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ABSTRACT: The vehicular navigation systems largely depend on GPS models. The major limitations of GPS receivers
towards the course estimation are recognized as a low update rate (up to 10 Hz) and the impossibility to provide con-
tinuous navigation solutions in the periods of no signal reception. In this paper we have developed a model for the
course estimation from GNSS and IMU systems and analysis of the IMU accuracy and behaviour during the dead reck-
oning situation. During experimentation we found that the IMU system accurately calculated the heading angle and
found to be more effective.
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1. Introduction

The GPS has become the primary source of providing navigation information for most of the present vehicular navigation
applications [1-4]. However, the main  disadvantages of GPS receivers towards the course estimation are recognized as a low
update rate (up to 10 Hz) and the impossibility to provide continuous navigation solutions in the periods of no signal recep-
tion. In the opposite - an INS is a self-contained positioning device that continuously measures three orthogonal linear
accelerations and three angular rates to calculate the required position. However, the error of accelerometers will be double
integrated and cause position error that accumulate with time [5-7]. Typical factors, which have influence on the inertial
sensor accuracy may be described as follows – null offset (bias), temperature hysteresis, gyroscope sensitivity to the linear
accelerations, sampling noise, non – orthogonal sensor axes, etc.

The integration of GNSS and inertial system is the key to calculate position problem adequate for the typical automobile
application where GPS is the primary navigation system, and dead reckoning is only needed to fill gaps in GPS coverage
when buildings or terrain block the satellite signals [8-10].

An Enhanced Navigation System for GPS Effectiveness
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2. System Description

The MEMS based inertial and navigation system is built to measure the linear and angular accelerations and to calculate the
position while the integrated GPS receiver is used as a reference only with a refresh rate up to 10Hz. The block diagram of
the proposed system is shown in Figure 1. The system is recognized as 9DoF (Degrees of Freedom) and it is based on 3D
linear accelerometer, 3D digital gyroscope and 3D digital magnetometer (Figure 2). The inertial system uses MEMS three
axes digital output linear accelerometer and magnetometer LSM303DLHC and 3D ultra-stable MEMS angular rate acceler-
ometer L3G4200D, both produced by ST. The system reads the inertial and magnetic data 100 times per second and stores
the navigation and inertial data in the internal FLASH memory (SD card) with a capacity up to 4GB. The GNSS system is
based on the FTX GPS/GNSS antenna module type UC530M which has built-in multi-GNSS engine for combined GPS,
GLONASS and QZSS, embedded GPS/GNSS antenna and extremely small form factor (9.6 x 14 x 1.95 mm) and low power
consumption. The UC530M provides complete signal processing from embedded antenna to host port UART and location
data output is in NMEA protocol. By utilizing GPS and GLONASS satellites in parallel, the GNSS module may enhance the
position availability in harsh GNSS satellite visibility conditions.

Figure 1. Block diagram of the proposed system

The inertial data are read by the navigation processor, which use an EKF to calculate pitch and roll angles (Figure 2) accord-
ing to Eq. (2). The linear acceleration double integration process (Eqs. (3) and (4)) estimates the speed and the travelled
distance.

The obtained results are used in the tilt-compensated compass to calculate the yaw angle. In the same time the gyroscope
angular accelerations ωx, ωy, ωz are numerically integrated using trapezoidal rule to calculate the yaw angle (heading) of the
moving object according to the equations [11]:

(1)

The tilt-compensated compass calculated the heading angle using magnetometer data Mx, My, Mz according to the equations
[12]:
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Figure 2. Proposed signal processing algorithm

(2)

The declination angle ϕdeclination for Sofia (Bulgaria) is equal to + 4020′ [13]. The 3D magnetometer is also preliminary
calibrated towards soft-iron and iron-iron effects according to the algorithm described at [14].

In the same time the accelerometer data are numerically integrated using trapezoidal rule to calculate the speed v and trav-
elled distance d of the moving object according to the equations [11]:

(3)

(4)

3. Experimental Results

The proposed system is tested on the road and the data are recorded on MMC/SD card and processed by MATLAB routine
later. The system is placed between the front seats near the vehicle mass center and the IMU axes are orientated towards the
vehicle axes according to Figure 3.

The sampling frequency of the inertial data is limited to 200Hz due to the limited time to send data to PC via RS232
interface. The test results are accomplished using lower sampling frequency which is equal to 20Hz. This sampling fre-
quency is also chosen because the inertial blocks from 40 frames are stored in the single block of MMC/SD card and the
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sampling frequency have to be multiple to 40Hz. Meanwhile the update rate of the GPS data is equal to 1Hz but it may be
increased up to 10Hz in such matter that the IMU update ratio towards the GPS update ratio remains equal to 20.

Figure 3. System orientation

The system is tested to record the navigation and the inertial data during some hours and the track is shown in Figure 4. It is
clearly visible that the track is continuous except of the marked region with the red color. This region is extracted from the
whole track and is shown below. There are three place named A, B and C where the track is interrupted which corresponded
to the three tunnels (see the right map) due to the GPS signal lost.

This interruption is also clearly visible on the speed and course over ground shown in Figures 5 and 6 respectively.

Therefore the task of the inertial system is to restore the interrupted track and to ensure the course and the speed of the
vehicle when the GPS signal is weak or lost. The restoration of the data is based on the calculation of the heading angle
according to the signal processing algorithm (Figure 2). The calculated pitch and roll angles from the Kalman filter are used
for the yaw angle estimation (heading angle). Simultaneously the speed and the travelled distance are also estimated by the
navigation processor using a numerical integration of the accelerations (according to Eq. (3)) and speed (Eq. (4)) respec-
tively.

The course is calculated in two ways and compared with the known COG data when GPS coverage is still active – the first
value is obtained by the numerical integration of the angular rate gyroscope on the Z axis according to Eq. (1) and the second
value is calculated by the e-compass according to Eq. (2). The results are shown in Figure 7.

The results show that both systems (gyroscope and magnetometer) correctly calculate the heading angle before entering into
the first tunnel (approximately 150s from the track beginning). As the GPS signal is lost the gyroscope and the magnetom-
eter continuously estimate the car course and when the GPS signal is restored the calculated heading angle from both
systems is equal to the course of ground value from GNSS. The same situation appears when the car entered in the second
tunnel but the estimated heading angle from the magnetometer is distorted probably by the steel elements in the tunnel
structure. In a short period of time after beginning (approximately 400s) the gyroscope heading value starts to decline from
the real value due to the uncompensated gyroscope bias accumulation. Therefore the gyroscope offset has to be compen-
sated after the GPS signal restoration.
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Figure 4. Track representation

Figure 5. Recorded speed over ground (SOG)
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Figure 6. Recorder course over ground (COG)

The course is calculated in two ways and compared with the known COG data when GPS coverage is still active – the first
value is obtained by the numerical integration of the angular rate gyroscope on the Z axis according to Eq. (1) and the second
value is calculated by the e-compass according to Eq. (2). The results are shown in Figure 7.

Figure 7. Heading angle estimation

The results show that both systems (gyroscope and magnetometer) correctly calculate the heading angle before entering into
the first tunnel (approximately 150s from the  track beginning). As the GPS signal is lost the gyroscope and the magnetom-
eter continuously estimate the car course and when the GPS signal is restored the calculated heading angle from both
systems is equal to the course of ground value from GNSS. The same situation appears when the car entered in the second
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tunnel but the estimated heading angle from the magnetometer is distorted probably by the steel elements in the tunnel
structure. In a short period of time after beginning (approximately 400s) the gyroscope heading value starts to decline from
the real value due to the uncompensated gyroscope bias accumulation. Therefore the gyroscope offset has to be compen-
sated after the GPS signal restoration.

4. Conclusion

The proposed system is tested towards the course estimation from GNSS and IMU systems and analysis of the IMU accuracy
and behavior during the dead reckoning situation. It is shown that IMU system may accurately calculate the heading angle in
two ways – numerical integration of the Z gyroscope data and Kalman filter implementation for the magnetometer data for a
limited period of time. In the same time the angle estimation may be distorted by the numerical integration errors for the
gyroscope or soft-iron effects for the magnetometer.

The future work will investigate the system capabilities towards reduction of the numerical integration errors by increasing
the sampling frequency of the IMU system up to 200Hz. It is known that this error depends from the third degree of the
sampling intervals so this error may be reduced significantly.

The IMU system may be used for inertial navigation based on the EKF due to the high sampling frequency and small integra-
tion errors, gaming, motion control, gyro stabilized platforms, MVEDR (Motor Vehicle Event Data Recorder) systems or
crash monitor for aircrafts, trains or cars.
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