fore increase an accuracy of outputs of IMU 10 and en-
able IMU 10 to adaptively modify such outputs (i.e., body-
axis angular rates 12 and body-axis accelerations 14) to
account for unpredictable errors that can arise during op-
eration of IMU 10 manifesting as sensor bias and scale
factor errors.
[0036] FIG. 3 is a schematic block diagram illustrating
further details of attitude determination module 20 of FIG.
1. As illustrated in FIG. 3, attitude determination module

20 includes body rate delta angles module 66 and prop-
agate attitude quaternion module 68. Attitude determi-
nation module 20 receives compensated and corrected
angular rate values ωcomp-B as inputs from inertial sensor
compensation and correction module 18. Attitude deter-
mination module 20 outputs attitude quaternion qC to Ka-
lman estimator module 22.
[0037] As illustrated in FIG. 3, body rate delta angles
module 66 receives compensated and corrected angular
rate values ωcomp-B (i.e., compensated and corrected an-
gular rates corresponding to the outputs from each of
rate gyroscopes 32A-32C of FIG. 1) from inertial sensor
compensation and correction module 18 (FIGS. 1 and 2)
and provides angular displacement changes ψω corre-
sponding to each of rate gyroscopes 32A-32C as input
to propagate attitude quaternion module 68. Propagate
attitude quaternion module 68 receives angular displace-
ment changes ψω as input from body rate delta angles
module 66 as well as initial attitude quaternion qC

init and
tilt error correction values δq from Kalman estimator mod-
ule 22. Propagate attitude quaternion module 68 pro-
vides attitude quaternion qC as input to Kalman estimator
module 22.
[0038] In operation, body rate delta angles module 66
receives compensated and corrected angular rate values
ωcomp-B corresponding to the compensated and correct-
ed outputs of each of rate gyroscopes 32A-32C. Body
rate delta angles module 66 integrates each of the com-
pensated and corrected angular rate values ωcomp-B over
a relatively short time interval, such as 0.001 seconds
(i.e., corresponding to a 1kHz sampling rate) to produce
angular displacement changes ψω corresponding to a
change in angular displacement sensed by each of rate
gyroscopes 32A-32C over the time interval.
[0039] Propagate attitude quaternion module 68 re-
ceives angular displacement changes ψω from body rate
delta angles module 66 and propagates the angular dis-
placement changes over the time interval (e.g., 0.001
seconds) in quaternion form to produce attitude
quaternion qC. Propagate attitude quaternion module 68
receives initial attitude quaternion qC

init from Kalman es-
timator module 22 representing an initial attitude of IMU
10, as is further described below. Propagate attitude
quaternion module 68 propagates the received angular
displacement changes ψω over the time interval relative
to the initial attitude quaternion qC

init received from Ka-
lman estimator module 22 (e.g., during a first execution
of the attitude propagation operations). Propagate atti-
tude quaternion module 68 applies tilt error correction
values δq to the propagated attitude quaternion (e.g., via
quaternion multiplication) to produce the error-corrected
attitude quaternion qC.
[0040] As such, IMU 10 implementing techniques of
this disclosure determines vehicle attitude information
represented by attitude quaternion qC that is utilized by
Kalman estimator module 22 to estimate sensor scale
factor and bias errors that are provided as feedback to
adjust and correct the sensed output values of acceler-
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ometers 24A-24C and gyroscopes 32A-32C.
[0041] FIG. 4 is a schematic block diagram illustrating
further details of Kalman estimator module 22 to produce
Kalman accelerometer scale factor and bias error cor-
rection values EK-A, Kalman rate gyroscope scale factor
and bias error correction values EK-G, and tilt error cor-
rection values δq. As illustrated in FIG. 4, Kalman esti-
mator module 22 includes check angle of attack (AOA)
module 70, check true airspeed (TAS) module 72, refer-
ence velocity module 74, low-pass filter 76, low-pass filter
78, quaternion to direction-cosine module 80, low-pass
filter 82, accelerometer root mean square (RMS) module
84, rate gyroscope RMS module 86, integrate reference
velocity module 88, integrate Coriolis acceleration mod-
ule 90, integrate direction-cosine module 92, integrate
body accelerations module 94, velocity boost factor mod-
ule 96, accelerometer boost factor module 98, rate gy-
roscope boost factor module 100, measurement matrix
module 102, measurement vector module 104, state
transition matrix module 106, process covariance noise
matrix module 108, measurement covariance noise ma-
trix module 110, Kalman filter module 112, tilt correction
module 114, accelerometer bias and scale factor module
116, and rate gyroscope bias and scale factor module
118. As further illustrated, Kalman estimator module 22
receives true airspeed 36 and angle of attack 38 as input
from, e.g., an aircraft air data system, attitude quaternion
qC as input from attitude determination module 20, and
compensated and corrected body-axis accelerations
Acomp-B and compensated and corrected body-axis an-
gular rates ωcomp-B as input from inertial sensor compen-
sation and correction module 18. Kalman estimator mod-
ule 22 outputs tilt error correction values δq, which are
received as input by attitude determination module 20.
In addition, Kalman estimator module 22 outputs accel-
erometer scale factor and bias error correction values
EK-A, as well as rate gyroscope scale factor and bias
error correction values EK-G. Accelerometer scale factor
and bias error correction values EK-A and rate gyroscope
scale factor and bias error correction values EK-G are
received as input by inertial sensor compensation and
correction module 18.
[0042] Check AOA module 70 receives angle of attack
38 as input, and outputs angle of attack α to reference
velocity module 74. Check TAS module 72 receives true
airspeed 36 as input and provides airspeed Va as output
to reference velocity module 74 and low-pass filter 78,
which passes the filtered reference velocity as input to
velocity boost factor module 96. Compensated and cor-
rected body-axis accelerations Acomp-B are received as
input by both accelerometer RMS module 84 and inte-
grate body accelerations module 94. Compensated and
corrected body-axis angular rates ωcomp-B are received
as input by both low-pass filter 82 and integrate Coriolis
accelerations module 90. Attitude quaternion qC is re-
ceived as input by quaternion to direction-cosine module
80.
[0043] Reference velocity module 74 outputs body-ax-

is reference velocity vector Vref, which is received as input
by each of integrate reference velocity module 88, low-
pass filter 76, and integrate Coriolis acceleration module
90. Low-pass filter 76 provides a filtered output of body-
axis reference velocity vector Vref to measurement vector
module 104. Integrate reference velocity module 88 out-
puts integrated body-axis reference velocity vector ΣVref
to measurement matrix module 102. Integrate Coriolis
accelerations module 90 outputs integrated Coriolis ac-
celeration ΣAC to measurement vector module 104.
Quaternion to direction-cosine module outputs direction-
cosine matrix C to integrate direction-cosine module 92,
which provides integrated direction-cosine matrix ΣC as
output to each of measurement matrix module 102,
measurement vector module 104, and state transition
matrix module 106. Integrate body accelerations module
94 outputs integrated compensated and corrected body-
axis accelerations ΣAcomp-B to measurement vector mod-
ule 104. Accelerometer RMS module 84 receives com-
pensated and corrected body-axis accelerations Acomp-B
from inertial sensor compensation and correction module
18, and outputs accelerations root mean square ARMS to
accelerometer boost factor module 98. Rate gyroscope
RMS module 86 receives filtered compensated and cor-
rected body-axis angular rates ωcomp-B from low-pass fil-
ter 82 and outputs angular rates root mean square ωRMS
to rate gyroscope boost factor module 100. Velocity boost
factor module outputs velocity boost factor KV to meas-
urement covariance noise matrix module 110. Acceler-
ometer boost factor module 98 outputs acceleration
boost factor KA, which is received as input by each of
process covariance noise matrix module 108 and meas-
urement covariance noise matrix module 110. Rate gy-
roscope boost factor module 100 outputs angular rate
boost factor Kω to each of process covariance noise ma-
trix module 108 and measurement covariance noise ma-
trix module 110.
[0044] Measurement matrix module 102 outputs
measurement matrix H to Kalman filter module 112.
Measurement vector module 104 provides measurement
vector y as input to Kalman filter module 112. State tran-
sition matrix module 106 outputs state transition matrix
φ, which is received as input by Kalman filter module 112.
Process covariance noise matrix module 108 outputs
process covariance noise matrix Q, and measurement
covariance noise matrix module 110 outputs measure-
ment covariance noise matrix R. Each of process covar-
iance noise matrix Q and measurement covariance noise
matrix R is received as input by Kalman filter module 112.
[0045] Kalman filter module 112 outputs Kalman state
vector X, which is received as input by each of tilt cor-
rection module 114, accelerometer bias and scale factor
module 116, and rate gyroscope bias and scale factor
module 118. Tilt correction module 114 outputs tilt error
correction values δq to attitude determination module 20.
Accelerometer bias and scale factor module 116 pro-
vides Kalman accelerometer scale factor and bias error
correction values EK-A as input to inertial sensor com-
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pensation and correction module 118. Rate gyroscope
bias and scale factor module 118 outputs Kalman rate
gyroscope scale factor and bias error correction values
EK-G, which is received as input by inertial sensor com-
pensation and correction module 18.
[0046] In operation, check AOA module 70 receives
angle of attack 38 from, e.g., an aircraft air data system
or other source. Check AOA module 70 determines
whether the received angle of attack 38 is valid, such as
by determining whether angle of attack 38 is within a
predefined range of valid angles of attack and/or by ac-
cessing validity information included with angle of attack
38 (e.g., status field(s), bit(s), or other information indi-
cating a validity status of angle of attack 38). Check AOA
module 70 outputs angle of attack α as equal to the value
(e.g., scalar value) of angle of attack 38 in response to
determining that angle of attack 38 is valid. Check AOA
module 70 outputs α as equal to a value of zero in re-
sponse to determining that angle of attack 38 is invalid.
Similarly, check TAS module 72 receives true airspeed
36 and determines a validity status of true airspeed 36
by determining whether true airspeed 36 is within a pre-
defined range of valid true airspeeds and/or by accessing
validity information included with true airspeed 36. Check
TAS module 72 outputs airspeed Va as equal to the value
(e.g., scalar value) of true airspeed 36 in response to
determining that true airspeed 36 is valid. Check TAS
module 72 outputs airspeed Va as equal to a value of
zero in response to determining that true airspeed 36 is
invalid.
[0047] Each of low-pass filters 76, 78, and 82 can be
Butterworth filters, infinite impulse response filters, or
other types of low-pass filters implemented in hardware
and/or software and configured to pass signals with fre-
quencies lower than a cutoff frequency and attenuate
signals with frequencies higher than the cutoff frequency.
Each of low-pass filters 76, 78, and 82 can be configured
with a same or different cutoff frequency, and can be
implemented using the same or different types of low-
pass filters. Low-pass filter 78 receives airspeed Va and
provides a filtered output of airspeed Va to velocity boost
factor module 96.
[0048] Reference velocity module 74 utilizes angle of
attack α and airspeed Va to produce body-axis reference
velocity vector Vref. That is, reference velocity module 74
uses angle of attack α to convert the received scalar air-
speed Va into a vector representation of the body frame
velocity by attributing the airspeed Va to the forward and
vertical body-axis velocity components using angle of at-
tack α. Low-pass filter 76 receives body-axis reference
velocity vector Vref and provides a low-pass filtered out-
put of body-axis reference velocity vector Vref as input to
measurement vector module 104. Quaternion to direc-
tion-cosine module 80 applies a transformation matrix to
attitude quaternion qC representing attitude information
of IMU 10 (e.g., pitch, roll, and yaw) to produce direction
cosine matrix C representing the attitude information in
direction-cosine form.

[0049] Each of integrate reference velocity module 88,
integrate Coriolis acceleration module 90, integrate di-
rection-cosine module 92, and integrate body accelera-
tions module 94 integrate their respective inputs over a
same time duration, such as 0.5 seconds, 1.0 seconds,
or other time durations. That is, integrate reference ve-
locity module 88 integrates body-axis reference velocity
vector Vref over the time duration using, e.g., trapezoidal
integration or other numerical integration operations to
produce integrated body-axis reference velocity vector
ΣVref that is provided to measurement matrix module 102.
Integrate Coriolis acceleration module 90 determines an
instantaneous Coriolis acceleration force experienced by
accelerometers 24A-24C (FIG. 1) as a cross product of
compensated and corrected body-axis angular rates
ωcomp-B and body-axis reference velocity vector Vref. In-
tegrate Coriolis acceleration module 90 integrates the
instantaneous Coriolis acceleration over the time dura-
tion (i.e., the same time duration utilized by integrate ref-
erence velocity module 88) to produce integrated Coriolis
acceleration ΣAC. Integrate direction-cosine module 92
integrates direction-cosine matrix C over the same time
duration to produce integrated direction-cosine matrix
ΣC. Integrate body accelerations module 94 integrates
compensated and corrected body-axis accelerations
Acomp-B over the same time duration to produce integrat-
ed compensated and corrected body-axis accelerations
ΣAcomp-B.
[0050] Accelerometer RMS module 84 receives com-
pensated and corrected body-axis accelerations Acomp-B
and produces accelerations root mean square ARMS by
computing a root mean square of the received acceler-
ation compensated and corrected body-axis accelera-
tions Acomp-B or using other central tendency techniques.
Rate gyroscopes RMS module 86 receives low-pass fil-
tered compensated and corrected body-axis angular
rates ωcomp-B from low pass filter 82 and produces an-
gular rates root mean square ωRMS by computing a root
mean square of the received filtered compensated and
corrected body-axis angular rates ωcomp-B or using other
central tendency techniques.
[0051] Velocity boost factor module 96 receives low-
pass filtered airspeed Va from low-pass filter 78 and pro-
duces velocity boost factor KV that is proportional to a
rate of change of low-pass filtered airspeed Va with re-
spect to time. That is, as the time rate of change of low-
pass filtered airspeed Va increases, velocity boost factor
KV increases. As the time rate of change of low-pass
filtered airspeed Va decreases, velocity boost factor KV
decreases. Similarly, accelerometer boost factor module
98 produces acceleration boost factor KA that is propor-
tional to a time rate of change of accelerations root mean
square ARMS. Rate gyroscope boost factor module 100
produces angular rate boost factor Kω that is proportional
to a time rate of change of angular rates root mean square
ωRMS.
[0052] Measurement matrix module 102,
measurement vector module 104, state transition matrix
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module 106, process covariance noise matrix module
108, and measurement covariance noise matrix module
110 produce measurement matrix H, measurement
vector y, state transition matrix φ, process covariance
noise matrix Q, and measurement covariance noise
matrix R, respectively, which are utilized during execution
of an extended Kalman filter implemented by Kalman
filter module 112 to produce Kalman state vector X that
includes tilt error correction values δq, Kalman
accelerometer scale factor and bias error correction
values EK-A, and Kalman rate gyroscope scale factor and
bias error correction values EK-G. Measurement matrix
module 102 utilizes integrated reference velocity ΣVref
and integrated direction-cosine matrix ΣC to produce
measurement matrix H. Measurement vector module
104 utilizes low-pass filtered body-axis reference velocity
vector Vref, integrated Coriolis acceleration ΣAC,
integrated direction-cosine matrix ΣC, and integrated
compensated and corrected body-axis accelerations
ΣAcomp-B to generate measurement vector y.
Measurement vector y represents a difference between
a change in body-axis reference velocity vector Vref over
a time duration and a change in integrated compensated
and corrected body-axis accelerations ΣAcomp-B over the
same time duration with effects of integrated Coriolis
acceleration ΣAC and gravity removed (e.g., added,
subtracted, or otherwise removed). For example,
measurement vector module 104 can add the integrated
Coriolis acceleration ΣAC to the difference between the
change in body-axis reference velocity vector Vref and
integrated compensated and corrected body-axis
accelerations ΣAcomp-B, and can subtract a value
corresponding to the acceleration due to gravity (e.g.,
9.8 meters/second/second) from the resulting sum.
[0053] State transition matrix module 106 utilizes inte-
grated direction-cosine matrix ΣC to populate state tran-
sition matrix φ utilized by Kalman filter module 112 to
propagate the Kalman state forward in time. Process co-
variance noise matrix module 108 utilizes acceleration
boost factor KA and angular rate boost factor Kω to pro-
duce process noise covariance matrix Q that represents
an estimate of uncertainty corresponding to process
noise introduced by computational uncertainties or other
process noise. Measurement covariance noise matrix
module utilizes velocity boost factor KV, acceleration
boost factor KA and angular rate boost factor Kω to pro-
duce measurement covariance noise matrix R that rep-
resents an estimate of uncertainty corresponding to sen-
sor noise from accelerometers 24A-24C and rate gyro-
scopes 32A-32C (FIG. 1). Because each of velocity boost
factor KV, acceleration boost factor KA and angular rate
boost factor Kω are proportional to a rate of change of
their respective inputs (i.e., low-pass filtered airspeed Va,
accelerations root mean square ARMS, and angular rates
root mean square ωRMS), process covariance noise ma-
trix module 108 and measurement covariance noise ma-
trix module 110 effectively increase the effect of process
covariance noise matrix Q and measurement covariance

noise matrix R during execution of the extended Kalman
filter implemented by Kalman filter module 112 during
operational states corresponding to dynamic motion of
IMU 10.
[0054] Kalman filter module 112 implements an ex-
tended Kalman filter that utilizes measurement matrix H,
measurement vector y, state transition matrix φ, process
covariance matrix Q, and measurement covariance ma-
trix R to produce Kalman state vector X. Kalman state
vector X can be, e.g., a 16-element vector including (in
any order): two tilt error correction values, one corre-
sponding to pitch and the other corresponding to roll;
three accelerometer bias error correction values, each
corresponding to one of accelerometers 24A-24C; three
accelerometer scale factor error correction values, each
corresponding to one of accelerometers 24A-24C; three
rate gyroscope bias error correction values, each corre-
sponding to one of rate gyroscopes 32A-32C; three rate
gyroscope scale factor error correction values, each cor-
responding to one of rate gyroscopes 32A-32C; and two
transport rate error correction values corresponding to
forward pitch rates experienced to maintain level flight
while moving across the surface of the Earth.
[0055] Tilt correction module 114 utilizes the two tilt
error correction values and the two transport rate error
correction values to produce tilt error correction values
δq, which are utilized by attitude determination module
20 during propagation of attitude quaternion qC, as is
further described above. Accelerometer bias and scale
factor module 116 applies (e.g., adds, subtracts, or oth-
erwise applies) the three accelerometer bias error cor-
rection values to accelerometer bias error correction val-
ues determined during a previous execution (e.g., a pre-
vious iteration) of Kalman estimator module 22 to pro-
duce three updated accelerometer bias error correction
values, each corresponding to one of accelerometers
24A-24C. Similarly, accelerometer bias and scale factor
module 116 applies (e.g., adds, subtracts, or otherwise
applies) the three accelerometer scale factor error cor-
rection values to accelerometer scale factor error correc-
tion values determined during a previous execution (e.g.,
a previous iteration) of Kalman estimator module 22 to
produce three updated accelerometer scale factor error
correction values, each corresponding to one of accel-
erometers 24A-24C. Accelerometer bias and scale factor
module 116 outputs the three updated accelerometer bi-
as error correction values and the three updated accel-
erometer scale factor error correction values as Kalman
accelerometer scale factor and bias error correction val-
ues EK-A, which are received as input by inertial sensor
compensation and correction module 18 and utilized dur-
ing accelerometer error correction operations.
[0056] Rate gyroscope bias and scale factor module
118 applies (e.g., adds, subtracts, or otherwise applies)
the three rate gyroscope bias error correction values of
Kalman state vector X to rate gyroscope bias error cor-
rection values determined during a previous execution
(e.g., a previous iteration) of Kalman estimator module
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22 to produce three updated rate gyroscope bias error
correction values, each corresponding to one of rate gy-
roscopes 32A-32C. Similarly, rate gyroscope bias and
scale factor module 118 applies (e.g., adds, subtracts,
or otherwise applies) the three rate gyroscope scale fac-
tor error correction values to rate gyroscope scale factor
error correction values determined during a previous ex-
ecution (e.g., a previous iteration) of Kalman estimator
module 22 to produce three updated rate gyroscope
scale factor error correction values, each corresponding
to one of rate gyroscopes 32A-32C. Rate gyroscope bias
and scale factor module 118 outputs the three updated
rate gyroscope bias error correction values and the three
updated rate gyroscope scale factor error correction val-
ues as Kalman rate gyroscope scale factor and bias error
correction values EK-G, which are received as input by
inertial sensor compensation and correction module 18
and utilized during rate gyroscope error correction oper-
ations.
[0057] Accordingly, IMU 10 implementing Kalman es-
timator module 22, iteratively and adaptively determines
scale factor and bias error correction values that are ap-
plied by inertial sensor compensation and correction
module 18 to outputs of accelerometers 24A-24C and
rate gyroscopes 32A-32C to produce error-compensated
outputs body-axis angular rates 12 and body-axis accel-
erations 14. As such, Kalman estimator module 22 can
help to correct body-axis angular rates 12 and body-axis
accelerations 14 for non-deterministic errors that can be
unpredictable in nature.
[0058] FIG. 5 is a schematic block diagram illustrating
details of Kalman estimator module 22 of FIG. 1 to pro-
duce initial attitude quaternion qC

init representing an ini-
tial attitude of IMU 10. That is, FIG. 5 illustrates details
of Kalman estimator module 22 that are executed during
an initialization phase of IMU 10, such as after initial pow-
er-up, reset, or other initialization phases. In general,
many modules and operations of Kalman estimator mod-
ule 22 described with respect to the example of FIG. 5
are substantially similar to the modules and operations
of Kalman estimator module 22 that were described
above with respect to FIG. 4. For purposes of clarity and
ease of discussion, the same reference numbers are
used for like modules, and only differences in modules
and operations are described below with respect to the
example of FIG. 5.
[0059] As illustrated in FIG. 5, Kalman estimator mod-
ule 22 includes update initial attitude estimate module
120 and update attitude module 122, which are imple-
mented by Kalman estimator module 22 during initializa-
tion operations. In the example of FIG. 5, measurement
matrix module 102 receives integrated direction-cosine
matrix ΣC from integrate direction-cosine module 92 and
produces measurement matrix H, which is passed to Ka-
lman filter module 112. Kalman filter module 112 receives
measurement vector y, and measurement covariance
matrix R as input and executes an extended Kalman filter
to produce Kalman state vector XC. Kalman state vector

XC is a three-element vector, the three elements corre-
sponding to error correction values of the third row (i.e.,
pitch and roll components) of integrated direction-cosine
matrix ΣC. Kalman filter module 112 outputs state vector
XC to update initial attitude estimate module 120, which
applies (e.g., subtracts, adds, or otherwise applies) the
error correction values from a previous execution (e.g.,
a previous iteration) of Kalman estimator module 22 to
determine an updated initial attitude vector C3X. Update
initial attitude estimate module 120 outputs updated initial
attitude vector C3X to measurement vector module 104,
which applies (e.g., multiplies) updated initial attitude
vector C3X to measurement vector y to produce an up-
dated measurement vector y. Kalman estimator module
22 iteratively executes measurement vector module 104,
Kalman filter module 112, and update initial attitude es-
timate module 120 for a threshold time duration, such as
10 seconds or other threshold time durations, to itera-
tively determine and modify updated initial attitude vector
C3X. Update initial attitude estimate module 120 provides
updated initial attitude vector C3X to update attitude mod-
ule 122, which converts the attitude information of initial
attitude vector C3X to quaternion form and outputs initial
attitude quaternion qC

init to attitude determination module
20 for use during initialization operations of IMU 10.
[0060] Accordingly, IMU 10 implementing techniques
of this disclosure, utilizes air data parameter values, such
as true airspeed and angle of attack, to produce error-
corrected angular rate and acceleration output values.
IMU 10 determines vehicle attitude in the form of attitude
quaternion qC based on sensed acceleration and rota-
tional position information received from accelerometers
24A-24C and gyroscopes 32A-32C. The air data param-
eter values are utilized by Kalman estimator module 22
to estimate sensor scale factor and bias errors that are
provided as feedback to further adjust and correct the
sensed output values of accelerometers 24A-24C and
gyroscopes 32A-32C. Accordingly, the techniques de-
scribed herein can increase an accuracy of outputs of
IMU 10 (i.e., body-axis angular rates 12 and body-axis
accelerations 14) by modifying the outputs to compen-
sate for deterministic errors (e.g., temperature-depend-
ent scale factor and bias errors, sensor non-linearity er-
rors, and non-orthogonality errors) and correct for non-
deterministic errors that can manifest as sensor scale
factor and bias errors that arise during operation of (or
between operations of) IMU 10.

Discussion of Possible Embodiments

[0061] The following are non-exclusive descriptions of
possible embodiments of the present invention.
[0062] An inertial measurement unit includes an iner-
tial sensor assembly, an inertial sensor compensation
and correction module, and a Kalman estimator module.
The inertial sensor assembly includes a plurality of ac-
celerometers and a plurality of rate gyroscopes. Each of
the plurality of accelerometers is configured to sense ac-
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celeration of the IMU along one of a plurality of axes.
Each of the plurality of rate gyroscopes is configured to
sense rotational rate of the IMU along one of the plurality
of axes. The inertial sensor compensation and correction
module is configured to apply a set of error compensation
values to acceleration sensed by the plurality of acceler-
ometers and to rotational rate sensed by the plurality of
rate gyroscopes to produce a compensated acceleration
and a compensated rotational rate of the IMU. The Ka-
lman estimator module is configured to determine a
change in integrated acceleration of the IMU over a time
interval based on the compensated acceleration and the
compensated rotational rate of the IMU, determine a set
of error correction values based on a difference between
the change in the integrated acceleration of the IMU and
a change in true airspeed of the IMU, and provide the set
of error correction values to the inertial sensor compen-
sation and correction module. The inertial sensor com-
pensation and correction module is further configured to
apply the set of error correction values to each of the
compensated acceleration and the compensated rota-
tional rate to produce an error-corrected acceleration and
an error-corrected rotation rate, and output the error-cor-
rected acceleration and the error-corrected rotational
rate.
[0063] The inertial measurement unit of the preceding
paragraph can optionally include, additionally and/or al-
ternatively, any one or more of the following features,
configurations, operations and/or additional compo-
nents:
[0064] The Kalman estimator module can be config-
ured to determine the set of error correction values via
an extended Kalman filter that utilizes the difference be-
tween the change in the integrated acceleration of the
IMU and the change in the true airspeed of the IMU as
input and produces the set of error correction values as
output.
[0065] The inertial sensor assembly can further include
a plurality of temperature sensors configured to sense
temperature of an operating environment of the plurality
of accelerometers and the plurality of rate gyroscopes.
The set of error compensation values can include tem-
perature-dependent error compensation values. The in-
ertial sensor compensation and correction module can
be configured to apply the set of error compensation val-
ues by determining the temperature-dependent error
compensation values based on sensed temperature from
each of the plurality of temperature sensors.
[0066] The temperature-dependent error compensa-
tion values can include temperature-dependent scale
factor error compensation values, temperature-depend-
ent bias error compensation values, and temperature-
dependent non-linearity error compensation values for
each of the plurality of accelerometers and each of the
plurality of rate gyroscopes.
[0067] Each of the temperature-dependent scale fac-
tor error compensation values can correspond to an error
in a slope of sensor output over a temperature range for

a respective one of the plurality of accelerometers and
the plurality of rate gyroscopes. Each of the temperature-
dependent bias error compensation values can corre-
spond to a non-zero offset error of sensor output over
the temperature range for a respective one of the plurality
of accelerometers and the plurality of rate gyroscopes.
Each of the temperature-dependent non-linearity error
compensation values can correspond to a non-linearity
of the sensor output over the temperature range for a
respective one of the plurality of accelerometers and the
plurality of rate gyroscopes.
[0068] The set of error compensation values can in-
clude a non-orthogonality error compensation value cor-
responding to a non-orthogonality error of the plurality of
axes.
[0069] The plurality of axes can include a first plurality
of axes defining a sensor axis reference frame. The Ka-
lman estimator module can be configured to determine
the change in the integrated acceleration of the IMU by
transforming the compensated acceleration from the
sensor axis reference frame to a body axis reference
frame defined by a second plurality of axes aligned with
respect to a moving body that includes the IMU, and in-
tegrating the compensated acceleration in the body axis
reference frame over the time interval.
[0070] The Kalman estimator module can be further
configured to determine the set of error correction values
by removing an effect of gravity from the difference be-
tween the change in the integrated acceleration of the
IMU and the change in the true airspeed of the IMU.
[0071] The Kalman estimator module can be config-
ured to remove the effect of gravity from the compensated
acceleration by determining the effect of gravity based
on mass attraction as a function of a radial distance be-
tween the IMU and a center of Earth.
[0072] The plurality of accelerometers can include
three accelerometers. The plurality of rate gyroscopes
can include three rate gyroscopes. The plurality of axes
can include three axes. Each of the three accelerometers
can be aligned to sense the acceleration of the IMU along
one of the three axes. Each of the three rate gyroscopes
can be aligned to sense the rotational rate of the IMU
along one of the three axes.
[0073] A method includes sensing acceleration of an
inertial measurement unit (IMU) along a plurality of axes
via a plurality of accelerometers of the IMU, and sensing
rotational rate of the IMU along the plurality of axes via
a plurality of rate gyroscopes of the IMU. The method
further includes applying a set of error compensation val-
ues to each of the sensed acceleration and the sensed
rotational rate to produce a compensated acceleration
and a compensated rotational rate of the IMU, determin-
ing a change in integrated acceleration of the IMU over
a time interval based on the compensated acceleration
and the compensated rotational rate of the IMU, and de-
termining a set of error correction values based on a dif-
ference between the change in the integrated accelera-
tion of the IMU and a change in true airspeed of the IMU.
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The method further includes applying the set of error cor-
rection values to each of the compensated acceleration
and the compensated rotational rate to produce an error-
corrected acceleration and an error-corrected rotational
rate, and outputting the error-corrected acceleration and
the error-corrected rotational rate.
[0074] The method of the preceding paragraph can op-
tionally include, additionally and/or alternatively, any one
or more of the following features, configurations, opera-
tions and/or additional components:
[0075] Determining the set of error correction values
can include determining the set of error correction values
via an extended Kalman filter that utilizes the difference
between the change in the integrated acceleration of the
IMU and the change in the true airspeed of the IMU as
input and produces the set of error correction values as
output.
[0076] The method can further include sensing tem-
perature of an operating environment of the plurality of
accelerometers and the plurality of rate gyroscopes via
a plurality of temperature sensors of the IMU. The set of
error compensation values can include temperature-de-
pendent error compensation values. Applying the set of
error compensation values can include determining the
temperature-dependent error compensation values
based on the sensed temperature from each of the plu-
rality of temperature sensors.
[0077] The temperature-dependent error compensa-
tion values can include temperature-dependent scale
factor error compensation values, temperature-depend-
ent bias error compensation values, and temperature-
dependent non-linearity error compensation values for
each of the plurality of accelerometers and each of the
plurality of rate gyroscopes.
[0078] Each of the temperature-dependent scale fac-
tor error compensation values can correspond to an error
in a slope of sensor output over a temperature range for
a respective one of the plurality of accelerometers and
the plurality of rate gyroscopes. Each of the temperature-
dependent bias error compensation values can corre-
spond to a non-zero offset error of sensor output over
the temperature range for a respective one of the plurality
of accelerometers and the plurality of rate gyroscopes.
Each of the temperature-dependent non-linearity error
compensation values can correspond to a non-linearity
of the sensor output over the temperature range for a
respective one of the plurality of accelerometers and the
plurality of rate gyroscopes.
[0079] The set of error compensation values can in-
clude a non-orthogonality error compensation value cor-
responding to a non-orthogonality error of the plurality of
axes.
[0080] The plurality of axes can include a first plurality
of axes defining a sensor axis reference frame. Deter-
mining the change in the integrated acceleration of the
IMU can include transforming the compensated acceler-
ation from the sensor axis reference frame to a body axis
reference frame defined by a second plurality of axes

aligned with respect to a moving body that includes the
IMU, and integrating the compensated acceleration in
the body axis reference frame over the time interval.
[0081] Determining the change in the integrated accel-
eration of the IMU can further include removing an effect
of gravity from the compensated acceleration prior to in-
tegrating the compensated acceleration in the body axis
reference frame. Removing the effect of gravity from the
compensated acceleration can include determining the
effect of gravity based on mass attraction as a function
of a radial distance between the IMU and a center of
Earth.
[0082] Determining the set of error correction values
may comprise removing an effect of gravity from the dif-
ference between the change in the integrated accelera-
tion of the IMU and the change in the true airspeed of
the IMU. Determining the set of error correction values
may comprise removing an effect of Coriolis acceleration
forces from the difference between the change in the
integrated acceleration of the IMU and the change in the
true airspeed of the IMU.
[0083] The plurality of accelerometers can include
three accelerometers. The plurality of axes can include
three axes. Each of the three accelerometers can be
aligned to sense the acceleration of the IMU along one
of the three axes. Each of the three rate gyroscopes can
be aligned to sense the rotational rate of the IMU along
one of the three axes.
[0084] While the invention has been described with ref-
erence to an exemplary embodiment(s), it will be under-
stood by those skilled in the art that various changes may
be made and equivalents may be substituted for ele-
ments thereof without departing from the scope of the
invention. In addition, many modifications may be made
to adapt a particular situation or material to the teachings
of the invention without departing from the essential
scope thereof. Therefore, it is intended that the invention
not be limited to the particular embodiment(s) disclosed,
but that the invention will include all embodiments falling
within the scope of the appended claims.

Claims

1. An inertial measurement unit (IMU) comprising:

an inertial sensor assembly comprising:

a plurality of accelerometers, each of the
plurality of accelerometers configured to
sense acceleration of the IMU along one of
a plurality of axes; and
a plurality of rate gyroscopes, each of the
plurality of rate gyroscopes configured to
sense rotational rate of the IMU along one
of the plurality of axes;

an inertial sensor compensation and correction
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module configured to apply a set of error com-
pensation values to acceleration sensed by the
plurality of accelerometers and to rotational rate
sensed by the plurality of rate gyroscopes to pro-
duce a compensated acceleration and a com-
pensated rotational rate of the IMU; and
a Kalman estimator module configured to:

determine a change in integrated accelera-
tion of the IMU over a time interval based
on the compensated acceleration and the
compensated rotational rate of the IMU;
determine a set of error correction values
based on a difference between the change
in the integrated acceleration of the IMU and
a change in true airspeed of the IMU; and
provide the set of error correction values to
the inertial sensor compensation and cor-
rection module;

wherein the inertial sensor compensation and
correction module is further configured to:

apply the set of error correction values to
each of the compensated acceleration and
the compensated rotational rate to produce
an error-corrected acceleration and an er-
ror-corrected rotational rate; and
output the error-corrected acceleration and
the error-corrected rotational rate.

2. The IMU of claim 1,
wherein the Kalman estimator module is configured
to determine the set of error correction values via an
extended Kalman filter that utilizes the difference be-
tween the change in the integrated acceleration of
the IMU and the change in the true airspeed of the
IMU as input and produces the set of error correction
values as output.

3. The IMU of claim 1 or 2,
wherein the inertial sensor assembly further com-
prises a plurality of temperature sensors configured
to sense temperature of an operating environment
of the plurality of accelerometers and the plurality of
rate gyroscopes;
wherein the set of error compensation values com-
prises temperature-dependent error compensation
values; and
wherein the inertial sensor compensation and cor-
rection module is configured to apply the set of error
compensation values by determining the tempera-
ture-dependent error compensation values based on
sensed temperature from each of the plurality of tem-
perature sensors.

4. The IMU of claim 3,
wherein the temperature-dependent error compen-

sation values comprise temperature-dependent
scale factor error compensation values, tempera-
ture-dependent bias error compensation values, and
temperature-dependent non-linearity error compen-
sation values for each of the plurality of accelerom-
eters and each of the plurality of rate gyroscopes.

5. The IMU of claim 4,
wherein each of the temperature-dependent scale
factor error compensation values corresponds to an
error in a slope of sensor output over a temperature
range for a respective one of the plurality of accel-
erometers and the plurality of rate gyroscopes;
wherein each of the temperature-dependent bias er-
ror compensation values corresponds to a non-zero
offset error of sensor output over the temperature
range for a respective one of the plurality of accel-
erometers and the plurality of rate gyroscopes; and
wherein each of the temperature-dependent non-lin-
earity error compensation values corresponds to a
non-linearity of the sensor output over the tempera-
ture range for a respective one of the plurality of ac-
celerometers and the plurality of rate gyroscopes.

6. The IMU of any preceding claim,
wherein the set of error compensation values com-
prises a non-orthogonality error compensation value
corresponding to a non-orthogonality error of the plu-
rality of axes.

7. The IMU of any preceding claim,
wherein the plurality of axes comprises a first plural-
ity of axes defining a sensor axis reference frame;
and
wherein the Kalman estimator module is configured
to determine the change in the integrated accelera-
tion of the IMU by:

transforming the compensated acceleration
from the sensor axis reference frame to a body
axis reference frame defined by a second plu-
rality of axes aligned with respect to a moving
body that includes the IMU; and
integrating the compensated acceleration in the
body axis reference frame over the time interval.

8. The IMU of any preceding claim,
wherein the Kalman estimator module is further con-
figured to determine the set of error correction values
by removing an effect of gravity from the difference
between the change in the integrated acceleration
of the IMU and the change in the true airspeed of
the IMU.

9. The IMU of any preceding claim, wherein the Kalman
estimator module is further configured to determine
the set of error correction values by removing an
effect of Coriolis acceleration forces from the differ-
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ence between the change in the integrated acceler-
ation of the IMU and the change in the true airspeed
of the IMU.

10. The IMU of any preceding claim, wherein the plurality
of accelerometers comprises three accelerometers;
wherein the plurality of rate gyroscopes comprises
three rate gyroscopes; wherein the plurality of axes
comprises three axes; wherein each of the three ac-
celerometers is aligned to sense the acceleration of
the IMU along one of the three axes; and wherein
each of the three rate gyroscopes is aligned to sense
the rotational rate of the IMU along one of the three
axes.

11. A method comprising:

sensing acceleration of an inertial measurement
unit (IMU) along a plurality of axes via a plurality
of accelerometers of the IMU;
sensing rotational rate of the IMU along the plu-
rality of axes via a plurality of rate gyroscopes
of the IMU;
applying a set of error compensation values to
each of the sensed acceleration and the sensed
rotational rate to produce a compensated accel-
eration and a compensated rotational rate of the
IMU;
determining a change in integrated acceleration
of the IMU over a time interval based on the com-
pensated acceleration and the compensated ro-
tational rate of the IMU;
determining a set of error correction values
based on a difference between the change in
the integrated acceleration of the IMU and a
change in true airspeed of the IMU;
applying the set of error correction values to
each of the compensated acceleration and the
compensated rotational rate to produce an er-
ror-corrected acceleration and an error-correct-
ed rotational rate; and
outputting the error-corrected acceleration and
the error-corrected rotational rate.

12. The method of claim 11,
wherein determining the set of error correction val-
ues comprises determining the set of error correction
values via an extended Kalman filter that utilizes the
difference between the change in the integrated ac-
celeration of the IMU and the change in the true air-
speed of the IMU as input and produces the set of
error correction values as output.

13. The method of claim 11 or 12, further comprising:

sensing temperature of an operating environ-
ment of the plurality of accelerometers and the
plurality of rate gyroscopes via a plurality of tem-

perature sensors of the IMU;
wherein the set of error compensation values
comprises temperature-dependent error com-
pensation values; and
wherein applying the set of error compensation
values comprises determining the temperature-
dependent error correction values based on the
sensed temperature from each of the plurality
of temperature sensors.

14. The method of claim 13,
wherein the temperature-dependent error compen-
sation values comprise temperature-dependent
scale factor error compensation values, tempera-
ture-dependent bias error compensation values, and
temperature-dependent non-linearity error compen-
sation values for each of the plurality of accelerom-
eters and each of the plurality of rate gyroscopes.

15. The method of claim 14,
wherein each of the temperature-dependent scale
factor error compensation values corresponds to an
error in a slope of sensor output over a temperature
range for a respective one of the plurality of accel-
erometers and the plurality of rate gyroscopes;
wherein each of the temperature-dependent bias er-
ror compensation values corresponds to a non-zero
offset error of sensor output over the temperature
range for a respective one of the plurality of accel-
erometers and the plurality of rate gyroscopes; and
wherein each of the temperature-dependent non-lin-
earity error compensation values corresponds to a
non-linearity of the sensor output over the tempera-
ture range for a respective one of the plurality of ac-
celerometers and the plurality of rate gyroscopes.
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