1.2 What Has Been Done Before

Since the first practical Inertial Navigation systems (INS) were developed (1950/1960s) operation in a polar region has been a challenge to the developers. An INS utilizes mutually orthogonal triads of gyros (angular motion sensors) and accelerometers (linear motion sensors) providing a self contained method of dead reckoning following initialization. Operation of an INS is classically divided into two phases. The initialization or alignment phase determines the orientation of the sensors with respect to the geographic reference (North, East, Up). The Navigation phase (following sensor alignment) detects angular and linear motion that is “integrated” to maintain orientation, determine velocity, and develop changes in position.

Alignment to determine up (parallel and perpendicular to the earth’s gravity vector is straight forward with accelerometer data and is not a challenge in a polar region. Alignment to determine North (gyrocompass) remains a challenge in a polar region. The classic gyrocompass mechanization is to determine the direction of the component of the earth’s rotation vector in the horizontal plane. In a polar regions the magnitude of this vector is small, reducing to zero at the pole.
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Navigation in equatorial or mid latitude regions has never been a challenge. Navigation in a polar region was a challenge for first generation INSs utilizing mechanical devices (gimbaled platform) and early computers (analog or first generation digital computers). To minimize the computational requirements the sensors were physically aligned (Figure 1) parallel to the earth’s gravity and rotation vectors. 
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FIGURE 1

They were maintained in this orientation to provide three almost independent channels of motion (North, East, and Up) and providing orientation (roll, pitch and heading) data. As the capability of digital computers increased, following generation INSs were mechanized with a free or wander azimuth navigation mechanization (Figure 2) eliminating the need to maintain the sensors parallel to the earth’s rotation vector.

FIGURE 2
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Further increases in sensor performance and computational capacity eliminated the need to maintain the sensors parallel to the earth’s gravity vector. This eliminated the gimbaled platforms permitting present day strapdown INSs (Figure 3) with the same or better accuracy than earlier designs.

FIGURE 3

The increase in computational capacity also permitted implementation of optimum control system technology (Kalman Filter) in the real time implementation of INSs and effectively merged the alignment and navigation operations. The parallel development of complementary navigation sensors such as the Global Positioning System (GPS) and Doppler Velocity Logs (DVLs) set the stage for a synergistic combination of three sensors (and multiple computers) that have minimized the remaining limitation to utilizing an INS in the polar region. This type of multiple sensor DVL INS configuration, (SEADeViL SEAborne Inertial Navigation System and Doppler Velocity Log Figure 4) was developed by Kearfott and RD Instruments was utilized during this test activity.

FIGURE 4
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The objective of the integrated system design is to provide the “best estimate” of vehicle navigation parameters (position, velocity and attitude) by combining the information content from the three sensors. The GPS receiver provides accurate long term position (<10 m) “when” four or more satellites are in view. The DVL provides accurate velocity (< 1 cm/s) when in “bottom track” and accurate velocity with respect to the water mass when in “water track”. The INS alone provides accurate changes in velocity and accurate attitude data (following alignment) with position and velocity performance of < 1 NMH and < 1 m/s long term. The integrated system performance is to provide accurate attitude (following alignment) with position error <10 m when GPS satellites are in view and position error growth < 0.05% of distance traveled when GPS data is not available.

The challenge of alignment of the inertial sensors (now computationally rather than physically) in a polar region to North/East remains today if the classic mechanization (detection of the earth’s rotation vector) is utilized. If external information (position and velocity data from GPS or DVL sensors for example) is utilizes a solution is available by implementing a Kalman filter alignment techniques. Combining the information content of the inertial sensor with that of an (or both) external sensors results in an integrated sensor system that can provide position, velocity and attitude worldwide. Alignment of the INS sensor axes to the geographic frame is accomplished computationally by utilizing errors in navigation data determined by the unaligned INS to geographic navigation data provided by the other sensor (mainly the GPS receiver). Once the inertial sensor orientation is determined, highly accurate underwater operation (obviously without the aid of data from the GPS receiver) is continued combining velocity data developed by the DVL sensor with the INS sensors. This was demonstrated during the test activity using the integrated DVL INS.

2.1 Experimental Process

The test program goals were to demonstrate the performance of the integrated system performance in the Arctic region. The initial concern was the ability to align the INS sensors to north (heading) by utilizing the GPS navigation system. To provide a benchmark, Kearfott performed real time mechanization simulations of the as implemented alignment mechanization onboard a boat in the polar region performing a box maneuver (dynamics resulting in changes of geographic velocities reduce alignment time). The simulations indicated normal alignment accuracy could be achieved in less than one hour under the simulated conditions. Initial testing (Figure 5) was performed on October 14, 2001 North of Greenland.
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FIGURE 5
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The time history of the Kalman filter estimated attitude (roll [X] and pitch [Y]) and heading error variances (Var) (Figure 6) during arctic testing for three sequential alignments is shown. The three alignments started when the variances were off scale high in the plots and concluded by periods of free inertial navigation. The impact on alignment by vehicle dynamics can be dramatically seen by the 35° turn resulting in a 2 m/s change in North and 1 m/s East velocity at about 60 minutes into the plot.
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The next step was to verify the predictions without a reference source of vehicle heading. The approach taken was to operate the INS in the free (or pure) inertial mode of navigation (not utilizing external aiding information as observations to the Kalman filter) following completion of alignment utilizing GPS receiver position and velocity observations to aid the inertial systems gyrocompass alignment. Free inertial navigation performance is characterized in nautical miles per hour (NMH) 50% probable circular position error rate (CEP) determined mainly by the quality of the inertial sensors (gyros and accelerometers). The most common INS quality level is known as medium accuracy or a 1 NMH system. This is the quality INS within the DVL INS.

FIGURE 6
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The INS was operated free inertial for approximately one hour following alignment by removing the GPS antenna. Two tests, following the alignments of Figure 5, were performed on October 24, 2001. The Kalman filter predicted position error growth is shown in Figure 7 illustrating about a 1 NMH estimated error (4000 ft/axis).

FIGURE 7

At the end of the free inertial period the antenna was reconnected and the first Kalman filter utilization of GPS position and GPS velocity as observations served to document the performance during the period of free inertial operation. The first test resulted in a position error of <1 NM (Figure 8) and a velocity error of < 0.6 f/s after 70 minutes. This demonstrates performance of about 0.9 NMH.
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FIGURE 8
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The second test resulted in a position error of < 0.4 NM (Figure 9) and a velocity error of < 1 f/s after 44 minutes. This demonstrates performance of about 0.7 NMH
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FIGURE 9
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The performance for the tests is consistent with a 1 NMH inertial system confirming it had been aligned in heading as indicated by the Kalman filter covariance solution.

5.1 Water Tracking Performance

The second operational need is for the DVL INS to navigate utilizing velocity data from the DVL following loss of the GPS signals (underwater) in the Arctic. There were several steps required for the DVL INS system prior to Arctic testing. First, the misalignment angles between the two sensors (INS and DVL) must be accurately calibrated. Second, for utilization of DVL data in deep water (where the DVL signal does not reach the bottom and velocity data is developed with respect to the water mass) water motion must be estimated. Finally, the DVL INS must operate while the DVL is tracking the bottom of the ice pack and the vehicle is bottom side up. The first two steps were accomplished in the waters off California in the summer of 2001.

The DVL INS is constructed such that the alignment angles between the INS sensor axes and the DVL sensor axes are small. For a standard two sensor configuration, the estimated initial alignment angles are approximately 2.5 ( while the estimate is 0.5(. The major horizontal navigation error contributors are the X to Y axis and reverse (Figure 10) misalignments. This was verified by testing near RDI in San Diego in June 2001 where the factory alignments were determined to be within about 3 milliradians ((0.15°).
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FIGURE 10
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The DVL INS was tested in August 2001 in Monterey Bay. The day to day and in run changes (Figure 11) in these important parameters was verified to be small. The Kalman filter initial variances are initialized to1 milliradian (0.05() which was confirmed during several tests.

FIGURE 11
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The second capability verified off California is the ability to utilize DVL water track velocity information as observations to the Kalman filter and to maintain precision navigation for an extended period of time. On August 3, 2001, the DVL INS was aligned using GPS onboard the carrying ship prior to placement in the water and operated 8½ hours in the water using DVL data. Due to the depth of Monterey Bay, a significant part of the time was spent in water track mode (Figure 12) and water current was estimated. 

FIGURE 12

For the final 7 minutes of operation, the DVL INS operated without either DVL or GPS aiding. The accumulated position error over the entire test was ( 130 m. The Kalman filter’s estimate of position error (Figure 13) was about 70 m per axis (at 580 minutes of recorded data).  Note the increase in estimated position error at about 360 minutes of recorded data where water track data was exclusively used for almost 30 minutes. Most of the estimated error developed during the final 7 minutes during unaided operation prior to the availability of GPS data for observations.
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FIGURE 13
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During testing in the Arctic region on October 24, 2001, the DVL INS was aligned in similar fashion using GPS aiding onboard the carrying ship prior to placement in the water. During the alignment onboard the ship, the Kalman filter recovered a questionable estimate of water mass motion of 2 ft/sec in a S/SW direction (questionable because the DVL INS was on the deck of the carrying ship and not in the water). The DVL INS operated 10¾ hours in the water (6½ hours of data was recorded during the test) using DVL bottom water track data. Following compensation for the questionable water mass motion, the DVL INS developed a recorded position track that was consistent with that of the carrying ship (Figure 14).

The remaining need to be demonstrated during the testing was the ability to have the DVL track (Figure 15) the bottom of the ice shelf in “simulated” bottom track operation. This was accomplished by rotating the DVL INS about the roll axis 180( resulting in the DVL transducers pointing upward. This was functionally demonstrated on October 17, 2001 in the Arctic region. 

FIGURE 14
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FIGURE 15
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During the period of “ice track” the DVL INS Kalman filter utilized the DVL “bottom track” data as observations and improved the estimate of INS heading and DVL INS integrated system estimate of position and velocity. Additionally estimates of the DVL velocity scale factor and alignment (to the INS sensor axes) along with water current were updated (Figure 16).

FIGURE 16
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