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ABSTRACT: 

For general image sensing applications in avionics, it 

is necessary to keep the line of sight (LOS) of the 

sensor insensitive to the carrier’s body rates. Such 

application requirement necessitates the usage of an 

inertial stabilized plat-form (ISP). Any ISP generally 

consists of a two- or three-axis gimbal system with the 

payload, i.e., sensors or cameras on the inner gimbal. 

The dynamics of such a system are complicated, and it 

is a difficult task to attain the objective of stabi-lization. 

Parameter estimation techniques are used to derive a 

state space model of the gimbal system dynamics from 

the experimented data or design data of the gimbal 

system. In this paper, a state space model is estimated 

using a prediction error method for a cross-coupled 

two-axis inertial stabilization platform and the results 

of both cross-coupled and state space estimation 

method are compared. The model satisfies the 

characteristics of the original system for a required 

frequency range. 
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1. Introduction: 

Every image sensing and target tracking application 

requires an image processing device which is supposed 

to follow and track the target with high precision. Such 

devices are generally placed on moving vehicles which 

cause disturbances in the line of sight (LOS) of sensor 

and also degrade the quality of the image. Inertial 

stabilized platforms (ISP) are employed for the purpose 

of decoupling the movement of the body from the 

sensor’s LOS [1]. The sensor will be placed in the inner 

elevation gimbal, and they are carried by the outer 

azimuth gimbal. The dynamics of such a structure are 

derived using Newton’s second law or Lagrange 

equations [2, 3]. These equations are hard to derive if 

one assumes a dynamic mass imbalance in the system.  

 

Several papers have been published on gimbal dynamics 

assuming a linear and balanced system, but did not 

account for the dynamic mass unbalance which would 

occur once the body starts rotating [4]. A single axis 

gimbal which explained the single axis ISP well, but 

could not extend it to a multiaxis gimbal system is 

presented in [5]. If one assumes all the nonlinearities 

present in the system like friction torque or cable 

restraint torque to be linear or nonexistent, then the 

derived equations of motion will be an approximation of 

the actual systems dynamics and not exact [6]. Hence, 

for such complicated systems one may revert to system 

identification and parameter estimation techniques. This 

requires one to perform an experiment or a series of 

experiments on the actual system and then estimate a 

model of the system which, due to the advances in 

computational techniques and computing devices, will 

give a more accurate model than that obtained 

mathematical derivation. The motive behind 

implementing the parameter estimation techniques is to 

make the ISP system simple by the virtue of 

mathematical complexity so as to achieve better tuning 

of the controllers. In addition to that adopting the 

prediction error method attain that pur-pose better than 

subspace algorithms and facilitates improved 

understanding of the gimbal dynamics [7]. System 

identification was used to find the state space model of  
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the gimbal dynamics, but a balanced gimbal system 

assumed thereby reducing the complexity of it [8]. Here, 

an unbalanced gimbal system is modeled and simulated. 

Then, its parameters are estimated using the prediction 

error estimation method. 

 

2. Gimbal Dynamic: 

The two-axis gimbal is considered as shown in Fig. 1. It 

is placed on the main body via shock absorbers, and the 

outer gimbal is the azimuth gimbal and the inner gimbal 

is the elevation gimbal [1]. The sensor is placed on the 

inner gimbal, and its velocities in y and z direction are 

measured with the help of a rate gyro placed on the 

elevation gimbal. Three sets of coordinate frames are 

attached to each of the body, azimuth and elevation 

gimbals, (i, j, k) to the body, (n, e, k) to the outer gimbal, 

and (r, e, d) to the inner gimbal with A representing the 

inner gimbal, by representing the outer gimbal and P 

represents the main vehicle. The coordinate 

transformation matrices from P to B and B to A are as 

shown. 

 
Fig.1:  Two-axis inertial stabilization system—axis 

representation 

 
Angular velocities are assigned to each frame with 

respect to coordinate their respective planes. The 

equations relating the angular velocities of different 

frames are as follows: 

 
With Eq. (2) representing the transformation between 

main body and outer gimbal, and Eq. (3) is the relation 

between outer and inner gimbals angular velocities. The 

angles η and e are the angles between the outer gimbal 

and the main body and the inner and outer gimbals, 

respectively, with e and g representing the rate of change 

of the angles. 

 

The azimuth and elevation channel relationships are 

derived using the torque equation from Newton’s law 

 
This is the case when the plane in which the object is 

rotated on a stationary frame. When both are rotating, 

the equation becomes 

 
The angular velocities of the main body, inner, and outer 

gimbal are given in the following notations based on Fig. 

1 

 
The inertia matrices of the inner and outer gimbal are 

given under the following notation: 

 
The inertia matrix is not diagonal since mass unbalance 

is taken into consideration. The equation for the angular 

momentum of the elevation gimbal is as given below 

represents the moment of inertia of the elevation gimbal: 

 
From which the torque acting on the elevation channel 

of the gimbal is found to be by Eq. (8) in (5). 
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The load acting on the azimuth gimbal is a combination 

of both the payload and the elevation gimbal. The torque 

acting on it is as follows: 

 

 

 
3. Kinetic Coupling 

In the above equations, the terms of the type Are, Ard, Ade 

denote the inertia terms of the respective gimbals with 

respect to two axes and are called as products of inertia. 

Such terms are zero for symmetrical bodies. In addition 

to the asymmetrical nature of the ISP, angular coupling 

between the two channels is also present, meaning that 

the angular motion with respect to one axis disrupts the 

position of the LOS with respect to another axis. These 

two situations were considered while deriving the torque 

equations. The simulation diagram is shown in Fig. 2. 

 
Fig. 2  Simulation diagram of the system with body rates 

 

5. Simulation and Results 

The two case studies are estimated with different inputs 

using system identification toolbox and obtained 

estimated model and are shown below. Both the original 

and estimated models are tested with the same input, i.e., 

unit step and corresponding output signals are observed 

in each case for elevation, yaw channels and their 

position, stabilization loops. 

Case (i): The estimated state space model with A, B, C, 

and D is given by 

The results corresponding to case (i) are given in Figs. 3, 

4, 5, and 6. In which, subplot shows the original system 

response and (b) subplot shows estimated model 

response characteristics. From the time and frequency 

domain characteris-tics, it shows that the estimate 

system replicates the original system to provide a 

simplified model to tune the PID controllers. 

Case (ii): The estimated state space model with A, B, C, 

and D is given by 

 
Fig. 3  Step position responses of elevation and yaw 

channel a cross-coupled, b estimated 
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Fig. 4  Stabilization loop responses of elevation and yaw 

channel a cross-coupled, b estimated 

 
Fig. 5  Frequency responses of elevation position loop a 

cross-coupled, b estimated 
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