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(57) ABSTRACT

An inertial navigation system (INS) includes a primary

inertial navigation system (INS) unit configured to receive

accelerometer measurements from an accelerometer and

angular velocity measurements from a gyroscope. The pri-

mary INS unit is further configured to receive global navi-

gation satellite system (GNSS) signals from a GNSS sensor

and to determine a first set of kinematic state vectors based

on the accelerometer measurements, the angular velocity

measurements, and the GNSS signals. The INS further

includes a secondary INS unit configured to receive the

accelerometer measurements and the angular velocity mea-

surements and to determine a second set of kinematic state

vectors of the vehicle based on the accelerometer measure-

ments and the angular velocity measurements. A health

management system is configured to compare the first set of

kinematic state vectors and the second set of kinematic state

vectors to determine faults associated with the accelerometer

or the gyroscope based on the comparison.

20 Claims, 3 Drawing Sheets
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SYSTEMS AND METHODS FOR

DETERMINING INERTIAL NAVIGATION

SYSTEM FAULTS

CROSS-REFERENCE TO RELATED

APPLICATION

This application claims the benefit of U.S. Provisional

Application No. 61/325,697, filed Apr. 19, 2010, the disclo-

sure of which is hereby incorporated by reference.

STATEMENT REGARDING FEDERALLY

SPONSORED RESEARCH OR DEVELOPMENT

This invention was made with Government support under

Contract No. NNAOSBA45C awarded by NASA. The Gov-

ernment has certain rights in this invention

TECHNICAL FIELD

The present invention generally relates to inertial navi-

gation systems, and more particularly relates to health

management systems and the detection of gyroscope and

accelerometer faults in inertial navigation systems.

BACKGROUND

An inertial navigation system (INS) is a navigation aid

that uses one or more inertial measurement units (IMUs)

with sensors such as accelerometers and gyroscopes to

continuously calculate position, velocity, and angular orien-

tation of a moving object. An INS may be used on vehicles

such as land vehicles, ships, aircraft, submarines, guided

missiles, and spacecraft. The fidelity of the sensor measure-

ments from the IMU is important to the overall navigation

performance, and sensor faults or inaccurate sensor mea-

surement models may cause a loss in navigation perfor-

mance. Aiding sensors, such as global navigation satellite

system (GNSS) sensors, have been used to correct naviga-

tion errors due to accelerometer bias and gyroscope bias, but

the conventional approaches may not be satisfactory to

correct navigation errors, particularly with respect to issues

such as accelerometer and gyroscope measurement faults or

accelerometer and gyroscope measurement model errors.

Accordingly, it is desirable to provide more accurate and

robust INSs in the presence of IMU sensor measurement

faults and IMU measurement model errors. Furthermore,

other desirable features and characteristics of the present

invention will become apparent from the subsequent

detailed description of the invention and the appended

claims, taken in conjunction with the accompanying draw-

ings and this background of the invention.

BRIEF SUMMARY

In accordance with an exemplary embodiment, an inertial

navigation system (INS) includes a primary inertial naviga-

tion system (INS) unit configured to receive accelerometer

measurements from an accelerometer and angular velocity

measurements from a gyroscope. The primary INS unit is

further configured to receive global navigation satellite

system (GNSS) signals from a GNSS sensor and to deter-

mine a first set of kinematic state vectors based on the

accelerometer measurements, the angular velocity measure-

ments, and the GNSS signals. The INS further includes a

secondary INS unit configured to receive the accelerometer

measurements and the angular velocity measurements and to

2
determine a second set of kinematic state vectors of the

vehicle based on the accelerometer measurements and the

angular velocity measurements. The INS further includes a

health management system configured to compare the first

5 set of kinematic state vectors and the second set of kinematic

state vectors to determine faults associated with at least one

of the accelerometer or the gyroscope based on the com-

parison.

In accordance with another exemplary embodiment, a

10 vehicle system includes an inertial measurement unit (IMU)

comprising an accelerometer configured to generate accel-

eration measurements and a gyroscope configured to gen-

erate angular velocity measurements; a global navigation

satellite system (GNSS) configured to generate GNSS sig-
15 nals; a primary inertial navigation system (INS) unit con-

figured to receive the accelerometer measurements, the

angular velocity measurements, and the GNSS signals, the

primary INS unit further configured to determine a first set

of kinematic state vectors based on the accelerometer mea-

20 surements, the angular velocity measurements, and the

GNSS signals; a secondary INS unit configured to receive

the accelerometer measurements and the angular velocity

measurements and to determine a second set of kinematic

state vectors of the vehicle based on the accelerometer
25 measurements and the angular velocity measurements; and

a health management system coupled to the primary INS

unit and the secondary INS unit and configured to compare

the first set of kinematic state vectors and the second set of

kinematic state vectors to determine faults associated with at

30 least one of the accelerometer or the gyroscope based on the

comparison.

BRIEF DESCRIPTION OF THE DRAWINGS

35 The present invention will hereinafter be described in

conjunction with the following drawing figures, wherein like

numerals denote like elements, and

FIG. 1 is a functional block diagram of a vehicle system

having an inertial navigation system (INS) in accordance

40 with an exemplary embodiment;

FIG. 2 is a more detailed functional block diagram of

portions of the vehicle system of FIG. 1 in accordance with

an exemplary embodiment;

FIG. 3 is test data indicating accelerometer bias overtime;
45 and

FIG. 4 is test data indicating gyroscope bias over time.

DETAILED DESCRIPTION

50 The following detailed description is merely exemplary in

nature and is not intended to limit the invention or the

application and uses of the invention. As used herein, the

word "exemplary" means "serving as an example, instance,

or illustration." Thus, any embodiment described herein as

55 "exemplary" is not necessarily to be construed as preferred

or advantageous over other embodiments. All of the embodi-

ments described herein are exemplary embodiments pro-

vided to enable persons skilled in the art to make or use the

invention and not to limit the scope of the invention which

60 is defined by the claims. Furthermore, there is no intention

to be bound by any expressed or implied theory presented in

the preceding technical field, background, brief summary, or

the following detailed description.

Broadly, exemplary embodiments described herein are

65 directed to a vehicle system with an inertial navigation

system (INS) that includes a primary INS unit that calculates

a first set of kinematic state vectors of the vehicle based on
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signals from an inertial measurement unit (IMU), a global

navigation satellite system (GNSS), and other aiding sen-

sors. The INS may further include a secondary INS unit that

calculates a second set of kinematic state vectors of the

vehicle without considering the signals from the GNSS. A

health management system identifies faults associated with

the IMU based on a comparison between the kinematic state

vectors from the primary INS unit and the second INS unit,

as well as other vehicle information, as will now be

described in greater detail with reference to FIGS. 1-4.

FIG. 1 is a functional block diagram of a vehicle system

100 in accordance with an exemplary embodiment. As

shown, the vehicle system 100 may include an inertial

measurement unit (IMU) 110, aiding sensors 120, an inertial

navigation system (INS) 150, a health management system

180, a controller 160, and a graphical user interface (GUI)

or display 170.

The vehicle system 100, and particularly the INS 150,

may be used for navigation and control in any suitable type

of vehicle (not shown), including land vehicles, aircraft,

submarines, guided missiles and spacecraft. In general, and

as discussed in greater detail below, the INS 100 includes a

primary INS unit 130 and a secondary INS unit 140 that

determine the position, velocity, and angular orientation of

the associated vehicle based on signals from an inertial

measurement unit (IMU) 110. As discussed below, the

position, velocity, and angular orientation of the vehicle may

also be based on signals from the group of aiding sensors

120, which may include a global navigation satellite system

(GNSS) 122, such as a global positioning system (GPS), as

well as additional aiding sensors 124.

As used herein, the position, velocity, and angular orien-

tation of the vehicle may collectively be referred to as

kinematic state vectors. The INS 150 provides the kinematic

state vectors to the controller 160, which includes any of the

functionalities necessary (for example, controlling flaps,

engines, thrusters, rockets, and the like) for guidance, con-

trol, and stabilization of the vehicle along a desired trajec-

tory. The kinematic state vectors from the INS 150 may also

be appropriately formatted and displayed on the GUI 170 for

viewing by an operator. As also discussed below, the cal-

culation of the kinematic state vectors may be subject to

errors associated with the measurements of the IMU 110.

Although the primary INS unit 130 may incorporate some

error correction, the health management system 180 is

provided to more accurately detect and accommodate errors

and faults associated with the IMU 110. The health man-

agement system 180 may be the central health management

system of the vehicle or dedicated to the INS 150.

In general and as described in greater detail below, the

primary INS unit 130 generates the kinematic state vectors

based on signals from the IMU 110 and aiding sensors 120,

including the GNSS 122, that are subsequently provided to

the controller 160. The secondary INS unit 140 functions

similarly to the primary INS unit 130 to generate an addi-

tional set of kinematic state vectors based on signals from

the IMU 110 and, at times, on some of the additional aiding

sensors 124. As used herein, the "first set' of kinematic state

vectors refers to the kinematic state vectors generated by the

primary INS unit 130 and the "second set' of kinematic state

vectors refers to the kinematic state vectors generated by the

secondary INS unit 140. Unlike the first set of kinematic

state vectors, the second set of kinematic state vectors is

generated without any consideration of the signals from the

GNSS 122. The second set of kinematic state vectors is

provided to the health management system 180 for improved

error and fault detection, as discussed below. Although the

~~~

second INS unit 140 is illustrated as part of the INS 150, the

secondary INS unit 140 may be considered separate from the

INS 150 or part of the health management system 180.

Now turning to the diagram in FIG. 1 in greater detail, the

5 IMU 110 includes sensors such as accelerometers 112 and

rate gyroscopes 114. In one exemplary embodiment, the

IMU 110 may be considered part of the INS 150. The IMU

110 typically contains three orthogonal accelerometers 112

and three orthogonal gyroscopes 114, although various types

io may be provided. The accelerometers 112 and gyroscopes

114, respectfully, provide measurements associated with the

acceleration and angular velocity of the vehicle to the INS

150. The INS 150 determines the kinematic state vector of

the vehicle in two reference frames based on the measure-

15 ments provided by the IMU 110. The two reference frames

typically include a fixed body vehicle frame and a naviga-

tion frame with known orientation.

Initially, the primary INS unit 130 integrates angular

velocity measurements from the gyroscopes-114 to compute

20 the orientation of the vehicle body frame relative to the

navigation frame. In one exemplary embodiment, the accel-

erometers 112 measure specific force, which is then subject

to gravity and accelerometer bias compensation by the

primary INS unit 130 to yield vehicle acceleration. The

25 primary INS unit 130 further resolves the compensated

acceleration in the navigation frame and integrates the

compensated vehicle acceleration to result in a velocity

vector resolved in the navigation frame. Integrating the

compensated vehicle acceleration twice results in a position

30 vector resolved in the navigation frame. Of course, other

mechanisms for calculating the position, velocity, and angu-

lar orientation of the vehicle may be provided.

However, as introduced above, the IMU measurements

may have associated errors, such as bias, scale factor,

35 non-orthogonality, and wide band noise. If uncorrected,

these errors may result in potentially unbounded errors in the

estimates of the kinematic state vectors. For example, a

constant error in the acceleration measurement will become

a linear velocity error as the primary INS unit 130 integrates

40 the acceleration measurement to determine velocity. Con-

tinuing the example, a constant error in the acceleration

measurement will become a parabolic position error as the

primary INS unit 130 twice integrates the acceleration

measurement to determine position. Similarly, a constant

45 error in the angular velocity will become a linear angular

orientation error as the primary INS unit 130 integrates the

angular velocity to determine angular orientation. The error

in the angular velocity further affects the velocity and

position calculations since the angular orientation is used to

5o resolve the velocity and position in the navigation frame.

Non-linear or random errors further exacerbate this issue. As

such, the primary INS unit 130 attempts to correct errors

when determining the kinematic state vector. In some exem-

plary embodiments, it is generally preferred that the errors

55 are removed prior to integrating the measurements, since

there is some randomness and estimation involved in the

error itself.

There are several types of faults that may result in errors

in the kinematic state vectors. Such errors may include, for

60 example, IMU sensor measurement faults at a particular

time (for example, the measurement should have been 1

m/s2 but the measurement was 100 m/s2); or mismatches

between the IMU measurements and the IMU sensor mea-

surement model (for example, due to parameter errors in the

65 model occurring over time or modeling error such as miss-

ing a parameter or using an incorrect parameter). These

faults may be an indication of bias, which may include bias
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5
change or bias drift and refer to an error in the model or the

sensor itself. In one exemplary embodiment, the bias change

may be a relatively slow time-varying error or the bias

change may be a relatively fast time-varying error, although

any suitable characterization techniques may be provided. In 5

general, bias change is the most common fault of interest

with respect to the accelerometers 112 of the IMU 110, and

bias drift is the most common fault with respect to the

gyroscopes 114 of the IMU 110.

As one approach to correct or accommodate these errors, io

the primary INS unit 130 further receives aiding sensor

measurements that include GNSS measurements from the

GNSS 122 and additional aiding sensor measurements from

the additional aiding sensors 124, as noted above. In general,

the GNSS 122 may include a receiver that receives satellite 15

signals to determine position and velocity, for example. The

additional aiding sensors 124 may include, for example,

various combinations of a magnetometer, a barometer, an

odometer, or any other sensor. The measurements from the

additional aiding sensors 124 and GNSS 122 are indepen- 20

dent of the IMU sensor measurements and can be used to

periodically estimate the kinematic state vector errors and

reset the IMU-based estimates of the kinematic state vectors

to thus produce improved estimates of the kinematic state

vectors. For example, the GNSS 122 may provide position 25

and velocity measurements that may be compared to the

position and velocity values initially estimated by the pri-

mary INS unit 130 based on the measurements from the

IMU 110. This comparison provides a basis for estimating

the errors in the position and velocity values generated by 30

the primary INS 130. The corresponding correction of these

estimates prevents any errors from the IMU-based estimates

from growing without bound. As another example, a mag-

netometer of the additional aiding sensors 124 may be used

to compute heading angle either in combination with the 35

heading angle computed from GNSS velocity measurements

or by itself. Despite these signals from the aiding sensors

120, some errors may remain, as discussed below.

In accordance with exemplary embodiments, the vehicle

system 100 further considers the errors remaining in the 40

kinematic state vectors generated by the primary INS unit

130 to generally provide more accurate kinematic state

calculations. Although the GNSS 122 may be used to

remove some errors from the kinematic state vector calcu-

lations in the primary INS unit 130 by providing position 45

and velocity measurements, the GNSS 122, in some embodi-

ments, operates at a much lower frequency than the IMU

110, and the primary INS unit 130 generally must generate

kinematic state vectors more often than it receives informa-

tion from the GNSS 122. As such, if the GNSS 122 is the 50

sole source of error correction, some errors in the kinematic

state vectors will remain, particularly errors such as accel-

erometer bias change resulting from faults in the acceler-

ometer 112 and gyroscope bias drift resulting from faults in

the gyroscopes 114. 55

To accommodate and detect these errors, the health man-

agement system 180 may be initialized to receive and

process the first set of kinetic state vectors generated by the

primary INS unit 130 and the second set of kinematic state

vectors generated by the secondary INS unit 140. As stated 60

above, the secondary INS unit 140 generates position,

velocity, and angular orientation in a manner similar to the

primary INS unit 130, except that the measurements from

the GNSS 122 are not considered. For example, the second-

ary INS unit 140 may use dynamic models, IMU sensor 65

measurement models, aiding sensor measurement models,

and filters, like the primary INS unit 130, but does not

T
modify, correct, or calibrate the resulting kinematic state

vectors based on the measurements from the GNSS 122. As

a result, the uncompensated IMU sensor measurement errors

are integrated with the IMU sensor measurements when the

secondary INS unit 140 calculates the kinematic state vec-

tors, thereby enabling the errors in the estimated kinematic

state vectors to grow without bound. Measurements from the

additional aiding sensors 124 may or may not be used to

calculate the kinematic state vectors of the secondary INS

unit 140. In effect, the secondary INS unit 140 enables such

errors to grow as necessary or desired, without correction

from the GNSS 122, such that any errors associated with the

IMU 110 may be more easily identified.

Accordingly, the health management system 180 then

identifies faults within the IMU 110 by comparing two sets

of kinetic state vectors respectively generated by the primary

INS unit 130 and the secondary INS unit 140. The resulting

difference corresponds to errors attributed to measurement

errors or bias in the IMU 110. The faults may be stored for

later use or displayed to an operator on the GUI 170. Further

details of the primary INS unit 130, secondary INS unit 140,

and health management system 180 will now be described

with reference to FIG. 2.

FIG. 2 is a more detailed functional block diagram of

portions of the vehicle system 100 of FIG. 1 in accordance

with an exemplary embodiment. FIG. 2 generally corre-

sponds to the vehicle system 100 discussed above, and

particularly illustrates the error correction mechanisms of

the primary INS unit 130, the secondary INS unit 140, and

the health management system 180 in greater detail.

As shown in FIG. 2, the primary INS unit 130 includes an

input filter 132, a kinematic state vector estimation module

134, and a Kalman filter 136. In this exemplary embodiment,

measurements from the IMU 110, which includes the accel-

erometers 112 and the gyroscopes 114, the GNSS unit 122,

and the additional aiding sensors 124 are provided to the

input filter 132 of the primary INS unit 130. The input filter

132 generally functions to reject measurements that are

completely outside of a possible range. For example, the

input filter 132 may calculate the input residuals, e.g., the

difference between the sensor measurements and the current

estimate of the kinematic state vector, and use statistical tests

to determine which measurements should be rejected. These

rejected measurements from the input filter 132 may be

provided to the health management system 180 as first

health indicators.

The accepted measurements from the input filter 132 are

provided to the kinematic state vector estimation module

134, which includes a number of models that initially

estimate the kinematic state vectors based on the measure-

ments from the IMU 110. The models may include dynamic

models, measurement models, and sensor measurements

models for generating a stochastic system that uses the

sensor measurements to compute estimates of the kinematic

state vectors. As described above, the kinematic state vector

estimation module 134 is particularly configured to evaluate

the measurements from the IMU 110 and to produce accel-

eration values, which are then integrated a first time to

produce velocity values and a second time to produce

position values, each of which are may be resolved in the

desired reference frame.

The kinematic state vector estimation module 134 pro-

vides the initial kinematic state vectors to the Kalman filter

136, which in turn, blends the kinematic state vectors with

the aiding sensor measurements to produce bounded esti-

mates of posterior (or compensated) kinematic state vectors.

In general, the Kalman filter 136 uses measurements from
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the GNSS 122 and additional aiding sensors 124, which are

independent of the IMU 110, to correct the measurements y - y + sy + w

from the IMU 110 to provide more accurate kinematic state

vectors. The Kalman filter 136 may include a bias estimation
~y = b~ + bcM

module and an a-priori bias estimation module. The bias s -1
bCM (t) — — bCM (t) + WCM

estimation module may include a number of models that 7-

estimate  the measurement bias of the IMU 110 with, for

example, measurements from the aiding sensors 120 (e.g., where y is the accelerometer or gyroscope measurement; 6y

the GNSS 122 and the additional aiding sensors 124), and is the accelerometer or gyroscope bias; w is a zero mean,
10

may use some a-priori bias statistics from the a-priori bias Gaussian white noise process; wGM is zero mean, Gaussian

estimation module, for example, to account for known white noises that drive the GM process; and T is the time

biases. In one exemplary embodiment, the a-priori bias constant of the GM process.

estimation model is a dynamic model of the bias and uses the The accelerometer bias model may be simplified by

IMU measurements to propagate the statistics of the IMU 
15 estimating the constant bias at initialization. Then, the

bias forward to provide a-priori bias statistics, and the bias time-varying bias and the white noise components corre-

estimation module uses combinations of the aiding sensor spond to the remaining error sources of the IMU 110. Upon

measurements, a-priori kinematic state vector, and a-priori calculation of the errors and associated corrections, the first
bias statistics to update the a-priori bias statistics as posterior set of kinematic state vectors may be provided to the
bias statistics. 20 controller 160 (FIG. 1) for navigation and control of the
The aiding sensor measurements may be used to correct vehicle (not shown). As noted above, the primary INS unit

the effect of the forward integration of any IMU measure- 130 may additionally provide the kinetic state vectors and
ment biases, as discussed above. In general, the kinematic any error or fault information to the health management
state vectors are predicted using the dynamic models, the system 180 and/or the GUI 170. The errors gathered in the
IMU sensor measurements, and IMU measurement models; 25 Kalman filter 136 may particularly be provided to the health
and the aiding sensor measurements are used in aiding management system 180 as residuals or second health
sensor measurement models to correct the IMU based esti- indicators.
mates of position, velocity, and angular orientation. As an As noted above, the second INS unit 140 may be used to
example, information generated by the dynamic models of provide a second set of kinematic state vectors that are
the kinematic state vector estimation module 134 and/or 30 subsequently used by the health management system 180 for
Kalman filter 136 may include the time evolution of the more accurate kinematic state vectors and bias estimations.
kinematic state vectors, the kinematic state error vectors, particularly, the secondary INS unit 140 may be initialized
and the covariance matrix of the kinematic state vectors. using a switch 142. The sampling rate of the switch 142
Sensor measurements models of the kinematic state vector determines the frequency and duration of kinematic state
estimation module 134 and/or Kalman filter 136 may indi- 35 vector estimation by the secondary INS unit 140. Control of
cate the time evolution of the sensor measurement errors or the switch 142 may be based on statistics associated with the
the relationship between sensor measurements, sensor mea- kinematic state vectors of the first INS unit 130 and initiated
surement errors, kinematic state vectors, and kinematic state by the health management system 180 or at a predetermined
error vectors. The IMU sensor measurement models may sampling rate or interval. When the switch 142 is turned off,
further include parameters that model the performance char- 40 the secondary INS unit 140 is typically reset in anticipation
acteristics of the sensors including sensor measurement of the next iteration.
errors or biases. The estimates of the parameters of these As shown in FIG. 2, the secondary INS unit 140 includes
sensor models may attempt to compensate for a number of a secondary input filter 144, a secondary kinematic state
factors such as model matching errors, calibration errors, vector estimation module 146, and a secondary Kalman
temperature variation, vehicle vibration, etc. In general, the 45 filter 148. In general, the secondary INS unit 140 is similar
Kalman filter 136 uses the models and all sensor measure- to the primary INS unit 130 except that any errors in the
ments in an iterative prediction correction approach. kinematic state vector estimation are allowed to grow with-

In one exemplary embodiment, the Kalman filter 136 out bound, e.g., without correction from the GNSS 122.

produces the posterior primary kinematic state vectors and Accordingly, upon initialization of the switch 142, the

estimated errors as follows. As noted above, the bias esti- 50 secondary input filter 144 receives the measurements from

mation module may provide at least some error estimates,
the IMU 110 and, optionally, the additional aiding sensors

including residuals between observed values and estimated
124. Like the input filter 132, the secondary input filter 144

generally functions to reject measurements that are com-
values. From the residuals and associated statistical proper- pletely outside of a possible range. The accepted measure-

ties, a scalar test statistic with chi-square distribution and n 55 ments are provided to the secondary kinematic state vector

degrees of freedom is created, where n is the number of estimation module 134, which includes a number of models

measurements used for creating the test statistic. This sta-
that initially estimate the secondary kinematic state vectors

tistic is later compared with a predefined threshold to
based on the measurements from the IMU 110. The second-

ary kinematic state vector estimation module 134 provides
identify errors. Using the chi-square distribution allows a 60 the initial second set of kinematic state vectors to the

group of measurements to be correlated to each other, secondary Kalman filter 148, which in turn further filters the

thereby improving the chances to successfully detect and kinematic state vectors to produce a second set of kinematic

calculate an error and the corresponding bias for acceler-
state vectors (e.g., a posterior second set of kinematic state

ometer and gyroscope measurements. AGauss-Markov 
65

vectors). As noted above, the secondary kinematic state

vector estimation module 146 and secondary Kalman filter
(GM) process may be used to model a time varying bias 148 generate the second set of (or uncorrected) kinematic

(bGM(t)), for example: state vectors without considering the GNSS measurements
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from the GNSS 122. The secondary INS unit 140 may

calculate the second set of kinematic state vectors either

with or without using measurements from the additional

aiding sensors 124. Typically, the secondary INS unit 140

uses a subset of the measurements from the additional aiding

sensors 124. In one exemplary embodiment, the primary

INS unit 130 and the secondary INS unit 140 may use the

same IMU sensor measurement models.

As in the primary INS unit 130, the Kalman filter 148 may

include a bias estimation module and an a-priori basis

estimation module. However, in the secondary INS unit, the

bias estimation module may include a number of models that

estimate the measurement bias of the IMU 110 without, for

example, measurements from the GNSS unit 122. As

described below, the Kalman filter 148 generates kinematic

state vectors and error estimates, including Kalman filter

residuals that may be provided to the input filter 144 for

generating input residuals. The second set of kinematic state

vectors from the secondary INS unit 140 are provided to the

health management system 180 for subsequent fault detec-

tion.

The health management system 180 generally includes a

comparator 182, an IMU sensor parameter unit 184, a

residuals filtering unit 186, a health indicator module 188,

and an indicator fusion module 190. As described above, the

health management system 180 receives health indicators

from the input filter 132 of the first INS unit 130 as first

health indicators at the indicator fusion module 188. The

health management system 180 further receives the innova-

tions or residuals from the Kalman filter 136 of the primary

INS unit 130 as second health indicators at the residuals

filtering unit 186. The residuals filtering unit 186 may

include a jump filtering unit and provides the second health

indicators to the health indicator module 188. These health

indicators are processed by the health indicator module 188

to estimate the nature of the errors, such as the magnitude

and direction of drift, bias, variances, etc. For example, the

health indicators module 188 may compare the health indi-

cators to an expected probability density function to deter-

mine faults. These estimates are then provided to the indi-

cator fusion block 190. The indicator fusion module 190 is

discussed in greater detail below.

As stated above, the health management system 180

further receives the second set of kinematic state vectors

from the secondary INS unit 140 as well as the first set of

kinematic state vectors from the primary INS unit 130.

Particularly, the comparator 182 of the health management

system 180 compares the two sets of kinematic state vectors

to determine the differences between the kinematic state

vectors. The resulting differences are provided to the IMU

sensor parameter estimation unit 184, which uses IMU

measurement models to estimate the IMU sensor parameters

and various types of errors or characteristics of the IMU

measurements. In one exemplary embodiment, the estimated

IMU sensor parameters are compared to the current set of

IMU sensor parameters to identify IMU sensor modeling

errors. The resulting estimated parameters are provided to

the indicator fusion module 190 as third health indicators.

The third health indicators generally correspond to errors

attributed to measurement errors in the IMU 110, which may

also correspond to drift in the IMU 110.

As such, the indicator fusion module 190 may directly or

indirectly receive health indicators from the input filter 132

of the primary INS unit 130, the Kalman filter 136 of the

primary INS unit 130, and the secondary INS unit 140. The

indicator fusion module 190 may fuse the various indicators

to confirm, isolate and quantify faults using logical, voting

10
or probabilistic reasoning to fuse the available indicators. In

one exemplary embodiment, the fault may be detected and

isolated based on a single fault assumption (presence of

single fault in either an accelerometer or gyroscope based on

5 a single type of health indicator) or based on a combination

of fault indications. In another exemplary embodiment, the

fault is identified, isolated and quantified, and then the

associated correction is fed back to the primary INS unit

130. If the fault is an IMU measurement model error, then
to 

the fault is fed back to the secondary INS unit 140 to update

the IMU measurement models in the secondary kinematic

state vector estimation module 146 and/or secondary Kal-

man filter 148.

15 As noted above, the indicator fusion module 190 may

identify a based on a single type of health indicator, such as

the differences between the kinematic state vectors, or a

combination of the health indicators. For example, the

indicator fusion module 190 may detect a statistical property

20 shift, e.g., a change in mean and/or distribution density

function, or stochastically estimate the fault parameters

based on any number of techniques. These statistical com-

parisons may be used to separate the various types of sensor

faults discussed above. For example, the delta comparison of

25 the comparator 182 may be a comparison of the mean (or

first moment of a distribution) and used to determine a

change in the standard deviation of a Gauss Markov process

that governs the IMU bias. Higher order statistics of the

comparison may be used to estimate additional faults of the

so IMU sensors. In general, however, any statistical technique

may be used to identify the faults.

In one exemplary embodiment, the indicator fusion mod-

ule 190 may also separate out accelerometer bias from the

gyroscope bias. For example, the errors in measurements

35 from the gyroscopes 114 may be considered in the orienta-

tion angles. The combination of accelerometer errors and

gyroscope errors may be considered in the position and

velocity so that if the impact of gyroscope errors is removed

from the position and velocity, such that only the acceler-

40 ometer errors remain. The vehicle trajectory may also assist

in identifying if the errors in position and velocity are due to

the accelerometer errors or the gyroscope errors.

The indicator fusion module 190 (or other component)

may include model that govern how the bias impacts the

45 accelerometer and gyroscope measurements. As noted

above, the second set of kinematic state vectors include

some bias that are allowed to grow without bound during

operation of the secondary INS unit 140. Based on this

second set, such models determine how the uncompensated

5o bias affects the position, velocity, and angular orientation

values.

For example, in one exemplary embodiment, the gyro-

scope bias may be determined by comparing the angular

orientation computed as part of the first and second sets of

55 kinematic state vectors. The error growth of the difference

between the two estimated angular orientations may be

directly equated to the parameters of the selected gyroscope

measurement model with a statistical approach, such as least

squares. Upon estimation the parameters of the gyroscope

60 measurement model (e.g., primarily the bias), the parameters

of the accelerometer measurement model using the position

and velocity differences between the first and second sets of

kinematic state vectors. The gyroscope bias may be removed

to identify the remaining acceleration bias. The indicator

65 fusion module 190 may then use these estimated parameters

of the acceleration and gyroscope biases to identify IMU

sensor faults using any suitable statistical tests. Of course,
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the examples discussed herein for determining the accelera-

tion and gyroscope bias are merely exemplary and other

techniques may be used.

Accordingly, the indicator fusion module 190 may deter-

mine at least two different failure modes of the IMU 110. 5

The failure modes may include 1) accelerometer failure

resulting in a bias change, and 2) gyroscope bias and drift.

These issues are particularly important in an INS 100 with

a single set of three-axis accelerometers 114. Even in a

highly redundant system, these exemplary embodiments of io

fault detection and isolation may provide additional health

information to the redundancy management system.

In one exemplary embodiment, the accelerometer bias

fault determinations use the bias estimate along with the

multiple of 1-sigma confidence level generated using the 15

a-priori IMU sensor noise variance. The health management

system 180 may produce an alarm when the bias estimate

exceeds a user-defined multiple of the 1-o bias estimate

bound. As one example, isolation may be performed by

attributing the persistent alarm on the accelerometer bias 20

estimates to the faulty accelerometer.

FIGS. 3 and 4 illustrate test data indicating accelerometer

bias and gyroscope bias, respectively, over time. As

described above, a fault may be identified by comparing

estimates to predetermined fault thresholds. FIG. 3 paricu- 25

larly illustrates the accelerometer bias estimates 302, the 1-a

estimation errors (or bounded limits) 304 of the accelerom-

eter bias estimates 302, and the alarm trigger 306 indicating

accelerometer bias change. By allowing the effect of the

accelerometer bias estimates 302 on the kinematic state 30

vector to accumulate over time with the secondary INS unit

140, the health management system 180 may more easily

identify the accelerometer bias at the alarm trigger 306.

FIG. 4 particularly illustrates the gyroscope bias estimates

402, the 1-a estimation errors (or bounded limits) 404 of the 35

gyroscope bias estimates 402, and the alarm trigger 406

indicating gyroscope bias change. By allowing the effect of

the gyroscope bias estimates 402 on the kinematic state

vector to accumulate over time with the secondary INS unit

140, the health management system 180 may more easily 40

identify the gyroscope bias at the alarm trigger 406.

Accordingly, exemplary embodiments discussed herein

include update, correct, or modify errors associated with

IMU measurements. Exemplary embodiments may identify

the following: an accelerometer fault, gyroscope fault, an 45

accelerometer measurement fault, a gyroscope measurement

fault; the axis of the accelerometer measurement fault; the

axis of the rate gyro measurement fault; a fault in the IMU

sensor measurement model, an accelerometer parameter

fault; a gyroscope parameter fault; the axis of the acceler- 50

ometer parameter fault; and the axis of the gyroscope

parameter fault.

It should be observed that the disclosed embodiments

reside primarily in combinations of device components and

process sets. Various aspects of the embodiments, such as 55

units and other function blocks, modules, circuits, and

algorithm steps described herein may be implemented as

electronic hardware, computer software, or combinations of

both. The various illustrative logical blocks, modules, and

circuits described in connection with the embodiments dis- 60

closed herein may be implemented or performed with a

general purpose processor, a digital signal processor (DSP),

an application specific integrated circuit (ASIC), a field

programmable gate array (FPGA) or other programmable

logic device, discrete gate or transistor logic, discrete hard- 65

ware components, or any combination thereof designed to

perform the functions described herein. A software module

12
may reside in RAM memory, flash memory, ROM memory,

EPROM memory, EEPROM memory, registers, hard disk, a

removable disk, a CD-ROM, or any other form of storage

medium known in the art. An exemplary storage medium is

coupled to the processor such the processor can read infor-

mation from, and write information to, the storage medium.

In the alternative, the storage medium may be integral to the

processor. The processor and the storage medium may reside

in an ASIC.

While at least one exemplary embodiment has been

presented in the foregoing detailed description of the inven-

tion, it should be appreciated that a vast number of variations

exist. It should also be appreciated that the exemplary

embodiment or exemplary embodiments are only examples,

and are not intended to limit the scope, applicability, or

configuration of the invention in any way. Rather, the

foregoing detailed description will provide those skilled in

the art with a convenient road map for implementing an

exemplary embodiment of the invention. It being understood

that various changes may be made in the function and

arrangement of elements described in an exemplary embodi-

ment without departing from the scope of the invention as

set forth in the appended claims.

What is claimed is:

1. An inertial navigation system (INS), comprising:

a primary inertial navigation system (INS) unit configured

to receive first accelerometer measurements from a first

accelerometer and first angular velocity measurements

from a first gyroscope,

the primary INS unit further configured to receive

global navigation satellite system (GNSS) signals

from a GNSS sensor and to determine a first set of

kinematic state vectors based on the first accelerom-

eter measurements, the first angular velocity mea-

surements, and the GNSS signals;

a secondary INS unit configured to receive the first

accelerometer measurements and the first angular

velocity measurements and to determine a second set of

kinematic state vectors of the vehicle based on the first

accelerometer measurements and the first angular

velocity measurements; and

a health management system configured to compare the

first set of kinematic state vectors and the second set of

kinematic state vectors to determine faults associated

with at least one of the first accelerometer or the first

gyroscope based on the comparison.

2. The INS of claim 1, wherein the primary INS unit

includes primary accelerometer and gyroscope measurement

models for determining the first set of kinematic state

vectors and the secondary INS unit includes secondary

accelerometer and gyroscope measurement models for

determining the second set of kinematic state vectors.

3. The INS of claim 2, wherein the primary accelerometer

and gyroscope measurement models and the secondary

accelerometer and gyroscope measurement models are the

same.

4. The INS of claim 2, wherein the health management

system is further configured to determine faults associated

with the primary accelerometer and gyroscope measurement

models or the secondary accelerometer and gyroscope mea-

surement models.

5. The INS of claim 1, wherein the health management

system is configured to generate the second set of kinematic

state vectors with errors due to accelerometer bias.

6. The INS of claim 1, wherein the health management

system is configured to generate the second set of kinematic

state vectors with errors due to gyroscope bias.
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7. The INS of claim 1, further comprising a switch

coupled to the secondary INS unit and configured to initial-

ize the secondary INS unit based on a predetermined sam-

pling rate or statistics associated with the first set of kine-

matic state vectors.

8. The INS of claim 1, wherein the primary INS unit is

further configured to receive additional sensor measure-

ments from at least one additional aiding sensor and to

additionally determine the first set of kinematic state vectors

based on the additional sensor measurements.

9. The INS of claim 1, wherein the secondary INS unit is

configured to determine the second set of kinematic state

vectors independently of the GNSS signals.

10. The INS of claim 1, wherein the comparison between

the first set of kinematic state vectors and the second set of

kinematic state vectors generates a first set of health indi-

cators, and wherein the primary INS unit includes a first

Kalman filter configured to receive the GNSS signals and to

determine a second set of health indicators associated with

the first set of kinematic state vectors.

11. The INS of claim 10, wherein primary INS unit

includes an input filter configured to produce a third set of

health indicators associated with the first set of kinematic

state vectors, and wherein the health management system

includes a fusion module configured to determine the faults

based on the first set of health indicators, the second set of

health indicators, and the third set of health indicators.

12. A vehicle system, comprising:

an inertial measurement unit (IMU) comprising a first

accelerometer configured to generate first acceleration

measurements and a first gyroscope configured to gen-

erate first angular velocity measurements;

a global navigation satellite system (GNSS) configured to

generate GNSS signals;

a primary inertial navigation system (INS) unit configured

to receive the first accelerometer measurements, the

first angular velocity measurements, and the GNSS

signals, the primary INS unit further configured to

determine a first set of kinematic state vectors based on

the first accelerometer measurements, the first angular

velocity measurements, and the GNSS signals;

a secondary INS unit configured to receive the first

accelerometer measurements and the first angular

velocity measurements and to determine a second set of

kinematic state vectors of the vehicle based on the first

accelerometer measurements and the first angular

velocity measurements, wherein the secondary INS

unit is configured to determine the second set of

kinematic state vectors independently of the GNSS

signals; and

a health management system coupled to the primary INS

unit and the secondary INS unit and configured to

compare the first set of kinematic state vectors and the

second set of kinematic state vectors to determine faults

associated with at least one of the first accelerometer or

the first gyroscope based on the comparison,

wherein the primary INS unit includes primary acceler-

ometer and gyroscope measurement models for deter-

mining the first set of kinematic state vectors and the

secondary INS unit includes secondary accelerometer

and gyroscope measurement models for determining

the second set of kinematic state vectors,

wherein the primary accelerometer and gyroscope mea-

surement models and the secondary accelerometer and

gyroscope measurement models are the same, and

wherein the health management system is further config-

ured to determine faults associated with the primary

14
accelerometer and gyroscope measurement models or

the secondary accelerometer and gyroscope measure-

ment models.

13. The vehicle system of claim 12, wherein the health

5 management system is configured to generate the second set

of kinematic state vectors with errors due to accelerometer

bias.

14. The vehicle system of claim 12, wherein the health

management system is configured to generate the second set
l0 

of kinematic state vectors with errors due to gyroscope bias.

15. The vehicle system of claim 12, further comprising a

switch coupled to the secondary INS unit and configured to

initialize the secondary INS unit based on a predetermined

15 sampling rate or statistics associated with the first set of

kinematic state vectors.

16. A vehicle system, comprising:

a first inertial measurement unit (IMU) comprising a first

accelerometer configured to generate first acceleration

20 measurements and a first gyroscope configured to gen-

erate first angular velocity measurements;

a global navigation satellite system (GNSS) configured to

generate GNSS signals;

a primary inertial navigation system (INS) unit configured

25 to receive the first accelerometer measurements, the

first angular velocity measurements, and the GNSS

signals, the primary INS unit further configured to

determine a first set of kinematic state vectors based on

the first accelerometer measurements, the first angular

30 velocity measurements, and the GNSS measurements,

the primary INS unit including a first Kalman filter

configured to receive the GNSS signals and to deter-

mine a first set of health indicators associated with the

first set of kinematic state vectors and an input filter

35 configured to produce a second set of health indicators

associated with the first set of kinematic state vectors;

a secondary INS unit configured to receive the first

accelerometer measurements and the first angular

velocity measurements and to determine a second set of

40 kinematic state vectors of the vehicle based on the first

accelerometer measurements and the first angular

velocity measurements and independently of the GNSS

signals; and

a health management system coupled to the primary INS

45 unit and the secondary INS unit and configured to

compare the first set of kinematic state vectors and the

second set of kinematic state vectors to generate a third

set of health indicators, the health management system

further configured to determine faults associated with at

50 least one of the first accelerometer or the first gyro-

scope based on at least one of the first set of health

indicators, the second set of health indicators, or the

third set of health indicators.

17. The INS of claim 1, wherein the health management

55 system is configured to compare first angular orientations

from the first set of kinematic state vectors and second

angular orientations from the second set of kinematic state

vectors to generate angular orientation differences, and

wherein the health management system determines an error

60 growth of the angular orientation differences and generates

parameters for a gyroscope measurement model based on

the error growth, and wherein the gyroscope measurement

model forms a portion of the health management model

configured to determine the fault associated with the first

65 gyroscope.

18. The INS of claim 17, wherein the fault associated with

the first gyroscope based is gyroscope bias.
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19. The INS of claim 18, wherein the health management

system is configured to compare first positions and first

velocities from the first set of kinematic state vectors and

second positions and second velocities from the second set

of kinematic state vectors to generate position and velocity s

differences, wherein the health management system gener-

ates parameters for an acceleration measurement model

based on the position and velocity differences, and wherein

the acceleration measurement model forms a further portion

of the health management model configured to determine the io

fault associated with the first accelerometer.

20. The INS of claim 19, wherein the health management

system is further configured to remove the gyroscope bias

from the acceleration measurement module to determine the

fault associated with the first accelerometer, wherein the 15

fault associated with the first accelerometer is acceleration

bias,

wherein the primary INS unit includes primary models for

determining the first set of kinematic state vectors and

the secondary INS unit includes secondary models for 20

determining the second set of kinematic state vectors,

and

wherein the health management system is configured to

update the primary and secondary models to remove

the gyroscope bias and the acceleration bias. 25
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