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Abstract: In this paper a design of control software for extreme performance gyro-stabilized pan tilt positioner for electro-
optical systems is presented. This control software is designed to achieve desired extreme performance based on the selected 
sensors and actuators. The short review of the structure of the gyro stabilized positioners is presented. For pan tilt 
positioners for EO (electro-optical) systems, special attention must be paid to the dynamic performance of the positioner in 
order to meet the high demands arising primarily from the need to stabilize LOS (line of sight) due to disturbances to which 
the EO system is exposed, especially at small FOVs (field of view). The generalized structure of the control software is 
defined and the parameters and functions of the key components are discussed. 
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1. INTRODUCTION 

In this paper, a software structure for a pan tilt positioner 
with extreme performance is proposed. Pan-tilt positioners 
are used in many areas where the goal is to precisely point 
the object of interest. The use of pan-tilt positioners in 
electro-optical (EO) systems arises as a result of the need to 
move the same optical system to cover a larger part of the 
space, without losing the performance of the optical system 
itself (resolution, field of view...). 

There are articles related to these topics in the available 
literature [1]–[6], however, details on how to determine the 
structure and input parameters of the control software used 
in the devices are not readily available. Similar principles 
are applied in this article, but the main contribution of the 
research lies in the use of specifics related to the selection of 
hardware and the analysis of the required performance as 
basic inputs for the design of controllers for the target group 
of EO systems. The paper combines analyzes for an 
adequate understanding of control system design problems, 
such as the analysis of required performance and the right 
choice of hardware structure and components. 

After the introduction, the basic concepts of the system and 
its use in electro-optic devices are given. In the third 
chapter, the hardware structure of pan tilt is described with 
the given basic parts. In addition to the general structure of 
pan tilt, both the choice of the shape of the PT and its basic 
hardware parts are described. At the end of the chapter, 
there is an overview of the influence of the control method 
on the selection of the components as well as the method of 

selecting the performance of the system. Then, in the next 
chapter, the structure of the control software is described. In 
addition to the software architecture diagram, both the 
mechanism and the way of controlling the actuators are 
described. In the fifth chapter, the description of the model 
in Simulink is given and the results of the simulations are 
presented. At the end of the paper, a conclusion can be 
found with the direction of further research. 

2. BASIC CONCEPTS OF THE SYSTEM AND 
ITS USE IN ELECTRO-OPTIC DEVICES 

The proposed gyro-stabilized pan-tilt platform is a platform 
with two degrees of freedom [7] consisting of an inner axis 
(elevation axis) with a limited rotation angle (90°) and an 
outer axis (azimuth axis) with an unlimited rotation angle 
(Nx360°). 

 

Figure 1. Platform with two degrees of freedom 
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The basic parts are the mechanical frame that provides the 
ability to move in both axes, then the motors with their 
motor drivers and the controllers. 

The basic block diagram of one-axis control is shown in 

Figure 2. As can be seen from the diagram, actuator control 
is performed through two loops, the inner one for motor 
speed control and the outer one for position. The design of 
the control software includes both control loops and it is 
similar for both axis, azimuth and elevation. 

 
Figure 2. Block diagram of the system model 

EO systems generally consist of one or more sensors and are 
intended for observing objects or areas of interest. In order 
to achieve observability in different conditions (day, night, 
fog...), such systems are equipped with image sensors in 
using different EM spectral wavelength mounted on a pan 
tilt platform. In addition to cameras in the visible part of the 
spectrum, cameras in the MWIR or LWIR spectral range or 
in some cases also in the SWIR part of the spectrum are 
most often added. Also, in addition to these cameras, other 
sensors can be added, such as sensors for geolocation of the 
system (GPS, compass) as well as a device for measuring 
the distance to the observed target (LRF). Fig. 1 shows an 
example of an EO System on a pan tilt platform, which 
consists, beside a camera in the visible part of the EM 
spectrum, a MWIR camera and an LRF. 

 

Figure 3. vMSIS-EO system with visible light camera, 
MWIR camera and laser rangefinder on pan tilt positioner 

The performance of the pan-tilt positioner is particularly 
important in systems with a small FOV, less than a degree, 
where precise positioning is required. Agility, speed of 
movement of the system, stems from the need to move from 
one scene to another in the shortest possible time with same 
FOV (narrow viewing angle). 

During work with EO systems as one of the key components 
that affects the perception of the observer, in addition to 
precise positioning, in order to observe objects of interest, 
image stabilization was also identified, especially in systems 
with a long detection range where viewing angles are very 
narrow. Disturbances occurring in the image of the EO 
system can be roughly divided into low frequency 

disturbances (up to 10Hz) and higher frequency 
disturbances (>10Hz). By implementing different types of 
electronic stabilization such as IMU [8] or video 
stabilization implemented on a signal processing platform 
[9], higher frequency disturbances are successfully 
suppressed, so one of the main challenges is the successful 
elimination of low frequency disturbances. In EO systems 
with LRF, where it is necessary to determine the distance of 
the target, the absence of a stabilized platform in case of 
disturbances, makes the distance measurement very difficult 
because the target moves in relation to the beam of the LRF, 
so it is difficult to hit it. As another example where gyro 
stabilization is necessary is the use of an EO system on a 
moving vehicle or vessel where it is necessary for the 
observed target to remain in the field of view even during 
movement. 

These and similar types of disturbances that occur in EO 
systems can be successfully eliminated by using a gyro-
stabilized pan-tilt platform. 

3. STRUCTURE OF GYRO STABILIZED 
PAN TILT 

The design of the pan tilt mechanical frame is one of the 
important elements for system performance in terms of 
accuracy, durability, reliability, speed, size, weight and cost. 
Due to the diversity of optical components within the EO 
system, (dimensions, mass distribution, shape, etc.) the very 
arrangement of the center of mass (CM) of the equipment as 
a whole is of big importance. It is very important that all 
components behave as one body with CM in the axes of 
rotation. If there is a small imbalance of the equipment, 
depending on the distance from the axis of rotation, the pan-
tilt performance can be degraded. Disadvantages in the CM 
layout are reflected in the pan-tilt design, engine selection, 
shape and robustness of the structure, etc. Imbalances 
caused by inadequate arrangement of equipment require 
motors with higher torque, which increases the size of the 
motor itself and the whole system. 

A "U"-shaped platform was proposed in order to achieve 
better dynamic performance, a smaller moment of inertia of 
the entire system, which is very important on platforms 
mounted on a moving vehicle or vessel. Additionally, 
experiences with T-shape platforms mounted on a telescopic 
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pole show that the T-shape approach has major drawbacks. 
Due to the large moment of inertia of the system, which is a 
consequence of its shape (mass distributed on the larger 
arm), problems arise in the stability of the system on an 
insufficiently rigid base such as a telescopic pole. 

Pan-tilt architecture with the equipment inside the structure, 
U shape pan-tilt enables the manipulation of heavier 
equipment. In U shape pan-tilt, due to the layout of the 
equipment within the system structure, it is possible to 
better arrange the CM equipment, which, as already stated, 
is of great importance for the performance of the whole 
system. Motors with smaller dimensions and a larger 
number of poles provide the possibility of high-resolution 
stabilization. 

 

Figure 4. U-shape pan-tilt example 

Within the axle driving system, there are several ways to 
transfer torque from the engine to the drive axles. Belt or 
gear transmission applications are common. The 
disadvantage of such a transmission is the delay caused by 
the elasticity of the material from which the transmissions 
are made, as well as gaps. As a solution, we come across 
with the latest generation of direct drive motors. Direct 
drive motors have a great advantage over other motors in 

that they are directly connected to the torque transmission, 
to the shaft. 

 

Figure 5. Direct Drive motor 

In order to avoid the influence of the drift of the gyroscope 
[10] and to maintain the level of accuracy of the positioning 
of the platform in both axes, it was foreseen that there are 
two operating modes of the platform, with gyro stabilization 
on and off. In the operating mode with the gyro stabilization 
off, the position is maintained using a high-resolution and 
accurate encoder. In the mode with gyro stabilization on, 
maintenance of the set position is performed using the 
gyroscope added on encoder position. Therefore, two 
position sensors, a gyroscope for operation in stabilized 
mode and a precision encoder for operation in non-
stabilized mode, are required. 

A complete block diagram of the motor control and 
controlling hardware is presented in the following figure 

 
Figure 6. Block diagram of components along one axis of rotation 

For the necessary signal passage of both power supply and 
communication through the azimuth axis, and since it is 
necessary to ensure Nx360° rotation, a slip ring is necessary 
[11]. 

The stabilization performance must be defined so that the 
stabilization error does not affect the characteristics and 
performance of the EO system itself. 

Observing the LRF, in order to ensure accurate 
measurement of the target distance by the LRF, it is 
necessary that the stabilization error be smaller than the 
beam divergence of the LRF itself so that the target remains 
within the given beam. 

As for cameras, in order to avoid blur caused by the 
movement of the scene during the exposure of a single 
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frame, the movement of the scene must be less than 1/3 of 
the visual angle of one pixel. 

For the simulation, the load in the elevation axis is 
approximated by a cube with a mass of me=5 [kg] and a side 
of a=0.1 [m], which, according to (1), gives elevation 
moment of inertia Ie: 

   (1) 

Considering that it is proposed the U shape pan tilt, we can 
consider that from the point of view of the azimuth axis, the 
load can be approximated by a cylinder with total mass and 
dimensions equivalent to the sum of the masses and 
dimensions of the payload itself and the mechanical 
construction of the elevation axis, including the motor and 
sensors (encoder, FOG...). Therefore, the total mass for the 
azimuth axis is taken as ma=12 [kg] and the radius of R=0.2 
[m] which, according to the (2) for the moment of inertia of 
the cylinder, gives: 

  (2) 

4. CONTROL SOFTWARE STRUCTURE 

Typical embedded system software consists of several 
modules, most often implemented in C or C++. C/C++ lends 
itself well to hardware modules such as peripherals such as 
motor drivers or position sensors. These modules are 
usually universal and are only tied to the specific hardware 
being used. 

On the other hand, control algorithms as software modules 
are specific to a given system and must be simulated and 
verified in order to achieve the best possible performance. 

The block diagram of the firmware for the controller [12] is 
given in the following figure: 

 

Figure 7. FW controller architecture 

At the bottom is the Board demonstration and HW 
Components layers, which contain drivers for the hardware 
components of the system, both on the controller board 
itself and on additional external boards. 

Above that are Drivers which contain low-level drivers and 
hardware interface methods for interacting with higher 
layers. 

Middleware contains components and libraries that are used 
both for management and for other higher layer functions 
such as USB Host, FreeRTOS, UART... 

On top is a global application layer that enables real-time 
interaction and serves all lower layers. 

In the application layer, communication with the operator is 
implemented according to a specially defined protocol. 
Through the communication protocol, it is possible to set 
the desired azimuth and elevation position both in stabilized 
and non-stabilized mode (absolute movement) as well as 
continuous speed along both axes with and without 
stabilization (continuous movement). It is also possible to 

change the operating mode from stabilized to non-stabilized 
and vice versa. As feedback from the system, the protocol 
can read the current azimuth and elevation angles as well as 
the operating mode (stabilized or non-stabilized). 
Communication with the operator takes place via the serial 
communication channel. 

The implementation of management algorithms is in the 
middleware and application layer 

Direct drive motors are controlled using FOC (Field 
Oriented Control) control [13] [14]. The implementation of 
FOC control allows the BLDC (BrushLess Direct Current) 
motor to operate more efficiently, with less torque ripple. 
The basis of such control is the placement of the stator 
magnetic field orthogonal to the rotor field, which achieves 
the biggest force. The position of the rotor is determined by 
a precise encoder. In order to implement this control 
method, a motor with a sinusoidal bEMF (back Electro 
Motor Force) or a PMSM [7] motor (Permanent Magnet 
Synchronous Motor) is a prerequisite. 
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Figure 8. FOC control of a three-phase PMSM motor 

In the picture you can see the block diagram of FOC control 
operation, where different vector spaces are marked with 
colors. The three-phase rotating vector space is indicated in 
blue, which is transferred to a rotating vector space with two 
orthogonal vectors (green) using the Clark transformation, 
which is transferred to a static orthogonal vector space (red) 

using the Park transformation. Then the control signals are 
returned to the vector space of the motor by inverse 
transformations. 

The architecture of the system envisages the existence of 
several control loops for the one axis as shown in the figure. 

 

Figure 9. Control system design 

5. SIMULATION RESULTS 

As a basis for the simulations for validation of proposed 
control loops, the control model of the PMSM motor was 
taken in Simulink, to which control loops were added, as 
well as the simulation of the behavior of the gyroscope. It 

was considered that the axes are mutually independent, so 
simulations can be performed on each of the axes 
individually with modified load parameters as well as 
differently configured PID controllers. 

 
Figure 10. One axis control loop in Simulink 
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Where the hardware part is isolated and its block diagram is 
given in the following figure: 

 

 
Figure 11. HW part of the model 

The obtained responses to the step excitation are shown in 
the following figures. The motor parameters were taken as 
default from Simulink, while the PID controllers parameters 
got initially using the Ziegler Nichols method [15] and 
adjusted in order to get better performance. 

The input is marked in red, while the response is given in 
blue. 

 

Figure 12. Step response to set speed - elevation 

 

Figure 13. Step response to set position-elevation 

 

Figure 14. Position step response with gyroscope - 
elevation 

As can be seen from the images, the system reaches the set 
position and speed and successfully follows the disturbances 
caused by the gyroscope. A frequency of 10Hz was taken as 
the disturbance of the gyroscope. The signal from the 
gyroscope can be considered as superimposed on the input 
reference.  

In next figures step responses in azimuth axis are presented. 

 

Figure 15. Speed step response - azimuth 
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Figure 16. Position step response -azimuth 

 

Figure 17. Position step response with gyroscope - 
azimuth 

In position step response in azimuth axis overshoot is 
present which is consequence of “faster” PID controller 
because of bigger moment of inertia in azimuth axis, so that 
the system could suppress the disturbance from the 
gyroscope. By using ramp instead step, this issue can be 
overcome.  

6. CONCLUSION 

This paper presents the design of a control software for new 
two-axis gyro-stabilized pan-tilt positioner. The presented 
architecture enables positioning and response to challenging 
performance both in terms of position and gyro stabilization, 
which was demonstrated by modeling in the Simulink 
software package. 

Further research on this topic will deal with the 
implementation of the architectures themselves and focus on 
the optimization of both the hardware part and the software 
part, primarily control loops and control methods. Also, 
cross-coupling between axes should be entered in 
calculations. 
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