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Abstract: This work has addressed the improving of the multi-path error in positioning 
systems by coupling a differential global positioning system (DGPS) and double electric 
compass (DEC) in the navigation system of an orchard robotic vehicle. A novel corrective 
algorithm model was applied to predicting the positioning coordinates during vehicle 
movement. The model manipulates a combination of data from both the DEC and the 
DGPS when the DGPS receiver is in problematic conditions in which the horizontal 
dilution of precision (HDOP) is higher than three and the number of satellites is fewer than 
six. The constructed corrective algorithm model, the DEC and the DGPS together form a 
combined DGPS-DEC system that is inexpensive and of high-precision fitting for a 
vehicle-guiding instrument. In a field test in an outdoor environment with sections of tree 
shade in the guiding path, the combined DGPS-DEC positioning system effectively 
improved the reliability of positioning by correcting the DGPS multi-path error precisely 
to within 20 cm. By applying a mini-sprayer, further agricultural applications were feasible. 
In summary, the combined DGPS-DEC positioning system can obtain the correct position 
of a vehicle in real time for agricultural applications. 
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INTRODUCTION 
 
 Application of the global positioning system (GPS) to detect and track an object on the earth 
has been widely developed and applied in several fields such as transportation, surveying, agriculture, 
natural resources and the environment. In agricultural tasks, GPS is very useful for several 
applications, especially precision farming in which an autonomous vehicle is navigated and guided [1-
7]. The application of GPS in agriculture can improve production because an autonomous system is 
applied instead of human labour. However, the current application of GPS in an orchard farm is 
limited by the shading effects of natural obstructors such as trees, which can lead to loss of satellite 
signals from the sky. Current studies on positioning systems for orchard fields are rare and despite 
the many applications of GPS for outdoor localisation within an accuracy of 5-10 m during travel, 
this level of accuracy is not adequate for navigation in an orchard.  
 Recently, differential GPS (DGPS) has made localisation possible in an outdoor environment 
(open field) within centimetres. However, current papers addressing movement measurements by 
DGPS have demonstrated the loss of signal due to shading effects from tree canopies [2, 8-10]. The 
range in error measurement by DGPS tends to be larger if the location of the receiver is near a 
building or under trees [10-11]. In fact, DGPS signals are biased and corrupted when the signals 
from satellites in the field of view are not adequate, which causes multi-path error. If fewer than six 
satellites are available because the rest are obscured by buildings or trees, the error is greater than 30 
cm, which is the limitation of DGPS [9]. In other words, the number of fewer than six satellites leads 
to greater bias, which causes data to fluctuate from the trend line.  
 In our preliminary experiment, a Trimble DSM 232-DGPS device, a DSM 232 receiver and 
an antenna-GPS/Beacon DSM132 were used to measure the position of a mini-sprayer vehicle 
passing through tree bushes on the roadside at low speed (0.24 km/hr) (Figure 1a). The DGPS 
reported irregular measured positions over its route with errors greater than one metre when six 
satellites or fewer were in the field of view. With fewer than five available satellites, the positioning 
data became corrupted (Figure 1b), which is a major problem for positioning systems in autonomous 
agricultural vehicles. To overcome this problem, this research develops a double electric compass 
(DEC) with a low-cost sensor to estimate the vehicle’s heading angle and the position measured by 
DGPS. The output from the developed DEC is used to estimate the vehicle’s position when DGPS 
cannot measure it. Measurement errors caused by sensitivity to external interferences from a 
magnetic field are studied using an external interference field, a calibration algorithm and a predictive 
algorithm, the key concept for the resolution as proposed by Lee et.al. [12] and Li et.al.[13] being 
the presumption that the interference to the DEC occurs in the same direction This development 
reduces the error often found in DGPS measurement as the trajectory is continuously estimated for a 
vehicle that moves along a path under tree shade. 
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Figure 1.  (a) DGPS observation data for a moving route test with tree bushes; (b) lack of data 
(outage) and corrupted positioning data from an inadequate number of satellites in view  
 

MATERIALS AND METHODS 
 
Differential GPS (DGPS)  
 DGPS was developed by combining a Trimble DSM 232-DGPS device, a DSM 232 receiver 
and an antenna-GPS/Beacon DSM132 (Trimble companies, USA) to act as the positioning sensors. 
The DGPS vehicle position was determined in real time with high accuracy. The DPGS error was 
less than 25 cm at the best-performing condition, as corrected by the satellite-based augmentation 
systems (SBAS), when more than six available satellites and a horizontal dilution of precision 
(HDOP) of less than three occurred. The data from the positioning sensor (DGPS) were obtained 
from the satellites as NMEA-0183 messages (National Marine Electronic Association), which 
received real-time corrections of positional data from the Tianda Shan station or Zhenhai Jiao station 
in Fujian, China. The data consisted of the latitude, longitude and ground speed with respect to a 
WGS-84 geographic coordinate system and were presented in GGA messages (GPS fix data), and 
velocity true ground (VTG) messages were presented as NMEA-0183. The DGPS functioned as the 
primary error eliminator for errors caused by shade from bushes. The signal error was further 
reduced by the custom-designed DSM 132 receiver. However, the multi-path error remained due to 
reflection from the environmental obstructors, which could be corrected using the proposed 
algorithm to determine the position. 
 
Heading System 
 
 The use of DEC sensors developed by Compass Point V2Xe (Parallax, Inc., Taiwan) to 
construct a compass system to determine the direction of the heading angle of a vehicle was 
performed by referring to the horizontal x-axis as the direction of the magnetic northern pole and the 
horizontal y-axis as the east. The DEC signals experienced interference from both the static magnetic 
field generated by operating the instrument and the environmental magnetic field as well as time 
interferences caused by sensor offset, scale mismatch and misalignment. These errors were corrected 
by centring the coordinate origin using  one-turn rotation (OTR) scheme [14]. The scheme is a 
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traditional method used to compensate for magnetic interference which originates from changes in 
the radius and shifts in the centre of the magnetism circle, depending on the ambient environment of 
the sensor [12-13, 15-16]. The heading system also experienced time-varying errors caused by 
dynamic external interference including terrain road slope and tilt as well as movement during 
driving. Among the various external interferences, high-frequency interferences could be eliminated 
by a predictive calibration algorithm proposed by Lee et al. and Li et al [12-13].  Figure 2 shows a 
module containing the designed DEC. Two electric compasses were installed parallel to each other 
19 cm apart. Output of the double electric compass was transmitted to a receiver board at a rate of 
19200 bps using a frequency of 10 Hz. The external interference field and calibration algorithm were 
further processed using Microsoft Visual Basic 2008®. 
 
 

 
Figure 2.  Double electric compass 

 

Vehicle Platform and Location of Experiment 
 
 The tested vehicle was a mini-four-wheel sprayer designed for an outdoor orchard and shown 
in Figure 3. The vehicle was controlled by a hydraulic system (a) through joysticks (b).The heading 
sensor was mounted in a box in front of the sprayer (c) and the DGPS receiver was mounted above a 
box (d). An antenna was placed on the vehicle 250 cm above ground level and offset from the centre 
of the sprayer on the x-axis at 30 cm and y-axis at 60 cm (e). The main electronic-circuit receiver 
board and the controller board were also mounted in the box in front of the sprayer. All output data 
from the DGPS and heading sensor were sampled and transmitted at 10 Hz to the receiver board and 
sent to a laptop computer (f) at a rate of 19200 bps via an RS232 port. 
 The experiment was performed on our campus, which has buildings (5-25 m high) and tall 
trees (2-7 m) that simulate multi-path problems. The tests consisted of straight-line, U-turn, right-
turn and left-turn movements and those on sloping and tilting roads.  
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Figure 3.  Mini-four-wheel sprayer: (a) vehicle hydraulic control system; (b) joysticks; (c) heading 
sensor and receiver board; (d) DGPS receiver; (e) DGPS antenna; and (f) laptop computer  

 
Positioning System 
  

Figure 4 illustrates the integrated positioning system algorithm using the coupled DGPS-DEC 
to calculate real-time vehicle positions. The DGPS-DEC receiver obtains positional data (latitude, 
longitude, speed, number of satellites, HDOP) and magnetic field values and sends them to a 
computer. The positioning software converts the positional coordinates in latitude and longitude into 
the universal transverse Mercator (UTM) coordinate system as proposed by Snyder [17]. Our system 
automatically uses the predictive algorithm to estimate the vehicle position, even under inappropriate 
conditions as the DGPS is working, or multi-path error detected by the DGPS. Thus, it can estimate 
the current position of a vehicle in real time.  
 
Position Predictive Algorithm   
 A predictive algorithm is a dynamic model used to solve problems in multi-path error 
situations when the DGPS receiver is working in problematic conditions, as for instance, when the 
number of signals from satellites is less than six or the value of HDOP is greater than three. The 
principle of the predictive algorithm is to use both the heading angle values obtained from a DEC and 
the latest vehicle velocity values from the DGPS receiver to estimate the new position. The estimated 
data replace the measurement of the positional error in real time. Figure 5 represents a predictive 
platform flow diagram. The input is xGPS and yGPS  for the current x and y coordinates on the 
operation field, and θcompass for the heading angle obtained from DEC at time t. Two algorithm 
conditions are applied: (1) the number of the satellites is required to be greater than six; and (2) 
HDOP is required  to be  less than  three. If  both  conditions are  satisfied,  the input values  will  be 
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Figure 4.  Overall structure of the positioning system 
 
 

 
 

Figure 5.  Predictive platform box diagram 
 
 
accepted as the correct position coordinates for the current time t. Otherwise, they will be applied to 
the position predicting equations to obtain the final correct position coordinates. For the position 
predicting equations, the xt-1 and yt-1 values are the latest vehicle position coordinates detected by the 
receiver, vGPS is a vector that describes the most recent vehicle ground speed (m/s) obtained from the 
receiver (GGA message), and  xn, yn and θn describe the estimated position of the vehicle at time t. 
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One-turn Rotation (OTR) Scheme 
 
 The OTR scheme is a method widely used to compensate the magnetic interferences. Two 
types of magnetic interferences are: (1) the time invariant originating from change in the radius of the 
magnetism circle, and (2) the time varying caused by shifts in the centre of the magnetism circle, 
depending on the ambient environment of the sensor [12-15]. For the OTR scheme, the high-
frequency interference technique is employed to overcome the effects of road slope and tilt. 
 The OTR scheme for the DEC sensor was rotated by 360о (full turn) on the horizontal plane 
without any interference. Following the guidelines suggested by Lenz [14], the sensor output was 
recorded as a reference magnetism circle and was referred by a reference radius (Vref). The sprayer 
was then rotated by 360о after the sensor installation. The coefficients Vx,max, Vx,min, Vy,max and Vy,min 
were measured and used to calculate the coefficients Vr, Vx,sf, Vy,sf, Vx,off and Vy,off. The threshold value 
for the magnetism-circle error (ε), that for the azimuth angle error (γ) and that for slope and tilt (δ) 
were estimated by considering the environment and error tolerance range for a specific application, 
which can be optimally adjusted through experiments. 
 
Softwares  
 All of the algorithms developed were implemented with Microsoft Visual Basic 2008 under 
Windows XP. The real-time positioning software was developed specifically for an agricultural 
vehicle working in an orchard environment. For the experimental procedure in the software, the 
necessary input data were obtained from DGPS and DEC. The software was run by following the 
algorithm as shown in Figure 4. The calculation of the vehicle’s coordinates under the terms of 
DGPS multi-path error was then executed. The calculating function for the vehicle positions worked 
automatically in real time.  
 
RESULTS AND DISCUSSION 
 
Elimination of Electric Compass Interference  
 A number of tests were performed to verify the performance of the OTR scheme with respect 
to compensation for the magnetic interference (time invariant) while the radius changes and shifts of 
the centre of the magnetism circle depended on the sensor location. The interference caused by the 
slope and tilt was compensated for by measuring the external interference field and using the 
calibration algorithm proposed by Lee et al [12]. These methods were used to find the appropriate 
coefficient values for our sensor, which included the threshold value for the magnetism-circle error 
(ε), that for the azimuth angle error (γ) and that for slope and tilt (δ). The results of the OTR 
compensation and coefficient setting are shown in Table 1, which shows all the essential coefficients 
used for measuring the external interference field and for calibrating electrical compasses 1 and 2. 
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 Table 1.  OTR results and coefficients of compasses 1 and 2 

 
   
 The calibration of our DEC installed on the vehicle was completed to confirm the heading 
and heading angle error (Figure 6). Figure 6(a) shows a practical magnetism circle obtained from the 
DEC as it is rotated by 360 degrees. The dark blue circle and the red circle represent the raw data 
(magnetism values) measured by electric compasses 1 and 2 respectively. Both circles are shifted and 
shrunk because of the effects of the vehicle body. The pink and blue plots show the estimated 
magnetism values; the circles are shifted to the origin and are also modified to compensate for the 
interference caused by the slope and tilt. Figure 6(b) illustrates the results of the heading angle 
measured by electric compasses 1 and 2 with an external interference model for the DEC [12]. 
 The combinations of the heading angle errors in the two compasses in the DEC at the 
external interference nearly matched the linear cycles with very small disturbance. Figure 6(c) is a 
plot of the errors in our heading estimation when the vehicle was driven from east to west. It shows 
that the heading error is always within 0.3 degree. Lee et al. [12] reported heading errors within 
 0.5 degree. 
 
Vehicle Position Estimated by the Positioning System  
 Figure 7 shows the tracks of the vehicle: the green square plot illustrates the position 
measured by the DGPS with errors while the red plot illustrates the estimated and corrected position 
using our positioning algorithm. The circled portions in Figure 7 demonstrate that while DGPS 
working was not in the optimal conditions, our system correctly estimated the vehicle position by 
using the latest vehicle velocity values and the heading angle at that moment to calculate the new 
position. Both input values were apparently more reliable than the values obtained by DGPS and 
gave a smoother track without outage, bias or corruption errors.   

Item Compass 1 Compass 2 Value 

max,xV  -33 4 Maximum value of x-axis sensor output; mG 

min,xV  -162 -120 Minimum value of x-axis sensor output; mG 

max,yV  350 206 Maximum value of y-axis sensor output; mG 

min,yV  138 3 Minimum value of y-axis sensor output; mG 

rV  105.9993 101.5002 Error of radius of magnetism circle; mG 

sfxV ,  1.6434 1.6371 x-Axis output ratio between compass 1 and 2  

sfyV ,  1.0000 1.0000 y-Axis output ratio between compass 1 and 2 

offxV ,  160.2326 94.9516 Centre offset of x-axis sensor; mG 

offyV ,  -244.0 -104.5 Centre offset of y-axis sensor; mG 

  10 10 Threshold value for magnetism-circle error; mG 
  30 30 Threshold value for azimuth angle error; mG 
  17 17 Threshold value for slope and tilt; mG 

FIFO 100 100 Size of FIFO (first in first out) queue 

Note:  mG = milligauss 
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Figure 6.  Measurement results: (a) angle measurement of external interference field and calibration 
function; (b) heading angles; and (c) heading angle errors on path  
 
 

 
 
Figure 7.  Difference between vehicle track determined by DGPS and that estimated by DGPS-DEC 
positioning system 
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 Figures 8(a) and 8(b) show the position plots on the x-axis and y-axis vs. time respectively, 
while Figure 8(c) compares the number of satellites used and the HDOP values vs. time. Since the 
vehicle was driven at low speed (0.24 km/hr), the positioning error was expected to be small or 
insignificant. The error mainly stemmed from the inadequate number of satellites and the high value 
of HDOP. Significant errors can be observed at 230-370 seconds and 620-660 seconds consistently 
in Figures 9(a) and 9(b). The DGPS error increased when fewer than six satellites were used and the 
HDOP value was greater than three. Nevertheless, our estimation using the latest corrected DGPS 
system was capable of keeping track on the right position for the vehicle.  
 
 
 
 
     (a)     
        
 
 
 
 
     (b) 
 
 
 
 
 
 
     (c)  
 
 
 
 
 
Figure 8.   Plot of coordinate positions by DGPS (green squares) and combined DGPS-DEC 
positioning system (red circles) on the x-axis (a) and the y-axis (b), and number of satellites used 
(blue strip) and HDOP value (pink strip) (c) 
 

To confirm the reliability of our system, an experiment was conducted in which the vehicle 
was driven along the same path 9 times. The total distance driven was about 20 m for each run, and 
the radius of the U-turn was 5 m. The number of satellites in use was 4 to 8 satellites, and the HDOP 
value ranged from 1.1 to 3.1. The positions measured while collecting the position coordinates every 
second in every path motion were used to calculate the standard deviation (SD) of the distance error. 
The results are shown in Table 2, which indicates that for straight line path, the positioning system 
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had an average SD of 20.7 cm and an average distance error of 17.5 cm.  For the U-turn path, the 
figures were 9.5 cm and 22.3 cm respectively. The reason for a narrower SD obtained in the case of 
the U-turn was probably due to is the shorter distance in the experiment, hence a smaller number of 
observed data, providing more chance of higher accuracy. For the case of the straight route with 
much longer observed distance, more variation of data was expected, resulting in a higher SD value. 
 
Table 2.  Results of distance errors 

 

CONCLUSIONS 
  
 A positioning system that corrects the multi-path error to improve the performance of an 
orchard vehicle has been developed. In particular, the shading effects of natural obstructors and the 
effects of fewer than 6 satellites and of HDOP value being greater than 3 were addressed. By 
combining data from both the DGPS and the DEC to predict the position coordinates during 
movement in real time, we could overcome the problems of DGPS multi-path error using our 
predictive algorithm. Results have shown that our system has the ability to continue to estimate the 
vehicle position in real time smoothly (stably) and reliably. Our positioning system should thus be 
suitable for further development into a guidance control system for autonomous orchard vehicles. 
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Order no. 
of path 
tracing 

Distance error (m) 

Straight line  U-turn  

Mean SD Mean SD 
1 0.243 0.286 0.413 0.205 
2 0.544 0.633 0.171 0.046 
3 0.396 0.467 0.394 0.200 
4 0.077 0.101 0.205 0.102 
5 0.037 0.045 0.202 0.090 
6 0.033 0.040 0.132 0.033 
7 0.088 0.100 0.139 0.042 
8 0.119 0.138 0.111 0.045 
9 0.039 0.052 0.236 0.091 

Average 0.175 0.207 0.223 0.095 
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