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Abstract 
As high dynamic movement is always accompanied by colored noise which lacks of mathematical 

model, traditional Kalman filtering based on an assumption of white Gaussian noise always faces serious 
divergence. To enhance the performance in high dynamic environment with uncertain colored noise, a kind 
of robust filtering based on H-infinity technology is developed. State model of the algorithm is derived from 
SINS error propagation. Both position and velocity errors are used as the measurements. A simulation 
system which includes a tri-axial turntable and a GNSS signal simulator is used to verify the integration 
design under high dynamic environment. Simulation results proved that both the accuracy and robustness 
of the integration design have been improved significantly. 
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1. Introduction 
Strapdown Inertial Navigation System (SINS) is a kind of dead reckoning method based 

on Inertial Measurement Unit (IMU) [1]. As the navigation error will get accumulated, the 
precision of IMU determines the navigation effect mainly. Global Navigation Satellite System 
(GNSS) is a kind of high precision positioning solution which could provide position and velocity 
information by a single receiver [2]. But the usage of GNSS is limited because of the signal 
attenuation in urban canyon or situation with strong electromagnetic interference. Furthermore, 
the low output rate of GNSS limits its usage in high dynamic environment. SINS/GNSS 
integration mixes their advantages and disadvantages respectively where the Kalman filtering 
(KF) is commonly used [3, 4]. 

High dynamic movement is always accompanied with uncertain colored noise [5]. 
However, traditional Kalman filter relies on the assumption that both process noise and 
measurement noise are uncorrelated white Gaussian noise which will result in the divergent of 
navigation results. Technologies such as robust filtering has been developed to enhance 
navigation performance under high dynamic environment [6, 7]. H-infinity filtering is a kind of 
robust filtering technology which could retard filtering divergence effectively in colored noise 
environment [8]. There is no requirement of noise priori knowledge but just having finite 
bounded energies. H-infinity filtering based on traditional Kalman filtering does not destroy the 
linearity and only need the transformation of the covariance matrix calculation. 

In this paper, a kind of H-infinity Kalman filter algorithm for SINS/GNSS integrated 
navigation system is designed. The process model is based on SINS error propagation. Errors 
of both position and velocity are used as measurements. H-infinity filtering was used to enhance 
system robustness. At last, a comparison of H-infinity Kalman filtering with the traditional 
Kalman filtering has been drawn using a hardware-in-the–loop simulation system. 
 
 
2. Integration Design 

Structure of the integration design is shown in Figure 1. 
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Figure 1. Integration structure 
 
 
SINS algorithm is applied based on gyroscope angular velocity b

ib  and accelerometer 

specific force bf  which acquired from IMU. Errors between SINS and GNSS receiver outputs 

are used as measurements of the filter. Filter estimation outputs will modify the SINS outputs 
which used as the final outputs and feedback to the next SINS iteration at the same time. 
Beside these, L , λ  and h  are latitude, longitude and altitude with L ,   and h  as the 
errors. e / n / uv  are velocities in geographic coordinate (i.e., east, north and up) with e / n / uv  as the 

errors.  ,  and   are craft attitude (i.e., yaw, pitch and roll) from t  frame (True frame or 

navigation frame) coordinate to b  frame (Body frame or craft frame) coordinate. e / n / uΦ  are 

misalignment angles from t  frame to c  frame (Computer frame) coordinate [9]. x / y / zv  are 

velocities in earth fixed coordinate as parts of GNSS receiver outputs. 
 
2.1. Process Model 

Process model of the SINS/GNSS integration is: 
 

 X F X G W&  (1) 
 
where X  is the estimation state variable with covariance matrix P . 
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Where 2

e/ n/ uΦ , 2

e/ n/ uv  and 2
/L / h   are variance of misalignment angles, velocity errors and 

position errors. x / y / z  and x / y / z  are gyroscope drift and accelerometer bias at b  frame 

coordinate with variance 2

x/ y / z  and 2

x/ y / z
 . 

W  is additive zero mean white Gaussian noise of the IMU with covariance matrix Q . 

 

 2 2 2 2 2 2diag ,  ,  ,  ,  ,  

gx gy gz ax ay az

gx gy gz ax ay az

     

     

    



T
W

Q =
 (3) 

 
Where gx / gy / gz  and ax / ay / az  are gyroscope and accelerometer noise process with variance 

2
gx / gy / gz  and 2

ax / ay / az . 

Process noise input matrix G  is given as: 
 

 3 3 3 3 3 3 3 3 3 3
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  (4) 
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State transition matrix F  could be extracted from propagation of misalignment angles, 
velocity errors, position errors and IMU errors which can be expressed as below [10]. 
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Where e / n / uf , e / n / u  and e / n / u  denote the specific force, gyroscope drift and accelerometer bias 

at t  frame, respectively. ie  is the rotational angular velocity of the earth. mR  and nR  used 

above are radius of meridian plane and prime vertical plane which can be calculated as: 
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Where eR  represents the radius of the earth and e  is the earth eccentrity.  
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2.2. Measurement Model 
Measurement model is based on position error and velocity error at geographical 

coordinate which can be expressed as: 
 

 Z HX V  (10) 
 
Where Z  is the measurement given as: 
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The GNSS receiver has velocity outputs at earth ECEF (Earth Centered Earth Fixed) 

coordinate as x / y / z, GNSSv  which have to be transferred into geographical coordinate as e / n / u, GNSSv . 
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The measurement matrix is given as: 
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V  is zero mean white Gaussian noise with covariance matrix R . 
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Where 

e/ n/ uv  are GNSS velocity measurement noises at geographical coordinate which can also 

be expressed as horizontal and vertical noise 
hv  and 

vv  with variances of 2

hv and 2

vv . /L / h  

are GNSS geographical position measurement noises transferred from horizontal and vertical 
noise 

hp  and 
vp  with variances of 2

hp  and 2

vp . 

 
2.3. H-infinity Kalman Filter 

Discretization of the process model and measurement model is represented as: 
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Assume KFT  is the calculation period of the Kalman filter.   and   are given as: 
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Assume ˆ
kX  is the state estimation with variance kP , the recursion algorithm of the H-

infinity filtering can be expressed as: 
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Where k L I  and   12 1max eig T
k k k 

 P H H .   max eig M  means the maximum eigenvalue 

of matrix M . 1   is a parameter used to guarantee the positiveness of kP  and control the 

tradeoff between robustness and precision [11]. The value of   is set as 10 in this system. 
 
 
4. Validation and Analysis 

To verify the integration design, a hardware-in-the-loop simulation system has been 
developed [12]. The system includes a  IMU, a GNSS receiver, a trajectory simulator, a tri-axial 
turntable, a GNSS signal simulator and a navigation computer as shown in Figure 2. 

 
 

 
 

Figure 2. Simulation system structure 
 
 

 
 

Figure 3. Time synchronization diagram 
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The system is built on annular fiber-optic communication network to ensure 
instantaneity [13]. The IMU contains a tri-axial fiber-optic gyroscope and a tri-axial pendulous 
integrating accelerometer with output frequency of 100Hz. The GNSS receiver outputs 
navigation data and PPS (Pulses Per Second) [14] at frequency of 10Hz. The accelerometer 
outputs desired acceleration under external current injection which comes form three electric 
isolated channels on the DC power board [15]. Impulse counter board is used to receive and 
transform continuous impulses come from the IMU [16]. The navigation computer is used to 
receive and synchronize data as shown in Figure 3 and implement the integration algorithm. 

The basic SINS algorithm will be done firstly when the IMU data has been acquired. 

Assume the SINS has output of  ,SINS IMU mx t  and  , 1SINS IMU mx t   at time ,IMU mt  and , 1IMU mt  . So 

navigation results at time ,PPS kt  is available by applying binomial interpolation [17]. GNSS data at 

time ,PPS kt  could be reckoned by the following operation. 
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Initial value of matrix 0X̂  and 0P , alongside with the matrix Q  and R  are set as below. 
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Comparative experiments of H-infinity Kalman filtering and traditional Kalman filtering 

under high dynamic environment have been conducted using the simulation system. 
Comparisons of attitude error, velocity error and position error are shown in Figure 4. 

Attitude error mainly caused by colored noise of IMU under high dynamic environment. 
Comparison of attitude errors indicates that the H-infinity filtering could provide high robustness 
to some extent. IMU noise and GNSS receiver noise affect velocity and position errors mainly, 
expecially the up axis results as the height channel of both SINS and GNSS have low precision. 
Comparison of velocity error and position error indicate that H-infinity filtering has better 
inhibition of up velocity and altitude error divergency, alongside with a modest improvement at 
both velocity and position errors. 
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(a) Attitude error 

 
(b) Velocity error (c) Position error 

 
Figure 4. Navigation error comparison 

 
 
5. Conclusion 

This paper presents a kind of H-infinity Kalman filtering algorithm for SINS/GNSS 
integration method under high dynamic environment. Both designs of the process model and 
the measurement model are linear, which applys to Kalman filtering or any other linear fusion 
technologies. A brief design of H-infinity filtering derived from traditional Kalman filtering is used 
to enhance the robustness performance. Comparative experiments under high dynamic 
environment based on a hardware-in-the-loop simulation system proved that the H-infinity 
Kalman filtering has better robustness than traditional Kalman filtering. 
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