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Abstract - For automated guidance control of a magnetically guided-all wheel steered vehicle, it is necessary to have 

information about position and orientation of the vehicle, and deviations from the reference path in real time. The magnet 

reference system considered here consists of three magnetic sensors mounted on the vehicle and magnetic markers, 

which are non-equidistantly buried in the road. This paper presents an observer to estimate such position and orientation 

at the center of gravity of the vehicle. This algorithm is based on the simple kinematic model of vehicle and uses the 

data of wheel velocity, steering angle, and the discrete measurements of marker positions. Since this algorithm requires 

the exact values of initial states, we have also proposed an algorithm of determining the initial position and orientation 

from the 16 successive magnet pole data, which are given by the magnetic measurement system(MMS). The proposed 

algorithm is capable of continuing to estimate for the case that the magnetic sensor fail to measure up to three 

successive magnets. It is shown through experimental data that the proposed algorithm works well within permissible 

error range.
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1. 서  론

The articulated vehicle is a new type of public 

transportation to combine the advantage of commuter 

buses and railroad vehicles. To achieve good tracking 

performance similar to railroad vehicle, these vehicles 

have to be equipped with a lateral guidance system. Such 

a lateral guidance system requires informations about the 

vehicles position to calculate the tracking errors relative 

to the path to be followed. In most cases, the absolute 

position of the vehicle cannot be measured continuously. 

Therefore, it is very important to accurately estimate the 

position and orientation of vehicle. Most of vehicle 

navigation systems include several measurement units 

such as GPS, DGPS and MMS[1-5]. Various kinds of the 

extended Kalman filter(EKF) have been utilized to 

estimate the position and orientation of the vehicle[2, 5].

In our vehicle, a MMS is used to get the absolute 

position of vehicle. Wheel encoders and steering encoders 

are also used for the dead reckoning. The MMS 

considered here consists of three magnetic sensors and 

magnetic markers. The magnetic markers of      

are buried at every 4 m for straight lane and ∼  m 

intervals around the curves and the starting place. The 

magnetic sensors are mounted near each axis under the 

vehicle. In general, all these sensors and actuators are 

connected to the CAN buses or the protocol CAN Open. 

All those are operated at a synchronizing time of 125 

msec. It turns out  that the information necessary for the 

guidance control should be estimated at the intermediate 

time when the magnetic sensors are moving from a 

marker to next marker, so that this is continuously 

available for guidance control. Furthermore, it is required 

to estimate the position and orientation without large 

errors for the case that the MMS fails to detect three 

markers consecutively.

In this paper, we propose an observer of estimating the 

vehicle position and orientation. The estimator is 

composed of an integration algorithm based on vehicle 

kinematic model, EKF, position update algorithm and 

orientation angle compensation algorithm using the MMS 

data. The EKF is used to calculate the vehicle velocity 

and the side-slip angle at a reference point of the vehicle 

by using wheel encoders and steering angles data. This 

is the similar method as one in [5]. The MMS update 

algorithm is used for estimating the absolute position of 

vehicle and the orientation angle compensation algorithm 
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is to compensate the vehicle orientation of the gyro unit 

by using the MMS data.

Since it is necessary for this algorithm to have the 

exact initial state, we will also present an algorithm of 

determining the initial position and orientation from 16 

magnet pole data in a row, which are given by the 

magnetic measurement system. In other words, the initial 

position indicates the absolute location of the vehicle in 

the world coordinate. It is noted that the polarities of all 

magnets buried in the road have been chosen randomly 

before construction. When the magnetic sensor detects 

every two magnets in a straight path, the orientation of 

the vehicle can be estimated by means of the position 

data of two magnets and the distance from the magnetic 

sensor to the marker.

To demonstrate the performances of the proposed 

observer, several experiments were carried out on a test 

track of the Korea Railroad Research Institute (KRRI). It 

will be shown how well the proposed algorithm works.

2. Localization Problems of All-Wheel Steered 

Autonomous Vehicle 

The all wheel steered, single articulated vehicle 

considered in this paper is shown in Fig. 1. The vehicle 

has two carriages, independent drives on the second and 

third axles, three sets of magnetic rulers mounted near 

axles. It is noted that this vehicle is capable of steering 

all the wheels independently.

Fig. 1 All-wheel steered articulated vehicle equipped with 

three magnetic rulers.

All the sensors upload the measured information on the 

CAN buses at every sampling time, while the MMS 

provides data only at the time when any one of the 

magnetic rulers detects a magnetic marker. Hence the 

absolute position of vehicle cannot be available overall 

time because there may exist certain sample instances 

without detection of markers at all.  For the purpose of 

achieving good performance of guidance controller, the 

position of the vehicle should be available for all the 

running time. Consequently, the position of vehicle must 

be estimated at every sample time.

The vehicle information produced by the MMS are the 

relative position and the SYNC number. The relative 

position indicates the distance vector of the vehicle in 

two dimensional coordinate from the position of magnetic 

marker passed through by the ruler just before to the 

reference position of magnetic ruler at the present SYNC 

time. The SYNC number denotes the index of sampling 

time right after the magnetic marker was detected. It is 

used for check whether a magnetic marker is sensed by 

a magnetic ruler or not. We will now explain the MMS 

data in detail. The relative position and SYNC time are 

depicted in Fig. 2. 

Fig. 2 Relative position and SYNC times

Suppose that the magnetic ruler #1 of vehicle is right 

passing through the position A at the current time, which 

is the ′  SYNC time, and it had been run on the 

position C at the ′   SYNC time. It is also 

assumed that the magnet placed at the position B was 

detected by the ruler #1 before Δ  from the ′ SYNC 

time. Then, The MMS gives the data of ,  , and 

SYNC number at the ′  SYNC time. Since the SYNC 

time interval is in general fixed by a constant (which is 

   in our vehicle), the interval   is ranged over 

from 0 to  . 

Therefore, the estimation problem of vehicle position is 

boiled down to the problem of estimating the position of 

the center of gravity of vehicle at the ′  SYNC time 

from the MMS data and the yaw rate from a gyro. For 

what is the yaw angle of the vehicle required? That is 

caused by the fact that the exact center of gravity 

cannot be known unless the vehicle direction is given. 

 Now, the problem estimating the heading angle of 

vehicle carriage is here. Estimating the yaw angle of 

carriage accurately plays very important role in observing 

the position vector of the vehicle precisely. Basically, the 

gyro provides only yaw rate at every SYNC time, the 

estimate error of yaw angle increases as time goes if it 

is calculated by an integrator. In this paper, we will 

propose an estimator for the vehicle heading angle. The 
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main idea is to use the MMS data in order to correct the 

estimate error. The details will be represented in the next 

section.

Fig. 3 Definition of vehicle parameters.

Subsequently, we need a simple model for vehicle 

motion in order to design our observer above. A 

schematic diagram of the articulated vehicle shown in 

Fig. 1 is depicted in Fig. 3. Here   and   indicate the 

center of gravity for carriage 1 and carriage 2, 

respectively. The locations of three magnetic rulers are 

denoted by    . Let us define the position vector of 

the center of gravity of carriage 1 as 
 


, and 

let 
 


 denote the orientation angle vector of 

carriage 1 and carriage 2, respectively. In [6], a nonlinear 

dynamic model of this vehicle is given by

                     (1)

where,

 







The model parameters and vehicle dimensions in (1) 

are referred to [12]. It is known in [12] that the yaw 

angle and position of the carriage 2 can be calculated by 

means of the location information for the carriage 1 and 

articulation angle.  Therefore we will only consider the 

problem of estimating the location of carriage 1 in this 

paper. 

 According to the vehicle data considered here, the 

length of vehicle is about  while the interval of 

magnetic markers is about  . It allows us to describe 

the vehicle motion by a kinematic model instead of 

dynamic model in (1), because the marker interval is 

much shorter than the length of vehicle. With some 

assumptions, it is shown in [13] that the kinematic model 

of carriage 1 can be described by a bicycle model, as 

shown in Fig. 4. 

Fig. 4 A bicycle model for carriage 1.

The steering angles of the front and the rear wheels 

are denoted by   .   and   are velocity and slip angle 

at the center of gravity(C.G) of the carriage 1, 

respectively. The distance from the center of gravity to 

the first and the second axles are denoted by   , 

respectively.

 Let us define the position vector of C.G in the global 

coordinate by 
 

 , and let   be the yaw angle 

of the carriage 1. From the kinematic model shown in 

Fig. 4, the motion equations are written by 

  
 

 
 

   
   

                   (2)

This simple model has been derived under the 

assumption that the lateral force produced by tires is 

small at low speed. This model will be used when the 

position estimate is derived in the next section.

3. Position and Orientation Estimations

To achieve good performance of the guidance control 

system, the position and orientation should be 

continuously available for feedback. To do this, we 

propose an architecture of observer as shown in Fig. 5. It 

consists of the EKF, the position estimation algorithm, 

and the orientation angle estimation algorithm. The input 

data come from wheel encoders, gyro, MMS, and the 

average steering angles of two axles. The output data 

are just the estimated values of current position 


   and orientation  . The EKF is used to 

obtain the vehicle velocity   [5], which will be used for 

the integration algorithm. 
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Fig. 5 Architecture of a observer for position and orientation 

estimations.

3.1 Position estimation

The position estimation is composed of an integration 

algorithm, a MMS update algorithm, and an arbitrator. 

The integration algorithm is solve the motion equation  

in (2) associated with 
   .  

As mentioned above in previous section, there exists 

certain SYNC times at which only one of three magnetic 

rulers does not detect a magnetic marker. This situation 

can be checked by using the SYNC number, which is 

given by the MMS at every SYNC time. In this case, the 

position estimate is performed by solving the kinematic 

model in (2). On the other hand, for the case of that the 

MMS provides the marker information, the position 

estimate if calculated using the MMS update algorithm. 

To determine which is the case, an arbitrator is 

introduced, as shown in Fig. 6. 

It is trivial that the solution of (2) can be obtained by 

an integrator. Thus, we now describe the MMS update 

algorithm.

Fig. 6 Arbitration mechanism

First, the position of the nearest magnetic marker from 

the current position of vehicle is investigated from the 

database of magnetic marker, which is already given. 

 Then, the observer calculates the distance from the 

position of magnetic marker to the center point of the 

magnetic ruler at every sampling time. 

 Fig. 7 shows the geometric relationship when the 

magnetic ruler 1 detects a magnetic marker. Recall that the 

data ( , ) are the distance from the magnetic ruler 

to the magnetic marker, as shown in Fig. 2.

Fig. 7 Geometric relationship for the case of magnetic ruler 

1.

     indicates the position of magnetic marker in 

global coordinates. The data      is obtained from 

the database. It is easy to know that the estimate of 

position of the center of gravity of carriage 1 is 

computed by

   
 

  
  

 
  

 

   
  

 

          (3)

where   is the length of the magnetic ruler.

 Similarly, the position estimate if carriage 1 for the 

cases of that either magnetic ruler 2 or magnetic ruler 3 

detects a marker are as follows:

   
 

  
  

 
  

 

   
 

 

       (4)

  


   
   

 

   
  

 
  

    
 

  
 

 

  

                                                    (5)

In (5),   is the articulation angle. Fig. 8 and Fig. 9 

show the geometric relationships for the case that 

magnetic ruler 2 and magnetic ruler 3 are available.

In (3)-(5),   is the estimate of orientation angle of 

the carriage 1. Small error of   will produce large 

error of position estimate. Its estimation will be described 

in the next section.

3.2 Estimation of orientation angle

In [2]-[8], several data are used to estimate the 

orientation angle. Basically, these method use odometry 

data. However, when we considering the tire slip these 
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method can lead to an error. As mentioned above, the 

orientation angle of the vehicle can be used directly from 

the gyro. Basically, we use the orientation angle which is 

provided by the gyro unit.

The gyro unit calculates the yaw angle integrating the 

yaw rate. Hence this method causes two kinds of errors: 

integration error and initial value error of the integrator.

Fig. 8 Geometric relationship associated with magnetic ruler 

2. 

Fig. 9 Geometric relationship associated with magnetic ruler 

3.

Integration makes large error after long time use. The 

initial value error occurs because the initial value of 

integrator is not fixed. These lead to large error in the 

position estimate in (3)-(5).

For example, the maximum integration error of the 

gyro unit results in about 2 degrees for the case that the 

vehicle run around the KRRI test track, which is shown 

in next section. 

We now propose an algorithm for the orientation angle. 

The main idea is to compensate the error of the 

orientation angle by using the MMS data.

 First, we assume that the vehicle is in the straight 

lane. That is suppose that two adjacent magnets shown 

in Fig. 10 are placed in the straight lane.

Fig. 10 Correction of the orientation in the straight lane.

In Fig. 10,   and    indicate the magnetic marker 

detected at the ′  and ′  sampling times 

respectively.   and    are lateral distances 

from the magnetic marker to the right end of the 

magnetic ruler 1, which is defined in Fig. 2, respectively. 
  is the orientation angle of the path included in the 

magnetic marker  , 
  is the orientation angle given 

by gyro unit at the ′  sampling time. Let  is the 

distance from the magnetic marker    to  . In the 

straight lane, the following two assumptions are feasible.

Assumption 1.    and 
  are the same.

Assumption 2. Steering angles of the vehicle are zero.

Since    and   are provided by the MMS 

and   is known from the database, the orientation 

angle of the vehicle at the ′  sampling time can be 

approximately calculated as follows.

  
 


  

 
  

                (6)

These equations lead to the definition of orientation 

angle error due to the cumulative integration error as 

follows.

 

 
 

                          (7)

Therefore, the orientation angle of the vehicle at this 

moment is corrected by 

  
   ,  for                (8)

  

where,   is the synchronizing number at which the 

next correction will be calculated.    denotes the 

corrected orientation angle of the vehicle.

 Secondly, let us consider that the vehicle is in the 

curved lane. The previous compensation algorithm cannot 

be applied to the curved lane, because the assumptions 

used above is no longer valid. We consider two adjacent 

magnetic markers placed in the curved lane, as shown in 

Fig. 11. 

In Fig. 11,    is the position of the magnetic ruler at 

the ′  sampling time.   and 
  are the positions 

of the magnetic ruler at the ′  sampling time.   is 

calculated by using MMS data in (3).   is calculated 

from    by the motion equation in (2).    and   

are the magnetic markers detected at the ′  and 
′  sampling time, respectively.   is the virtual position 
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of magnetic marker calculated by using   and the MMS 

data.

Fig. 11 Correction of the orientation angle at the curve.

 The orientation angle error due to the cumulative 

integration error in the curved lane can be calculated 

approximately as follows.

  
 

 


  
 

 


 ≅
 


 

 



                                                  (9)

where   is the distance from    to 
 .          

This approximation is reasonable when 

       is small compared to 

. The orientation angle of the vehicle at next sampling 

time is corrected by   in (8).

The estimation described above is for the case that the 

magnetic ruler 1 is used. The same method can be 

applied to the cases of magnetic ruler 2 and 3.

3.3 Determination of initial position and 

   orientation angle

As seen in (3), the position estimation algorithm 

requires the absolute position of the magnetic marker 

used at that moment. Thus, it is necessary to identify the 

index of the magnetic marker on which the estimation 

algorithm is about to start. We propose a simple 

algorithm of finding the present magnetic marker index. 

It is noted that the information of polarity patterns of all 

the magnetic markers buried in the road are already 

known. Generally, the polarity pattern is chosen randomly. 

In the proposed algorithm, the every 16 polarity data  

successively measured by the MMS is stacked in the 

buffer and is compared with the database of polarity 

pattern. This process is shown in Fig. 12.

Fig. 12 Process identifying the magnetic marker index.

The index of magnetic marker, which means the 

absolute position of the vehicle, can be determined by 

using a set of polarities. Once any magnetic marker 

index is known, we can also obtained the orientation 

angle of the driving path near the magnetic marker from 

the database. However, this process is only available 

when the vehicle is in the straight lane.

4. Experimental Results

To demonstrate the performance of the proposed 

algorithm, several experiments were carried out on the 

KRRI test track by using the articulated vehicle 

developed by KRRI. 

Fig. 13 Articulated vehicle developed by KRRI.

Fig. 13 shows the articulated vehicle developed by 

KRRI.  This vehicle equipped with three MMS developed 

by Frog AGV Systems in Netherlands.

Table 1 shows the vehicle parameter defined in Fig. 3.

Table 1 Vehicle parameter

Symbol Norminal value [mm]

 5,189

 3,284

 4,099

 3,602

 2,239

 3,139

 2,342

 1,089

 1,600

The test track is shown in Fig. 14. Minimum 

curvature of the test track is about 12m and the number 

of magnets is 147. The proposed algorithm has been 

implemented in LabVIEW with CAN interface software. 

Experimental setup is shown in Fig. 15

The vehicle speed was about 2m/s in the experimental 

case 1. In this case the vehicle ran around the test track 

3 times and stopped at the station at every times.

In the experimental case 2, the vehicle speed was up 

to 10m/s in the straight lane, and up to 4m/s in the 

curve. The vehicle ran around the test track 5 times and 

stopped at the station at every times.
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In these two cases, the vehicle was driven in manual 

operation and the observer operated in open loop. The 

sensor noise is not considered in these experiments, since 

all the sensor units have noise filter except for the MMS. 

We have to consider case that some magnetic material 

buried around the lane. This case cause an error in the 

MMS data.

To addresses this problem, we have used a filter for 

MMS data. When the estimation error is greater than the 

threshold, this filter ignore the detected magnetic marker. 

We assign the threshold as 50% of the minimum distance 

between two magnetic markers.

It is desirable that the position estimation error should 

be less than 20cm when the vehicle speed is slower than 

5m/s and the minimum curvature of path is about 12m.

Fig. 14 The KRRI test track.

Fig. 15 Experimental setup.

Fig. 16 and Fig. 18 shows steering angles and vehicle 

velocity. 

 The position estimation errors and the orientation 

estimate are shown in Fig. 17 and Fig. 19. The position 

estimation error is defined by the 2-norm distance from 

the magnetic marker position     to the position of 

the estimate 
 . This error is calculated when 

one of the magnetic ruler detects a magnetic marker. The 

estimated position 
   is computed by 

transforming 
   into the corresponding magnetic 

marker position by using MMS data. 

In the experimental case 1, most of the estimation 

errors are less than 10 cm except for few points. The 

mean value of errors is lower than 5cm. 

In the experimental case 2, almost all the errors are 

less than 10cm. Only a few errors are above 10cm, but 

at most less than 20cm. The mean value of errors is 

about 6～7 cm. The other experimental results were 

similar to these two cases. If we recall that the desired 

estimation error is to be less than 20cm, it is evident 

from the experimental results that the proposed algorithm 

works well within permissible error ranges.
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Fig. 16 Input data (Experimental case 1).
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Fig. 17 Results of estimate(Experimental case 1).
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   Fig. 18 Input data (Experimental case 1).
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Fig. 19 Vehicle speed and position estimation errors 

(Experimental case 2).
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5. Conclusions   

We have proposed a simple observer for the position 

and orientation estimate of an all-wheel steered, 

magnetically guided vehicle, which is being developed by 

the KRRI. It consists of the position estimation algorithm 

and the orientation angle estimation algorithm. Under the 

assumption that the vehicle speed is lower than 5m/s, the 

kinematic model has been represented. In this estimator, 

the kinematic model is mainly used to estimate the 

vehicle position when there is no magnet information at 

any sample instances, while the other geometric 

relationship between marker position and magnetic ruler 

is used to updating the vehicle position.

 For the vehicle orientation, we use the gyro data 

basically but its accumulated integration error is corrected 

by the simple compensation algorithm. The proposed 

observer has been examined by several experiments 

carried out on the KRRI test track. As the results, almost 

all the estimation errors were less than 10cm and all the 

errors satisfied the given error bound, which is less than 

20cm. It is evident from the experimental results that the 

proposed algorithm works well within permissible error 

ranges.    
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