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ABSTRACT  

The integration of MEMS sensors in an inertial navigation 
system (INS) fused with GPS will lead to numerous 
applications, mainly driven by the low-cost nature of this 
technology. Then, it is not surprising that great interest 
has been generated toward low cost inertial navigation 
systems (INS) in the last decade. Although the basic 
principles of INS are quite simple, the analysis of its 
performance and the impact of sensor quality on the 
overall result are quite complex. In fact, one particular 
aspect of INS design is the complexity to evaluate new 
algorithms and innovative digital signal processing with 
low cost MEMS sensors and to access their performances 
in function of several kinds of mobile trajectories. 
Therefore, as most engineering applications, simulation is 
part of the design process of INS algorithm.  

Leveraging from earlier research work, this paper presents 
the development of a Web-based inertial navigation 
system (INS) simulator useful in a research laboratory. In 
addition, a new module generating trajectories for the 
simulator has been created by interfacing flight simulators 
like the one of Microsoft or the FAA (Federal Aviation 
Administration) certified X-Plane. The core of the 
simulator is a Simulink-based model that contains a 
complete navigation algorithm, from the integration of the 
equations of motion to the extended Kalman filtering for 
error estimation. 



  
The INS part of the simulator first generates complete 
simulated inertial navigation measurements from a 
selected flight trajectory. Then, the user can have access 
to and modify the entire set of parameters of the INS 
including those of the navigation Kalman filter from a 
web-based interface. A typical noise model is added to the 
simulated inertial sensor measurements and to the GPS 
navigation solutions in order to approach the real 
performances of MEMS devices on the market. As a final 
result, the simulator provides to the user the navigation 
solutions computed by the model and also the true 
navigation solutions. An important part of this work is the 
analysis and the evaluation of the model, based on the 
navigation errors between the computed and the true 
navigation solutions, and the Kalman filter output 
characteristics.  

On the other hand, it is also possible to use the Web-based 
INS simulator to access a real-time platform of sensors.  
The hardware proof-of-concept demonstrator is a PC-104 
combined with specific interface cards and a 6 degrees of 
freedom MEMS inertial sensor.  

As a general conclusion, the Web-based interface 
combined with the already proven rapid-prototyping 
scheme of Simulink provides a user-friendly and efficient 
approach to INS algorithm validation.  This design tool 
will be applied to several applications now under 
consideration in the research laboratory.   

1. INTRODUCTION  

Strap-down Inertial Navigation System (INS) is not a new 
application: it has been used since 1970 s where the 
advent of numerical computer allowed its real-time 
implementation. However, the expensive nature of inertial 
sensors limited its use and the research associated with it 
to government laboratories, private companies and well-
funded academic institutions.  

In the last decades, the development of low cost inertial 
sensors and more specifically the commercial production 
of Micro-Electro-Mechanical Systems (MEMS) have 
permitted the reduction of the cost of previously 
expensive sensors. This technological breakthrough has 
democratized INS applications and led to the creation of a 
mosaic of new research groups dedicated to the study of 
low-cost aided-INS.  

It is well-known that simulation of aided-INS systems is 
mandatory prior to real implementation in order to 
validate the design. Furthermore, numerical analysis of 
algorithms behavior is necessary since the highly non-
linear equations governing the system prohibit extensive 
analytical analysis. The Simulink simulation environment 

is modular and allows graphical design. Also, it permits 
the rapid prototyping of algorithms. These are few of the 
reasons behind the selection of a Simulink-based 
simulator architecture that has become the cornerstone of 
our research effort in the integration of low-cost INS.  

Building on previous work, this paper addresses the 
continuation of the research work in order to more 
efficiently integrate MEMS sensors in a GPS/INS fusion 
scheme. The first part of this work will be dedicated to the 
presentation of the simulator and some theoretical 
background. A description will be given concerning the 
generation of dynamic trajectories using Microsoft Flight 
Simulator

 

or X-Plane Software. Next, the software 
architecture will be presented including the navigation 
equations and the Kalman navigation filter. The Web-
based INS simulator will be presented, including the 
performance evaluation parameters, detailed test results 
and performance analysis based on the "Analysis" tool of 
the simulator.  

Finally, a detailed analysis of this model will be presented 
based on two simulated flight trajectories. These 
trajectories have very similar dynamics compared with a 
real flight, in terms of speed, accelerations, and mobile 
maneuvers. Different parameters will be considered and 
an analysis of their influence on the performance of the 
model will be presented and analyzed. The influence of 
the inertial noise sensors will be also presented and 
analyzed. Lastly, some perspectives on the hardware 
version of the Software Defined INS will be introduced.   

2. MISSION TRAJECTORY AND INERTIAL 
SENSORS DATA GENERATION  

The core of the simulator has a modular and flexible 
architecture as presented in the block diagram of Figure 1. 
Although briefly introduced in the following subsections, 
more detailed description of the core functions of the 
Simulink-based simulator and its validation scheme can 
be found in [1] and [2].  

 

Figure 1- INS WEB-based Simulator Block Diagram  



   
2.1 TRAJECTORY GENERATION  

The first version of the simulator had a cumbersome 
trajectory generator. In order to upgrade the simulator to a 
more user-friendly interface, two commercial flight 
simulators have been added to the architecture as shown 
on the left side of Figure 1 (Microsoft Flight Simulator 
2004 or X-Plane box).  

First a flight mission or any kind of mobile trajectories is 
simulated with Microsoft Flight Simulator 2004 (MFS-
2004), for example, or X-Plane Software.  

 

Figure 2 - Example of a flight mission trajectory with 
MFS-2004 (upper: latitude-longitude, lower: altitude)  

The mission can be simulated for any duration and with 
different dynamics by selecting a specified atmospheric 
condition, a specific airplane model, modifying the 
airplane airspeed, and by doing any kind of maneuvers 
like roll, yaw, or pitch. Before recording the flight 
mission, the variables of the flight to be generated have to 
be selected, as well as a specified sampling generation 
period. The block that generates those variables is entitled 
Generation of Flight Variables  in Figure 1. For example 

in MFS-2004, the minimum period that can be selected is 
55ms compared with X-Plane which has no theoretical 
limit except the speed of the computer. The variables 
needed from the flight simulator package to compute the 
simulated inertial data are:  

 

Mobile airspeed; 

 

Bank (or Roll) angle ( );

  

Pitch angle ( );

  

Heading (or Yaw) angle ( );

  

Angle of attack; 

 

Angle of sideslip.  

Note that the roll, pitch, and yaw angles form the Euler 
angles ( , , ).

  
Figure 2 shows a flight trajectory, defined by its latitude, 
longitude and altitude.  

Once a trajectory has been generated, the next step is to 
regenerate the first set of variables with a higher sampling 
rate using a cubic spline interpolation method.   

2.2 INERTIAL DATA GENERATION 
The Generation of Trajectory Kinematic Data

 

block 
uses the variables generated by the Flight Simulator or 
X-Plane

 

block to compute the kinematic variables that 
will be used in the Generation of Inertial Data

 

block. 
Finally, this latter block computes the two ideal sensor 
data: the angular velocity, as would be measured by an 
error-free 3 axis rate gyro, and the linear acceleration, as 
would be measured by an error-free 3 axis accelerometer. 
For a detailed description of these variables and their 
associated equations, please refer to [1] or [2].   

2.3 INERTIAL NOISE MEASUREMENTS  

The inertial data generated by MFS-2004 or X-Plane and 
the Inertial Data Generation block function of the 
simulator do not contain measurement errors. These have 
to be introduced by modeling the behavior of the real 
sensors. In fact, those measurement errors bring the 
natural need of a navigation filter such as Kalman 
filtering.  

Also, those measurement errors are strongly dependent on 
the sensor technology and the way they are used in the 
INS structure. Our sensor model takes into account the 
bias parameter, scaling factor and the noise level 
according to the following equation being the same for 
any accelerometers or gyrometers (for more details refer 
to [1]):  

)()( xXMIX
truesmes 

(1)  

where:  

mesX

 

= measured variable of the sensor, 

[m/s2] for accelerometer and [rad/s] for gyroscope 

trueX  = noise free variable (same units as Xmes) 

SM    = scaling factor matrix 

x

 

= bias on the sensor measurement 

  

= noise of the sensor measurement 
I

 

= identity matrix  



 
The execution of this sensor model is according to the 
Simulink block diagram presented in Figure 3.  

Figure 3 - Block diagram of the Simulink Sensor Model   

3. NAVIGATION ALGORITHM   

The Navigation Algorithm

 

block shown in Figure 1 
contains the integration of the equations of motion (EOM) 
and the navigation filter.   

3.1 NAVIGATION EQUATIONS  

The integration of the EOM is performed to obtain the 
desired navigation solutions, which are the position, 
velocity and attitude of the mobile. The EOM are in the 
standard form, as shown in Equations (2) to (5), and are 
integrated using a high-order integration method, as 
discussed in [2].  
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where:  

NN
Z u is the vertical unit vector of the Navigation 

frame N, * is the scalar product operator of two vectors; 

  
BB

I ][ a  is the accelerometer measured value; 

  
BB

I ][  is the rate gyro measured value; 

  
Np

][g  is the gravity vector at the surface of the earth; 

   NN
E ][  is the transport rate N , (refer to [6]);  

I is an inertial frame;   

E is the Earth-centered Earth fixed (ECEF) frame;    

N is the Navigation frame;   
B is the Body frame (vehicle-fixed frame, considered as 

the sensor frame in a first approximation); 
aS  is the anti-symmetric matrix of the vector a.  

Equation (2) represents the propagation of the velocity of 
the Navigation frame N, with respect to the Earth frame 
E, measured in the Navigation frame N. Equation (3) 
represents the propagation of the orientation of the Body 
frame B with respect to the Navigation frame N. Equation 
(4) is the propagation of the position matrix (composed of 
the latitude and the longitude of the Navigation frame, 
and wander angle if applicable), and equation (5) 
represents the propagation of the altitude. Refer to [1] or 
[2] for more details about those relations and origins.   

3.2 NAVIGATION FILTER  

A navigation filter is used to better estimate the 
navigation solution of our model, since many types of 
errors may affect the navigation equations: sensors errors, 
gravitational acceleration model errors, and external 
measurement errors.  
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Figure 4 - Block system of the indirect approach with 
feedback correction  

The navigation filter used is the extended Kalman filter, 
its measurement vector being constituted of the velocity 
and position GPS data. As it is now common in the 
integration of low-cost sensors in INS/GPS fusion 
scheme, the indirect approach of Kalman filtering with 
feedback corrections is implemented in the Navigation 
algorithm. Hence, the estimation model associated with 
the Kalman filter is the error in the navigation solution. 
Figure 4 depicts a block diagram representing the indirect 
approach with feedback correction.   

For a detailed overview of the real-time implementation 
of the extended Kalman filter in the Simulink 
environment, refer to [10].    



 
4. WEB-BASED SIMULATOR  

The Web interface allows controlling the entire INS 
model. The communication between the Simulink-based 
model and the Web interface is carried out by Matlab 
WebServer (a Matlab toolbox). The Web server used is 
the Apache server ([9]), and all the Web programming is 
done with the PHP and HTML scripting languages.  

This interface allows selecting a specified mission, any 
parameter of the INS model, as well as visualizing a 
detailed analysis graphics ( INS Web-based interface

 

block of Figure 1 and Figure 6).  

 

Figure 5 - Different INS model types  

 

Figure 6 - Global architectures of the INS Simulators  

4.1 PERFORMANCE EVALUATION PARAMETERS  

With this interface the navigation error model type can be 
selected between linear or non linear navigation error 
models (see Figure 5). This feature is available to 
accommodate internal research activities. Future 
publications will cover this aspect. Only the linear model 
is used throughout this paper. Also we can select the 
correction mode (feedback or feedforward), these two 
modes being already discussed in the preceding 
paragraph.  

A certain amount of noise can be added to the inertial 
sensors data, this being illustrated in the Sensors Model

 

block of Figure 1. The noise level is specified by the 
accelerometer variance and rate gyro variance and bias 
(see Figure 7). Other sensor error parameters can also be 
modified.  

 

Figure 7 - Example of Inertial sensors parameters  

The same modification of parameters can be applied to 
the GPS simulated data, as illustrated in the GPS Model 
block presented in Figure 1.  

 

Figure 8 - Example of Kalman filter parameters 



  
Also all the Kalman filter matrices (initial covariance 
matrix estimate, process noise covariance matrix and 
measurement noise covariance matrix), vectors and 
frequency can be modified by this interface (see Figure 
8). The most important parameters of the navigation filter 
are the measurement noise covariance matrix, and the 
process noise covariance matrix.  

The measurement noise covariance matrix is normally 
constant (or a function of dilution of precision provided 
by the GPS receiver) since it s directly related to the noise 
level of the GPS measurement data, while the process 
noise covariance matrix has a direct influence on the 
confidence level of the INS model. Generally speaking, 
great values of the process noise matrix elements give a 
low confidence level on the model (or a high confidence 
level on the external GPS measurements), and small 
values of its elements give a high confidence level on the 
model (or a low confidence level on the external GPS 
measurements).   

4.2 RESULTS ANALYSIS  

This paragraph will analyze the INS model based on the 
different graphics that the simulator can generate. Two 
trajectories are shown.   

4.2.1 Parameters  

A trajectory from MFS-2004 is presented in Figure 9 and 
Figure 10. They represent a simulated flight mission from 
Montreal Airport (Canada) with a Cessna 172 and with a 
duration of 205 seconds.  

 

Figure 9 - MFS-2004 trajectory  

 

Figure 10 - True mobile 3D trajectories for Flight 
Simulator trajectory  

The second trajectory is generated with the X-plane 
Software and is presented in Figure 11 and Figure 12. 
They represent a simulated flight mission from the Los 
Angeles Airport (USA) with a Cessna 172 and with  a 
duration of 105 seconds.  

 

Figure 11 - X-plane trajectory  



  

Figure 12 - True and model-defined mobile 3D 
trajectories for the X-plane trajectory  

Figure 10 and Figure 12 have shown the mobile true 
trajectory 3D (north, east and altitude) for MFS-2004 and 
X-plane trajectories seen by the simulator.   

The values of the inertial noise sensor parameters are the 
values of the AccelRate3D parameters (MEMSense 
sensor [11] used for the real time implementation). The 
noise for the accelerometer is 35 g/ Hz (X and Z) and 
65 g/ Hz (Y) and for gyrometer 0.05 °/s/ Hz. The

 

range 
for the gyrometers is ±150 °/s. The frequency 
representing the generation rate of the accelerometers and 
rate gyros sensor data is 200 Hz for the two trajectories. 
The variances for the GPS position data (east, north, up) 

are all equal to 0.5 2m , and the variances for the GPS 

speed data (east, north, up) are equal to 0.2
2

s
m . The 

GPS data period is equal to 1 second.  

The frequency of the Kalman algorithm is 200 Hz for the 
two trajectories. The correction period of the navigation 
equation during the integration process (as mentioned 
above, this is related to the feedback correction mode) is 
chosen to be the same as the GPS data period (1 second).   

4.2.2 Results  

At the end of the simulation process, different graphics of 
interest are generated. The mobile position errors on the 
three axes (east, north, up) are presented in Figure 13 
(MFS-2004) and Figure 14 (X-plane), where the position 
is being interpreted in Universal Transverse Mercator 
(UTM) coordinates. The mobile position errors represent 
the errors between the navigation position solutions as 
calculated by the INS model and the true navigation 

position. In the three axes we see that the errors are 
relatively small, the maximum is 4 meters, and they are 
oscillating around zero for both trajectories.  

 

Figure 13 - Mobile position errors for MFS-2004 
trajectory  

 

Figure 14 - Mobile position errors for X-plane trajectory  

Figure 15 (MFS-2004) and Figure 16 (X-plane) show the 
same type of results as the preceding ones but for the 
velocity errors instead of position ones. These results 



 
have the same behavior as those for the position for both 
trajectories. 

  

Figure 15 - Mobile velocity errors for the MFS-2004 
trajectory  

 

Figure 16 - Mobile velocity errors for the X-plane 
trajectory  

The analysis module of the simulator can also generate 
the graphics of the attitude errors in the three axes (roll, 
pitch, and heading), attitude estimated errors and the 
errors covariance.  

 

Figure 17 - Innovation of Position Error for the MFS-
2004 Trajectory  

The different graphics have shown good results but the 
validation of the INS model needs to verify the 
information given by Kalman filter and its optimization. 
The innovation sequence of the position errors or the 
velocity errors graphics can verify this.   

 

Figure 18 - Innovation of Position Error for the X-Plane 
trajectory 



  
The innovation sequences of the position error in the 
navigation filter, for both trajectories, are mostly white 
noise, implying a well tuned filter and proving the good 
working of the extended Kalman Filter. The results for the 
innovation sequence of the velocity error are similar.  

The analysis module of this simulator can also generate 
the graphic of the innovation sequence of the velocity 
error.   

5. CONCLUSIONS  

In this paper, an inertial navigation web-based simulator 
has been presented. This unique simulator is based on a 
modular software defined architecture model. One of the 
main characteristics of the simulator is that the navigation 
algorithms can be tested on a simulated or real post flight 
mission with any kind of dynamic scenarios. An analysis 
has been made with two different flight scenarios on the 
position and velocity errors obtained from the simulator, 
and the influence of the inertial noise sensors has been 
discussed.  

This model has been developed for low-cost MEMS 
inertial sensors research and development, one of the 
major characteristics of these sensors being the presence 
of important drift due to few parameters such as 
temperature variation. In the future, some temperature 
compensation techniques will be included into the 
simulator and performance will be analyzed properly.  

 

Figure 19 - PC104 real time INS demonstrator platform 

As this simulator can be tested on trajectories with 
different dynamics and velocities, the performance of its 
model can be compared to the performance of the real 
time implementation on a low speed mobile vehicle. This 
implementation based on a PC104 hardware platform (see 

Figure 19) is based on a low cost 3 axis inertial 
measurement unit from MEMSense [11]. Further research 
work will compare simulated with real trajectories.   
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