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Figure 10. Straight maneuver in East direction with altitude increase.
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Figure 11. Straight maneuver in North direction without altitude change.

starts its motion from the different starting point and tries to approach the virtual leading point defined based on the distance 
from the frontal UAV. The obtained results demonstrate the high accuracy achieved by using a hierarchical method of performing 
the maneuver.

To evaluate the controlling sensitivity, state-change controller and coordinated flight, results belonging to the first 100 s of 
sample maneuver as a most critical phase of motion are shown in Fig. 12.

In Fig. 12 the surface deflection of UAVs is compared to the motion beginning. These results show that the guidance-control 
platform played a good role in damping the uncertainty as well as coordinating deflection due to coordinated maneuvers. UAVs 
on the same side have the same deflection approach and contrast those on the opposite side.

Nonlinear Maneuver

For nonlinear analysis, two types of nonlinear circular maneuvers are considered: steady-state level turn, and helical turn. The 
steady state level turn maneuver is performed in a circular motion with a radius of about 4 km and zero rate of climb at a constant 
speed for the leader UAV. In helical maneuver, a circular path is defined with a radius of about 4 km and rate of climb equal to 
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Figure 12. Leader and followers control surface deflection.

0.5 m/s for the leader UAV. According to the results shown in Figs. 13 and 14, it can be observed that although airplanes start their 
motions at different starting points and different altitudes, they start to perform circular motion at an altitude of 1050 m along 
their specified path. Irregularities observed at the beginning of their motion are due to different altitude, the distance between 

Figure 13. Steady state level turn.
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Figure 14. Maneuver motion in a spiral path.

the airplanes and a closed position to the leader UAV at the starting point. Figures 13 and 14 show that, although this maneuver 
started under difficult and unusual initial conditions, great robustness is observed from the proposed algorithm.

Table 5 shows the collision probability for 100 simulations of each maneuver in a variety of initial conditions. These results 
show that the priority basis method has the lesser collision probability and causes the safer coordinated tracking.

Table 5. Collision probability in different maneuvers according to priority.

Maneuver type
Collision probability during 100 simulations (%)

Priority bases Without priority

Steady-state cruise 1.31 9.73

Climb 3.63 15.41

Turn 4.22 19.10

Helical 5.94 21.84

CONCLUSIONS AND FUTURE DIRECTIONS

This paper presented an approach to the design of hierarchical trajectory tracking which sustains specified geometry in 
multiple UAV maneuvers. The objective of this paper is the development of a general framework to implement several formation 
maneuvers due to UAVs relative distance, attitude and mission requirements. It contributes decentralized method to gathering 
all of the UAVs during leader path following. Each UAV tracks the trajectory of its own virtual leader created by the frontal UAV.

We use the guidance-based control in this paper. The main advantage is model-independent execution instead of other model-
based approaches such as inertial angle control or nonlinear control. The model-based approaches are usually associated with 
vehicles dynamics model and are sensitive to the disturbances. Also, the advantage of the proposed method is associated with a 
tracking where the nose is always pointing to the leader and the target will not be missed. This makes a precise tracking with less 
equipment. In the result section, we compare the results from this work and other approaches.

The design is based on compensation-type controllers to minimize tracking errors along the forward, lateral and vertical 
axes. The analysis shows that the availability of the Euler angles from the leader aircraft is critical for the wingman to maintain 
the assigned formation geometry throughout the maneuvered flight. The design has been verified through a set of simulation 
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studies interfacing the aircraft models and the guidance-control schemes in Simulink with a real environment. The results of the 
simulation show a desirable performance of the formation control in maneuvering schemes.

In the control algorithm, all the gains amplitude are computed by Ziegler-Nichols (1942) method in the linear form of the 
equation of motion; but due to great uncertainty used in Aerosonde model, all the gains were tuning manually before the maneuver. 
With several try and error (TAE) methods, the constant gains are regulated around the Ziegler-Nichols magnitude until satisfying 
all types of maneuver. In the case of sensitivity, the guidance-based methods have higher robustness and better response to error 
increasing. The results of NGL, PN and PP are almost in the same range but PN and PP are more robust against the error increasing. 
The PP method has the least leader missing in maneuver situation so this can be a more appropriate structure for this problem.

Although good responses are achieved from designed guidance and control system, some limitations are neglected. 
Communication range between UAVs, camera resolution, FOV limitation, and time delay of camera object recognition have to 
assign to equations. Future works can focus on designing guidance law and control scheme due to communication and camera 
limitations. Another approach to future works is to derive relative parameters from another sensor such as infrared and ultrasonic 
to perform camera data fusion due to camera uncertainty. For PID gains in the nonlinear platform, we suggest some gain scheduling 
methods such as fuzzy PID and Neuro-fuzzy method, using the variable coefficients instead of constant coefficients to increase 
controller performance. There is a considerable trade-off between coordinated flight and guidance method at the beginning of 
formation maneuvers when UAVs start a formation from different initial points. All guidance commands try to solve a minimum 
time problem while coordinated commands make a different situation. The transient patterns can be introduced as another future 
work related to fuzzy or optimal control as well as heuristic methods.
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