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Abstract. Standalone Beidou satellite navigation system cannot achieve the high positioning
accuracy when the signal is obscured. An improved filtering algorithm based on Extended Kalman
filter (EKF) is proposed after comparing the advantages and disadvantages of the filtering method.
Navigation parameters from SINS and platform error angles are chosen as the state of the system, and
navigation parameters from passive-BD are chosen as measurements. The final optimal estimation of
navigation parameters including position and speed can be calculated directly. The experimental
result indicates that the new algorithm can effectively solve the nonlinearity problem of state
equations, and provide continuous positioning result.

Introduction

Beidou navigation system developed by China is a navigation and positioning system that can
provide quick positioning and timing services. But in the urban areas, Beidou accuracy will
deteriorate due to the multipath effects and signal degradation. Inertial Navigation System (INS) is a
self-contained accurate high-rate system that can provide linear acceleration and angular rate
measurements. INS has a good concealment and high update rate, as a matter of fact, it can be used as
an auxiliary navigation system when Beidou is outage. Though INS is accurate in the short-term, its
errors will accumulate due to measurement integration and can grow without bounds. In fact, this is
the major limitations of Inertial Navigation System. Both Beidou and INS have advantages and
disadvantages, fortunately, their disadvantages are complementary. Beidou has a good long-term
stability while INS is accurate in the short-term with high output rate. That is the base of the BD/INS
integrated navigation system.

There are two basic ways to achieve integrated navigation system, one is loop feedback method
and the other is the optimal estimation. Because of the randomness in subsystems and measurement
error, the optimal estimation is consider better than the loop feedback method. Kalman filter is the
most commonly used method in optimal estimation. Although the Kalman filter is widespread used in
engineering field, it can only use to process the linear system, and we usually use the non-linear
model for land vehicles. In this paper, the Extended Kalman Filter is introduce to fit with the
non-linear model of BD/INS integrated navigation system. The experimental result indicate that the
BD/INS integrated navigation system based on EKF can maintain a good positioning accuracy while
Beidou is outage. Not only is the system improve the accuracy, but also the reliability.

Inertial Navigation System

System structure. The inertial sensors used in this system is a low-cost, three-dimensional
multi-sensor system which consist of a three-axes accelerometer and a three-axes gyroscope. The Y
axis of both the accelerometer and the gyroscope is pointing towards the nose of the vehicle, also
known as the nominal direction of travel. The X axis is orthogonal to Y axis pointing towards the
starboard side of the vehicle, while the Z axis is nominally pointing up. A wheel speed sensor is also
arrange to the system to pursue the vehicle speed. The arrangement of these sensors with respect to
the body frame is depicted in Fig. 1.
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Fig. 1 Arrangement of inertial sensor system sensors
Mechanical layout. The purpose of calculating Mechanical layout is to achieve the position of the
vehicle. In particular, use the output of the Gyroscope, calculate the attitude. Then use the attitude to
convert force in body frame into ECEI frame. By integrate twice, we can get the position in the
current time. A block diagram that illustrates the mechanization system is shown in Fig. 2.
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Fig. 2 mechanization block diagram
To get the change of position and velocity, we should first calculate the quaternion vector form
IMU output.
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Where e, is the output of the gyroscope, § = f2&t. Through the updated quaternion vector, we
can calculate the velocity.
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The vehicle’s position is obtained from its velocity depicted by Equation (5). And after some
mathematically manipulation, we get the following form:

Tray = T T Q(V5, + V4T (6)

EKF-Based BD/INS Integration Algorithms

To mitigate errors of the Beidou navigation system, the INS which has complementary
characteristics to Beidou can be integrated with it using estimation algorithms. The estimation
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algorithm in this paper is based on extended Kalman filter (EKF). This integration can achieve a
superior accuracy compared to what any of the other standalone systems can provide. There are two
main kind of Kalman filter that are usually work for BD/INS integration system, they are classic
Kalman filter and extended Kalman filter. The classic Kalman filter can only deal with linearized
model system, whereas EKF can take care of both. The EKF can keep errors within the acceptable
linearization range by linearizing the system around the corrected state. A general block diagram of
the BD/INS integrated system is shown in fig. 3.
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Fig. 3 BD/INS integrated system

The system model derived by linearization of the INS mechanization equations.
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Experimental Work and Results

A real road experiment is proceed to examine the performance of the proposed improved
multi-sensor integrated navigation system using ADI16488 MEMS IMU along with UB370 Beidou
receiver. Fig.4, 5 shows the equipment inside a car that was used to conduct the road experiments to

collect the data. A precision RTK is using as the reference systems.
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Fig. 4 Appearance of the experimental car Fig. 5 Equipment for data collection

The experimental was conducted in the highway with a tunnel, where the Beidou signal is block.
The outage duration was about 60 s. The response and accuracy of the algorithm was analyzed.
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Fig. 6 Position, velocity deviation
The summarizes of the RMS errors during the outages is show in Table 1.
Table 1 RMS errors during 60-second outages

Time Position(m) Velocity(m/s) Attitude(®)
X y z X y z Roll Pitch Azi
10 0.96 0.06 0.17 0.58 0.01 0.48 0.89 0.34 0.90
20 2.45 0.89 1.54 1.05 0.18 0.87 1.73 0.55 1.48
40 6.31 3.53 432 1.91 0.43 1.36 1.86 1.35 1.97
60 9.23 4.53 5.59 3.61 0.83 2.19 2.31 1.58 2.80

It can be observed from the experimental results that after 60-second outages of Beidou signal, the
position and velocity errors are still within control, and we can get a continuous and reliable position
of the vehicle.

Summary

This paper introduced a BD/INS integrated system which based on EKF that can continuously
keep the linearization within an acceptable, accurate range. Road test results showed that the
proposed system can keep the errors bounded while the Beidou is outages.
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