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ABSTRACT

A system operating in a dead reckoning mode accumulates relative yaw
measurements, i.e., measurements of rotation about a z-axis, made by one or more over
mechanization update intervals and produces dead reckoning mechanization update values.
The system accumulates the values over a turn rate accumulation period, calculates a yaw rate
and determines if the yaw rate exceeds a turn rate threshold. If so, the system directs an INS
filter to perform a zero yaw rate update at the start of a next mechanization update interval, to
correct for the z-axis drift errors of the gyroscopes based on the sensed rotation in the relative
yaw measurements over the previous mechanization update interval. The system then sets the
z-axis drift errors to zero. If the system determines that the yaw rate exceeds the turn rate
threshold, the zero yaw rate update is not performed at the start of the next mechanization

update interval.

CA 2986501 2017-11-23



10

20

A NAVIGATION SYSTEM UTILIZING YAW RATE CONSTRAINT
DURING INERTIAL DEAD RECKONING

BACKGROUND

Technical Field

The invention relates to GNSS/INS navigation systems and, in particular, to

GNSS/INS navigation systems that utilize a yaw rate constraint during dead reckoning.
Background Information

GNSS/INS navigation systems, such as the systems described in United States Patents
6,721,657 and 7,193,559, which are assigned to a common assignee and incorporated herein
by reference, may be used in vehicles to aid in navigation and also in the control of the
vehicles. The GNSS/INS navigation systems work well to provide accurate up-to-date INS-
based position, velocity and attitude information to a vehicle navigation and control system
that, in turn, provides navigation information to a user directly or via a map. Alternatively, or
in addition, the vehicle navigation and control system may utilize the navigation information
to control the v.ehicle.

A GNSS subsystem of the GNSS/INS navigation system receives GNSS satellite
signals and, operating in a known manner, processes the GNSS satellite signals to produce
GNSS measurements and observables and determine GNSS positions, velocities, times and
associated covariance corresponding to GNSS measurement times. An INS subsystem
includes an inertial measurement uhit (IMU) that reads data from orthogonally positioned
sensors, i.e., accelerometers and gyroscopes, and produces IMU measurements. As is known,

the accelerometers and gyroscopes have associated biases that, if not corrected for, introduce
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drift errors into the IMU measurements. The INS subsystem, operating in a known manner,
uses the GNSS position, covariance and, as appropriafe, GNSS measurements and
observables in an INS filter to aid in the correction of the drift errors in the INS
measurements. The inertial subsystem then utilizes inertial measurements to provide INS-
based position, velocity and attitude in between the GNSS measurement times, that is, during
measurement intervals.

The GNSS/INS navigation system operates in a known manner to provide
uninterrupted navigation information, even in environments in which sufficient numbers of
GNSS satellites are not continuously in view. When updated GNSS position, velocity, and
time, and associated covariance and applicable GNSS measurements and observables are not
available, the GNSS/INS navigation system utilizes the inertial measurements to continue to
provide updated INS-based position, velocity and attitude during the GNSS outage. The
operations of the GNSS/INS navigation system without GNSS updates are referred to as dead
reckoning.

The gyroscopes in the IMU, particularly in a relatively low cost IMU, tend to have
very large biases and can drift quickly when left un-aided by the GNSS information.
Accordingly, without the GNSS updates, the accuracy of the INS-based position, velocity and
attitude is adversely affected. In particular, uncorrected gyroscope measurements result in
determinations of inaccurate vehicle heading which is one of the major sources of error in the
calculations of INS-based position, velocity and attitude.

The GNSS/INS navigation systems work well when the GNSS outages are relatively
short, such as, for example, when the systems momentarily loose lock on the GNSS satellite

signals or fewer than a required number of GNSS satellites are in view because of
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obstructions in the area or traveling through tunnels and so forth, and aiding is again available
to control the drift errors after a single or a small number of measurement intervals. When the
outage of GNSS information lasts for much longer periods of time due, for example, to the
GNSS antenna falling off of the vehicle or the GNSS antenna otherwise becoming disabled,
or interference such as jamming in the area, the GNSS/INS navigation system must continue
to operate with inertial sensors that have unchecked drift errors over many measurement
intervals. The increasingly larger drift errors adversely affect the accuracy of the operations of
the system and, in particular, result in increasing inaccuracies in the determination of vehicle
heading. This in turn leads to greater errors in the calculation of the INS-based position,
velocity and attitude.

One way to aid in the determination of the vehicle heading during dead reckoning is to
equip the vehicle with specialized instrumentation, such as, for example, a magnetometer
and/or a turning angle feedback instrument, to provide additional information for use in the
calculation. However, the specialized instrumentation adds to the cost and complexity of the
vehicle, and thus, such instrumentation is not typically included. Accordingly, the drift errors
of the INS sensors and the associated inaccuracies in the calculation of position, velocity and
attitude may result in the vehicle navigation and control systems determining that the vehicle
has turned, when the vehicle is actually proceeding in the same direction. Alternatively, the
control system may erroneously determine that the vehicle has not turned when, in fact, the
vehicle has turned. Either inaccuracy adversely affects the operations of vehicle navigation

and/or vehicle control by the navigation/control system.
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SUMMARY

An improved GNSS/INS navigation system or INS navigation system includes an INS
filter that, during dead reckoning operations, utilizes relative yaw rate measurements, that is,
the measurements of rotation about a z-axis of a vehicle, made by one or more INS sensors, to
constrain the z-axis drift errors of the one or more INS sensors. The system includes a yaw
rate constraint subsystem that accumulates relative yaw measurements over mechanization
update intervals to produce dead reckoning mechanization update values, accumulates the
values over a turn rate accumulation period that consists of one or more mechanization update
intervals, and determines a corresponding yaw rate. At the start of a next mechanization
update interval, the yaw rate constraint subsystem determines if the yaw rate exceeds a turn
rate threshold that is based on an expected intentional turn angle in the applicable
environment, i.e., land, sea or air. When the yaw rate constraint subsystem determines that
the yaw rate does not exceed the threshold, and thus, that the vehicle is not turning, the
subsystem directs the INS filter to perform a zero yaw rate update. The zero yaw rate update
uses the rotation in the relative yaw measurements over the previous mechanization update
interval to correct for the z-axis drift errors of the one or more INS sensors that contribute to
the relative yaw measurement and sets the z-axis drift errors to zero for the mechanization
update interval. If the yaw rate exceeds the turn rate threshold, the system does not perform a
zero yaw rate update and the sensor drift error remains unchecked for the mechanization

update interval.
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BRIEF DESCRIPTION OF THE DRAWINGS

The description below refers to the accompanying drawings, of which:

Fig. 1 is a functional block diagram of a GNSS/INS navigation system that includes a
yaw rate constraint subsystem;

Figs. 2A-C are charts of position, velocity and azimuth errors by a GNSS/INS
navigation system with the yaw rate constraint subsystem of Fig. 1 and a GNSS/INS
navigation system without the yaw rate constraint subsystem of Fig. 1;

Fig. 3 is a plot of respective routes determined during dead reckoning by a system
with the yaw rate constraint subsystem of Fig. 1 and a system without the yaw rate constraint
subsystem of Fig.1;

Figs. 4 and 5 are flow charts of the operation of the system of Fig. 1; and

Fig. 6 is a functional block diagram of an inertial system that includes the yaw rate

constraint system of Fig. 1.

DETAILED DESCRIPTION OF AN ILLUSTRATIVE EMBODIMENT

Referring now to Fig. 1, a GNSS/INS navigation system 100 for use with a driver
controlled or driverless/autonomous vehicle (not shown) includes a GNSS subsystem 102 and
an INS subsystem 110. The GNSS subsystem 102 includes a GNSS receiver 104 that
operates in a known manner to process GNSS satellite signals that are received by a GNSS
antenna 106 and produce GNSS raw measurements, such as pseudoranges, carrier phases, and
Doppler velocities; GNSS position, velocity and time, and position covariance; and, as
appropriate, GNSS observables. The GNSS raw measurements, GNSS position, velocity and
time, and the position covariance and the GNSS observables are hereinafter referred to
collectively as “GNSS measurement information.”

The INS subsystem 110 includes an inertial measurement unit (IMU) 118 that reads

data from orthogonally positioned INS sensors, which consist of accelerometers 109 and
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gyroscopes 108, and produces INS measurements. An INS filter 112 processes the GNSS
measurement information, when available during a navigation mode, and the INS
measurements and produces INS-based position, velocity and attitude. If any distance
measurement indicators (DMI), such as speedometers, and so forth (not shown), are included
on the vehicle, the INS subsystem includes the DMI measurements in the calculations in a
known manner.

The INS subsystem 110 further includes a yaw rate constraint subsystem 120 that, as
discussed below, operates with the INS filter 112 when the system 100 is operating in a dead
reckoning mode.

The INS-based position, velocity and/or attitude produced by the INS subsystem 110
are provided to a navigation and control system 200, which operates in a known manner to
produce navigation information that is provided to the user directly or via a map display.
Alternatively, or in addition, the navigation and control system 200 operates in a known
manner to utilize the navigation information to control operations of the vehicle.

The GNSS subsystem 102 and the INS subsystem 110 operate under the control of a
processor 124. The processor 124 operates in a known manner to control the time tagging of
the GNSS measurement information and the INS measurements. The processor further
operates to control the operations of the GNSS subsystem to produce the GNSS measurement
information and the INS subsystem to produce the INS measurements, as well as the
operations of the INS filter to produce the INS-based position, velocity and/or attitude, which
are provided to the vehicle navigation and control system 200. For ease of understanding,
the operations of the GNSS subsystem and the INS subsystem are discussed without specific

reference to the processor 124.
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The GNSS/INS system 100 operates in two modes, a navigation mode in which GNSS
measurement information is available from the GNSS subsystem 102 and the dead reckoning
mode in which the GNSS measurement information is not available. In the dead reckoning
mode, the yaw rate constraint subsystem 120 operates with the INS filter 112 to selectively
provide aid to correct for z-axis drift errors of the one or more IMU gyroscopes that
contribute to the measurement of rotation about the z-axis of the vehicle. The operations of
the yaw rate constraint subsystem are discussed in more detail below. )

For the discussion below, the GNSS/INS system 100 has been initialized in a known
manner to operate in the navigation mode. Thus, the gyroscopes measuring rotation about the
X, Y and Z axes have been identified and various associated matrices for the INS filter have
been established, including matrices for a Kalman filter process 114. In the navigation mode,
the INS subsystem 110 uses the GNSS measurement information in an update to the Kalman
filter process 114, which provides updated error states to a mechanization process 116 in
order to correct for the drift errors of the respective IMU sensors 108 and 109. The
mechanization process 116 uses the updated error states and the IMU measurements to
determine the INS-based position, velocity and/or attitude over the intervals between the
Kalman filter process updates. The intervals between the Kalman filter updates are
hereinafter referred to as “mechanization update intervals.”

The INS subsystem filter 112 performs two main processes, the mechanization of the
raw gyroscope and accelerometer measurements into a trajectory, that is, a time series of
position, velocity and attitude, and the correction of that trajectory with updates estimated by

the GNSS/INS integration process, which is the Kalman filter process 114. The Kalman filter

that is used for the INS integration contains state variables representing the errors of the
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system being modeled, which are position, velocity, attitude, IMU sensor errors, and
optionally an offset vector (or lever arm) from the IMU 118 to the GNSS antenna 106. The
mechanization occurs at the rate of the IMU data (typically delta velocity and angular
increments) at a relatively high rate, usually 100 Hz or higher. The Kalman filter runs at a
lower rate, for example at 1 Hz, such that errors in the INS trajectory accumulate to become
clearly observable when compared to the update information provided by the GNSS
subsystem 102. Further, the lower rate tends to keep the updates sufficiently separated in time
to eliminate, or at least mitigate, time correlated errors on the update measurements.

The Kalman filter is propagated between update measurements. Thus, the values for
the states and their variances are propagated forward in time based on how they are known to
behave as defined in the transition matrix. When an update measurement is available, the
states can be observed and the observations are then utilized to update the gain and covariance
matrices P and a state vector x.

The Kalman filter is based on a state space model that defines the relationships
between the states with a first order differential equation.

x=Fx+Gw
where F is the dynamics matrix that defines a differential equation relating the states to their
time derivative, w is the noise associated with the process, and G is a matrix that acts as a
shaping filter to distribute the noise across the states.

The solution to this set of differential equations in the discrete domain is:

X = P g—1Xg-1 1 Wy
where®y ,_, = e"4%, which is typically approximated in a first order linearization as®y _; =

I + FAt, Wy is the noise associated with the state space model, and @ is the transition matrix
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that defines the interactions between the states in discrete Kalman filter processes. Because of
the relationships between states, directly observing one state allows the filter to estimate other
states that are not directly observed but have a linkage to the directly observed error state.

The Kalman filter is propagated between update measurements. Thus, the values for
the states and their variances are propagated forward in time based on how they are known to
behave as defined in the transition matrix. When an update measurement is available, the
states can be observed and the observations are then utilized to update gain and covariance
matrices P and the state vector x. The update measurement is an external measure of the state
values, while the Kalman filter propagation provides the assumed state values based on the
model. The update measurement does not need to directly observe states. It can indirectly
observe states if a model can be made to combine the states into the domain of the
measurement:

Zx = Hypxy,

where z is a function of the states and H is the design matrix. The variable Z; used in the
update is the absolute measurement made, while zj, is the value computed by the observation
model and the current state estimates X«.

The Kalman filter process is defined by propagation equations:

- _ T
Py =@y 1P Ppp_1 + 0
- _ +

X = Prr-1Xk—1

where Q is a matrix that represents the time propagation of the spectral densities of the state

elements, and update equations:
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K = PrHE[H, POHE + R ]
Xg = R + K (2 — Hi®y)
P =[I— K¢ He |Pc
where R, is the measurement variance matrix for the absolute measurements and K is the gain
matrix.

The propagation step can happen as often as the user would like updated state and
variance estimates based on the state space model. The update step can happen whenever an
external aiding measurement is available. In an INS integration filter it is typical to run the
propagation step to precede the update step, because the mechanization process is providing
the full system values (i.e. position, velocity, and attitude) at a high rate (i.e. >100Hz)
allowing the errors described in the Kalman filter’s state vector to accumulate. The errors are
thus well observed in the update measurement, which happens at a lower rate (i.e. 1 Hz).
After every update, the estimated state vector is used to correct the mechanized trajectory (and
update IMU sensor error estimates), and then set to zero, because once the error estimates
have been applied to the trajectory, all known error has been removed from the system.

In the update process, the gain matrix K is formed as a combination of the design
matrix H, the state variance matrix P, and the update measurement variance matrix R. The
design matrix defines how the states are combined to create the observation equation, and this
determines the observability of the states through the update. The state and measurement
variance matrices control how much a state can be corrected by the update, that is, they
control the overall gains for each state. For example, if the measurement has a much larger

variance than the state variance, even if the design matrix indicates that the measurement has
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strong observability, the correction to the states will be minimized, via a small gain value,
because the filter knowledge of the state is stronger than the measurement. As different
update measurements are applied in the filter, with different design matrices and varying
measurement qualities, the extended Kalman filter state estimates begin to converge. This
convergence is indicated in the state variance matrix P, as the matrix is updated with the gain
matrix and design matrix of the update measurements.

When signals from a sufficient number of GNSS satellite signals are available, the
GNSS subsystem 102 operates in a known manner to provide GNSS measurement
information to the INS subsystem at the start of a mechanization update interval. In the
example, the mechanization update intervals are timed to the updating of the GNSS
measurement information, which occurs at 1 second intervals. The INS subsystem 110,
operating in a known manner, utilizes the GNSS measurement information to correct for the
drift of the INS sensors by updating the error states. The INS subsystem also utilizes the IMU
measurements and produces the INS-based position, velocity and attitude that are provided to
the vehicle navigation and control system 200 over the mechanization update interval.

The vehicle navigation and control system then operates in a known manner to utilize
the INS-based position, velocity and attitude information to produce updated navigation
information which may be provided to a user either directly or via a map display. The
navigation information may also be used to control the vehicle, such as, for example, to
providing steering corrections or steering the vehicle entirely during autonomous driving
sessions.

The GNSS/INS system 100 continues to operate in the navigation mode as long as

updated GNSS measurement information is available. When updated GNSS measurement
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information is not available, the GNSS/INS system 100 operates in the dead reckoning mode
in which the INS measurements are utilized without the aiding of the GNSS measurement
information that corrects for the IMU sensor biases, or drift errors, in the IMU measurements.

The yaw rate constraint subsystem 120 operates in both the navigation mode and the
dead reckoning mode to accumulate the relative yaw measurements, that is, the measurements
of one or more IMU gyroscopes 108 along the z-axis of the vehicle, over the mechanization
update intervals. For ease of explanation, the z-axis gyroscope measurements accumulated
over a mechanization update are hereinafter referred to as a “dead reckoning mechanization
update value.” The yaw rate constraint subsystem further accumulates the dead reckoning
mechanization update values over turn rate accumulation periods, which as discussed below
may be one or more mechanization update intervals long. For each turn rate accumulation
period, the yaw rate constraint subsystem determines a corresponding yaw rate, which is
utilized when the system 100 is operating in the dead reckoning mode, as discussed in more
detail below.

While in the dead reckoning mode, the INS-based position, velocity and attitude
updated to the end of a mechanization update interval are used at the start of a next
mechanization update interval. The yaw rate constraint subsystem 120 operates with the INS
filter 112, to selectively aid the correction of drift errors of the one or more IMU gyroscopes
that make the measurements associated with relative yaw, that is, the measurements of
rotation about the z-axis of the vehicle.

The yaw rate constraint subsystem 120 accumulates dead reckoning mechanization
update values over a turn rate accumulation period to determine a corresponding yaw rate.

Based on the yaw rate, the yaw rate constraint subsystem determines if the vehicle is turning,
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and thus, whether or not the INS subsystem 110 should perform a zero yaw rate update to
correct for the z-axis drift errors of the IMU gyroscopes that contributed to the relative yaw
measurements, as discussed in more detail below.

The turn rate accumulation period is selected to be relatively short, and is selected as a
trade-off between providing aiding to correct for the drift errors often and confidence in the
determination of whether or not the vehicle is turning. The INS sensor readings are taken at
the IMU rate and the turn rate accumulation period is selected to be one or more
mechanization update intervals long. If the IMU gyroscopes are low cost gyroscopes that
tend to have noisy measurements, the turn rate accumulation period may be selected to be
multiple mechanization update intervals long, to ensure confidence in the determination of
whether or not the vehicle is turning. The turn rate accumulation period may also, or in
addition, be selected to be longer based on the vehicle and/or the environment in which the
vehicle travels. For example, a longer turn rate accumulation period may be selected for a
system 100 operating in a tractor as opposed to operating in a luxury car. In the example, the
vehicle is a luxury car and the IMU uses low cost gyroscopes, and the turn rate accumulation
period is selected to be 5 mechanization update intervals long. For a system in which the
mechanization update interval is 1 second long, as in the example, the turn rate accumulation
period is 5 seconds long.

After accumulating the dead reckoning mechanization update value over the turn rate
accumulation period, the yaw rate constraint subsystem 120 determines if the yaw rate over
the turn rate accumulation period is below a turn threshold that is set at or slightly above an
intentional turn rate determined for the environment in which the vehicle is traveling. In the

example, the vehicle is traveling on land and the intentional turn rate turn is determined to be
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greater than 0.5 degrees/second, and the turn threshold is set at 0.75 degrees/second. If the
calculated yaw rate does not exceed the turn threshold, the yaw rate constraint subsystem
directs the INS filter to perform a zero yaw rate update, to correct for drift errors in the z-axis
measurements of the IMU gyroscopes. If the calculated yaw rate exceeds the turn rate the
INS filter is not instructed to perform the zero rate update.

When the yaw rate constraint subsystem 120 determines that the yaw rate does not
exceed the turn threshold, and thus, that the vehicle is not turning, the yaw rate constraint
subsystem directs the INS filter 112 to perform the zero yaw rate update. The INS filter 112
thus uses the dead reckoning mechanization update value for the previous mechanization
update interval to correct for the z-axis drift errors of the IMU z-axis gyroscopes, and then
sets the z-axis drift errors to zero to start the mechanization interval.

To perform the zero yaw rate update, the INS filter 112 utilizes the design matrix H
with the attitude states filled, and an observation equation z and an update variance R

provided below:

Hiey =[000.. Rf R}, Rf.. ..000]

Z1p1 = 0.0 — Z Gyrol

2
Riyi = (3.0 * Standard Devation(z Gyroi))

in the standard Kalman update routines discussed above. The rotation matrix included in the
design matrix H is defined by the mechanization frame of the INS filter. In the example, the

mechanization frame of the INS filter is the ECEF frame.
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Notably, the operations of the yaw rate constraint subsystem 120 are not adversely
affected by the speed of the vehicle. Rather, the yaw rate constraint subsystem operates
efficiently to determine if a zero yaw rate update should be performed to correct for the IMU
gyroscope z-axis drift errors, whether the vehicle is stopped, moving slowly or speeding
along. Further, if the level of noise in the relative yaw measurements is high, the INS filter
may appropriately weight the measurements that are utilized to perform the zero yaw rate
update, to minimize correcting for the excess noise in the measurements.

At the start of each mechanization update interval during dead reckoning operations,
the yaw rate constraint subsystem 120 determines if the yaw rate that is associated with the
current turn rate accumulation period, that is, the accumulation period that ends at the end of
the previous mechanization update interval, falls below the turn rate threshold. If so, the yaw
rate constraint subsystem directs the INS filter to perform a zero yaw rate update using the
dead reckoning mechanization update value from the previous mechanization update interval.

The INS filter performs the zero yaw rate update, which updates the error state of the
IMU gyroscopes that contribute to the relative yaw measurements to correct for the z-axis
drift error. The INS filter then sets the z-axis drift errors of the IMU gyroscopes to zero for
the start of the mechanization update interval.

If the yaw rate constraint subsystem instead determines that the calculated yaw rate
exceeds the turn rate threshold, indicating that the vehicle is turning, the subsystem does not
direct the INS filter 110 to perform a zero yaw rate update. Thus, the z-axis drift errors
remain unchecked for the start of the mechanization update interval. Since the yaw réte
constraint subsystem determines, at the start of each mechanization update interval, if a zero

yaw rate update should be performed, the z-axis drift errors are again corrected for once the
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vehicle completes its turn.  Thus, the z-axis drift errors remain unchecked for one or a small
number of mechanization update intervals.

Referring now to Figs.2A-C, the error rates are plotted against time for the
calculations of INS-based position, velocity and attitude, or azimuth, during a 2 hour GNSS
outage, i.e., during a 2 hour period of operating in the dead reckoning mode. The error rates
for a navigation system that operates with the yaw rate constraint subsystem 120 are
represented in the respective charts by line 220 and the error rates for the navigation system
that operates without the yaw rate constraint subsystem are represented in the respective
charts by line 230. As shown in the charts, the error rates associated with the navigation
system that utilizes the yaw rate constraint subsystem are near zero degrees over the 2 hour
outage, while the error rates associated with the navigation system that does not utilize the
yaw rate constraint subsystem grow over much if not all of the 2 hour GNSS outage.

Referring now to Fig. 3, a solid line 300 illustrates the route traveled by a vehicle over
a highway for approximately 4 hours, which includes a 2 hour GNSS outage that begins at a
time that coincides with point 340, continues while the vehicle turns around at a time that
coincides with point 350, and ends as the vehicle returns along the same highway at a time
that coincides with point 360, that is, GNSS again becomes available at this time. The route
depicted by line 300 is plotted as distance travelled in meters from the start location.against
axes of latitude in meters and longitude in meters. The starred line 320 represents a route
determined by a GNSS/INS navigation system with DMI and the yaw rate constraint
subsystem 120, which operates as discussed above when the system is in the dead reckoning
mode during the 2 hour GNSS outage. The dotted line 330 represents the route determined by

a GNSS/INS navigation system with DMI and without the yaw rate constraint subsystem. The
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route 320 determined by the system with DMI and the yaw rate constraint subsystem closely
follows the actual route 300 throughout the entire journey, including during the two hour
GNSS outage. The route 330 determined without the aiding of the yaw rate subsystem
exhibits increasing position inaccuracies during the 2 hour GNSS outage. When the GNSS
measurement information is again available, at the time that coincides with point 360, the
system without the yaw constraint subsystem undergoes a relaﬁvely rapid correction,
represented by the section 370 of the line 330, to bring the route determined by the system
coincident with the highway.

Figs. 4 and 5 are flow charts of the operations of the system to Fig. 1. At the start of a
mechanization update interval, the GNSS/INS system 100 operates in the navigation mode if
GNSS measurement information is available. Steps 400, 402, 404. The GNSS/INS system
utilizes the GNSS measurement information to update the INS filter 112 and correct for the
drift errors of the IMU sensors 108 and 109 and determine the INS-based position, velocity
and attitude for the start of the mechanization update interval. Step 406. The system then uses
the IMU measurements to calculate INS-based position, velocity and attitude, over the
mechanization update interval. Step 408. Further, the system accumulates the relative yaw
measurements into dead reckoning mechanization update values and accumulates the dead
reckoning mechanization update values over the turn rate accumulation period that coincides
with the end of the mechanization update interval, and determines a corresponding yaw rate.
Step 410. In Step 412, the system then goes to Step 400 at the start of the next mechanization
update interval.

If the GNSS measurement information is not available at the start of a mechanization

update interval, the GNSS/INS system operates in the dead reckoning mode. Steps 400, 402,
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414 and 502. In the dead reckoning mode, the yaw rate constraint subsystem 120 determines
if the yaw rate for the current turn rate accumulation period, which ends at the end of the
previous mechanization update interval, exceeds the turn rate threshold. Step 504. If not, the
INS filter performs a zero yaw rate update using the dead reckoning mechanization update
value for the previous mechanization update interval, that is, the accumulation of the relative
yaw measurements over the previous mechanization update interval, to update the error states
and correct for the z-axis drift errors of the IMU gyroscopes contributing to the relative yaw
measurements. The system also sets the z-axis drift errors of the contributing IMU
gyroscopes to zero. Step 506. The system then uses the INS-based position, velocity and
attitude at the end of the previous mechanization update interval for the start of the current
mechanization update interval. Step 508.

In Step 510, the system goes to Step 408 of Fig. 4. The system thus calculates the
INS-based position, velocity and attitude over the mechanization update interval based on the
IMU measurements. In Step 410, the system updates the calculated yaw rate for the current
turn rate accumulation period based on the dead reckoning mechanization update value
calculated for the current mechanization update interval. In Step 412, the system returns to
Step 400 at the start of a next mechanization update interval and determines if the system
continues to operate in the dead reckoning mode or instead operates in the navigation mode,
and so forth.

If, at Step 504, the yaw rate exceeds the turn rate threshold, the system does not
perform a zero yaw update. Step 512. The system in, Step 508, uses the INS-based position,
velocity and attitude at the end of the previous mechanization update interval for the start of

the current mechanization update interval. In Step 510, the system goes to Step 408 of Fig. 4.
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The system thus calculates the INS-based position, velocity and attitude, over the
measurement interval, based on IMU measurements. In Step 410, the system also
accumulates relative yaw measurements over the mechanization update interval to produce
the dead reckoning mechanization update value and the system updates the yaw rate for the
current turn rate accumulation period, and in Step 412 the system goes to Step 400 and repeats
the various steps at the start of the next mechanization update interval.

Referring now to Fig. 6, an improved inertial navigation system 600 that operates as a
dead reckoning device includes an IMU 110 with orthogonally positioned accelerometers and
gyroscopes 108 and 109, and an INS filter 612, which operates using IMU measurements in
the same manner as the INS filter 112 of Fig.1. The system further includes the yaw rate
constraint system 120 that operates as described above, such that the z-axis drift errors of the
IMU gyroscopes that contribute to the relative yaw measurements, which are measurements
of rotation about a z-axis of the vehicle (not shown), are constrained using relative yaw
measurements taken when the vehicle is not turning. The inertial navigation system 600 may
also utilize information provided by DMI sensors (not shown), in the manner discussed above.

The system 600 performs Steps 504, 506, 508, 510, 512 of Fig, 5 and steps 408 and
410 of Fig, 4 before returning to Step 504 at the start of the next mechanization update
interval.

The GNSS/INS navigation system 100 and inertial navigation system 600 each utilize
the yaw rate constraint subsystem 120 during dead reckoning operations to provide aiding to
correct for the z-axis drift errors of the one or more IMU gyroscopes that contribute to the
relative yaw measurements, as long as the system determines that the vehicle is not then

turning. Accordingly, during the dead reckoning operations, the system determines vehicle
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heading and, in turn, INS-based position, velocity and attitude, with increased accuracy over
systems that do not utilize the yaw rate constrain subsystem.

While the GNSS/INS system 100 is depicted as consisting of various interconnected
subsystems, the system may be configured with more or fewer subsystems, and the system
processor 124 may consist of two or more processors that operate respectively with one or
more of the subsystems. Further, the yaw rate constraint subsystem may operate to begin
accumulating the relative yaw measurements at the start of the dead reckoning mode, such
that there is a delay equal to the length of the turn rate accumulation period before the yaw
rate constraint subsystem determines if zero yaw updates should be performed. Additionally,
the yaw rate constraint system may, but need not, calculate the yaw rate while the system is

operating in the navigation mode.
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CLAIMS:

1. A Global Navigation Satellite System (GNSS)/inertial (INS) navigation system
comprising:

a GNSS subsystem comprising a GNSS antenna that receives GNSS satellite signals
and a GNSS receiver that processes the GNSS satellite signals to produce GNSS
measurement information; and

an INS subsystem comprising:

an inertial measurement unit (IMU) with a plurality of sensors including one
or more gyroscopes that measure rotation about a z axis, the IMU being configured to
produce IMU measurements for the respective sensors; and

a yaw rate constraint subsystem configured to accumulate the IMU
measurements of rotation about the z-axis over mechanization update intervals to
produce dead reckoning mechanization update values and accumulate the values over

a turn rate accumulation period and calculate a corresponding yaw rate, the yaw rate

constraint subsystem being further configured to operate during a dead reckoning

mode to determine at the start of a next mechanization update interval if the

calculated yaw rate exceeds a turn rate threshold, direct an INS filter to perform a

zero yaw rate update if the calculated yaw rate does not exceed the tumn rate

threshold, wherein the INS does not perform the zero yaw rate update and the sensor
drift error remains unchecked for the start of the next mechanization update interval if
the calculated yaw rate exceeds the turn rate threshold,

the INS filter being configured to:

process the GNSS measurement information and the IMU measurements at
the start of the next mechanization update interval when the GNSS/INS navigation
system is in a navigation mode, wherein the GNSS/INS navigation system operates in
the navigation mode when the GNSS measurement information is available for the
next mechanization update interval,

process the IMU measurements and perform the zero yaw rate update if
directed to do so at the start of the next mechanization update interval when the

GNSS/INS navigation system is in the dead reckoning mode, wherein the GNSS/INS
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navigation system operates in the dead reckoning mode when the GNSS measurement
information is not available for the next mechanization update interval, and
process the IMU measurements over the next mechanization update interval to

produce one or more of INS-based position, velocity and attitude.

2. The GNSS/INS navigation system of claim 1 wherein the turn rate threshold is
associated with an intentional turn rate that corresponds to an environment in which the

GNSS/INS system is operating.

3. The GNSS/INS navigation system of claim 2 wherein the turn rate accumulation

period includes one or more mechanization update intervals.

4. The GNSS/INS navigation system of claim 3 wherein the zero yaw rate update is
performed using accumulated z-axis measurements from the previous mechanization update

interval.

5. The GNSS/INS navigation system of claim 4 wherein the yaw rate constraint
subsystem further assigns weights to the z-axis measurements based on a level of noise
observed over the previous mechanization update interval before performing the zero yaw

rate update.

6. The GNSS/INS navigation system of claim 1 wherein the INS filter is a Kalman filter
and the zero yaw rate update utilizes a design matrix H with the attitude states filled, and an
observation equation z and an update variance R

Hi,y =[000..Rf ,Rf R . ..000]

Ziy1 = 0.0 — Z Gyro}

2

Ry = (3.0 = Standard Devation(z Gyroé))

where the rotation matrix included in the design matrix H is defined by the mechanization
frame of the INS filter.
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7. A method comprising:

receiving Global Navigation Satellite System (GNSS) satellite signals at an antenna
of a GNSS/inertial navigation unit (INS) system,;

processing the GNSS satellite signals by a GNSS receiver to produce GNSS
measurement information;

processing information from a plurality of inertial measurement unit (IMU) sensors
including one or more gyroscopes that measure rotation about a z axis to produce IMU
measurements for the respective sensors;

accumulating the z-axis measurements over mechanization update intervals to
produce dead reckoning mechanization update values, accumulating the values over a turn
rate accumulation period, and calculating a yaw rate;

during a dead reckoning mode, determining at the start of a next mechanization
update interval if the yaw rate exceeds a turn rate threshold, directing that a zero yaw rate
update be performed if the yaw rate does not exceed the turn rate threshold, and wherein a
zero yaw rate update is not performed and the sensor drift error remains unchecked for the
start of the next mechanization update interval if the yaw rate exceeds the turn rate threshold;

processing the GNSS measurement information and the IMU measurements at the
start of the next mechanization update interval when the GNSS/INS system is operating in a
navigation mode, wherein the GNSS/INS system operates in the navigation mode when the
GNSS measurement information is available;

performing the zero yaw rate update if directed to do so at the start of the next
mechanization update interval to update z-axis error states and constrain the z-axis drift
errors of the one or more gyroscopes when the GNSS/INS system is operating in the dead
reckoning mode, wherein the GNSS/INS subsystem operates in the dead reckoning mode
when the GNSS measurement information is not available; and

producing one or more of INS-based position, velocity and attitude, over the next

mechanization update interval, based on the IMU measurements.

8. The method of claim 7 further comprising:
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in the navigation mode processing the GNSS measurement information and the IMU
measurements at the start of a mechanization update interval to update error states of the INS
filter and correct for IMU sensor drift; and

propagating INS-based position, velocity and attitude at the start of the next

mechanization update interval.

9. The method of claim 7 wherein the turn rate threshold is associated with an
intentional turn rate that corresponds to an environment in which the GNSS/INS system is

operating.

10.  The method of claim 7 wherein the tum rate accumulation period includes one or
more mechanization update intervals and the zero yaw rate update is performed using the
dead reckoning mechanization update value associated with a previous mechanization update

interval.

11.  The method of claim 10, wherein the yaw constraint subsystem further assigns
weights to the z-axis measurements based on a level of noise observed over the previous

mechanization update interval before performing the zero yaw rate update.

12.  The method of claim 7 wherein the INS filter is a Kalman filter and the zero yaw rate
update utilizes a design matrix H with the attitude states filled, and an observation equation z

and an update variance R

Hiey =[000.. R  Rf R . ..000]
Z11 = 0.0 — Z Gyrol

2
Ry = (3.0 x Standard Devation(z Gyroé))
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where the rotation matrix included in the design matrix H is defined by the mechanization
frame of the INS filter.

13. A Global Navigation Satellite System (GNSS)/ inertial (INS) navigation system
comprising:

a GNSS subsystem comprising a GNSS antenna that receives GNSS satellite signals
and a GNSS receiver that processes the GNSS satellite signals to produce GNSS
measurement information;

an inertial measurement unit (IMU) with a plurality of sensors including one or more
gyroscopes that measure rotation about a z axis, the IMU being configured to produce IMU
measurements for the respective sensors;

a yaw rate constraint subsystem configured to accumulate the z-axis measurements
over mechanization update intervals to produce dead reckoning mechanization update values,
accumulate the values over a turn rate accumulation period and produce a yaw rate, the yaw
rate constraint subsystem being further configured to determine at the start of a next
mechanization update interval if the yaw rate exceeds a turn rate threshold, direct an INS
filter to perform a zero yaw rate update when the yaw rate does not exceed a turn rate
threshold, and wherein the INS filter does not perform a zero yaw rate update and the sensor
drift error remains unchecked for the start of the next mechanization update interval when the
yaw rate exceeds the turn rate threshold; and

the INS filter, when the GNSS measurements information is unavailable, being
configured to:

process the IMU measurements and perform the zero yaw rate update if
directed to do so at the start of the next mechanization update interval, and
process the IMU measurements over the next mechanization update interval to

produce one or more of INS-based position, velocity and attitude.
14.  The GNSS/INS navigation system of claim 13 wherein the turn rate threshold is

associated with an intentional turn rate that corresponds to an environment in which the

GNSS/INS navigation system is operating.
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15.  The GNSS/INS navigation system of claim 14, wherein the turn rate accumulation
period includes one or more mechanization update intervals and the zero yaw rate update is
performed using the dead reckoning mechanization update value from a previous

mechanization update interval.

16.  The GNSS/INS navigation system of claim 13 wherein the yaw rate constraint
subsystem further assigns weights to the z-axis measurements based on a level of noise in

the measurements over a previous mechanization update interval before performing the zero

yaw rate update.

17.  The INS navigation system of claim 13 wherein the INS filter is a Kalman filter and
the zero yaw rate update utilizes a design matrix H with the attitude states filled, and an
observation equation z and an update variance R

Hixy =[000..Rf ,Rf  Rf,...000]

Zye1 = 0.0 — Z Gyrol

2
Ry = (3.0 x Standard Devation(z Gyroé))

where the rotation matrix included in the design matrix H is defined by the mechanization

frame of the INS filter.
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