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Abstract:

This paper deals with the optimal attitude control problem for quadrotor unmanned air vehicles (UAV) with unknown
nonlinear dynamics subject to component and actuator faults. The proposed integrated optimal fault tolerant control
(FTC) scheme is based on reinforcement learning (RL) algorithm, without requiring prior knowledge of the system
dynamics. To solve the Hamilton-Jacobi-Bellman (HJB) equation, an identifier-critic-based online RL strategy is
employed with a dual neural network (NN) approximation structure. The forgetting factor in the proposed identifier
update law is variable and dependent on the state estimation errors and measurement noise estimation. Choosing this
variable forgetting factor increases the convergence speed and decreases the estimation error of identifier NN weights
compared to the constant one while maintaining its robustness. When a fault occurs, the system continues to operate
under the former control policy until the fault is detected. On the other hand, the optimal control design in the RL
framework requires the initial stabilizing control condition. In order to make it possible to initiate the control learning
process from the former applied FTC, this condition is relaxed by leveraging a stabilizing term in the critic update law.
The Uniformly Ultimately Boundedness (UUB) of identifier and critic NN weight errors and, as a result, the
convergence of the control input to the neighborhood of the optimal solution are all proved by Lyapunov theory. In the
proposed method, changes in the values of faults are detected by comparing the HIB error to a predefined threshold.
Finally, the simulation results are given to validate the effectiveness of the developed method.
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1. Motivation of the work

In the last two decades, the use of quadrotor UAVs has
received much attention due to their high
maneuverability, the possibility of vertical flight and low
construction costs in high-risk environments. These types
of UAVs have relatively complex non-linear dynamics,
which are very vulnerable to faults due to the presence of
external obstacles in their environments. Maintaining
system performance when a fault occurs is a key
requirement in critical safety systems. Therefore, in
addition to guaranteeing stability, the control system
must be able to meet the desired optimal performance.
One of the most important challenges in the design of the
fault tolerance optimal control (FTOC) is the lack of
knowledge of the exact model of the system dynamics.
According to the knowledge of the authors, there are few
model-free active FTOC methods in literature that have
investigated the integrated design of fault detection
within an FTOC system [1]. This article seeks to present
a new model-free integrated fault-tolerant attitude control
method based on reinforcement learning for quadrotor
UAVs, which is able to maintain its optimal performance
in the face of both component and actuator faults.

2. Contributions

Compared to previous related researches, the most
important achievements and advantages of the proposed
method can be summarized as follows:

1) The first model-free integrated FTOC method for
attitude tracking of quadrotor that is able to deal with
both loss of effectiveness actuator and component faults
with two sudden and intermittent behaviors.

2) Compared to the supervisory control approach, the
proposed structure does not require the primary
stabilizing controller or any switching in the control law
when the controller adapts to the faulty system.

3) Due to the lack of need to prior knowledge of
quadrotor dynamics and the initial admissible control
policy, it can be used in a wide range of UAVs with
similar dynamic structure.

4) The forgetting factor in the update law of the identifier
neural network (NN) is considered as a variable, which
improves the behavior of the identifier NN weights in
converging to the real values, compared to the fixed one.
Such that, it increases the convergence speed and
decreases the estimation error of identifier NN weights
while maintaining its robustness against the measurement
noise.

5) Detecting the occurrence of a new fault is done
without the need for any filter bank or secondary model
and only based on the residual error value of the HIB
equation.

3. Procedures

In this method, the fault-tolerant optimal tacking control
(FTOTC) problem for the quadrotor is equated to an
optimal stabilizing control problem for a nonlinear
augmented system with affine form, where a discounted
cost function is minimized. The augmented system

consists of quadrotor dynamics and reference trajectory
dynamics. Using this formulation, solving the FTOTC
problem for the quadrotor situation is equivalent to
solving the Hamilton-Jacobi-Bellman (HJB) equation for
the augmented system. Solving the HIB equation requires
knowledge of system dynamics. Therefore, in order to
solve the HJB equation online without the need to know
the dynamics of the quadrotor, an identifier-critic NN
approximation structure has been used. In this structure,
the detector and critic networks are responsible for
approximating the unknown dynamics of the quadrotor
and the optimal value of the cost function, respectively.
Then the FTOTC policy is calculated based on the
approximations obtained from the system dynamics and
the optimal value of the cost function. The training
process in this method begins with identifying the
occurrence of a new fault or its value change, which is
detected by the fault detection unit solely based on the
residual value of the HIB equation.

4. Findings

To assess the performance and efficiency of the proposed
method in controlling the quadrotor attitude, the
simulation results on a quadrotor nonlinear model using
MATLAB software are presented in Section 5.
Examining the behavior of the identifier NN weights
reveals that variable considering the forgetting factor in
the identifier update law has improved its convergence
rate and reduced approximation errors. Furthermore, in
comparison with the data-driven approach [2], the
quadrotor roll angle under the proposed method, with the
same training termination conditions, has converged to
the desired trajectory in shorter times and was able to
track it in both healthy and faulty modes.

5. Conclusion

In this article, a new FTOTC method based on
reinforcement learning algorithm is presented for the
design of quadrotor attitude control system. The
proposed method has been developed using a dual
approximation structure including identifier and critic
NNSs. In comparison to triple approximation structures
including identifier, actor and critic NNs, this structure
exhibits lower computational burden and higher
convergence rate. The forgetting factor in the identifier
update law has been considered variable, which,
compared to the fixed one, has resulted in an increase in
convergence rate and a reduction in the residual
estimation error. In order to eliminate the need to know
the initial admissible controller, a stabilizing term is
employed in the critic NN update law, which provides the
compensation of the fault effect without any prior
knowledge of the fault value and system dynamics.

Using the Lyapunov stability theory, it has been
demonstrated that the tracking error and the identifier and
critic weight errors will be ultimately uniformly bounded.
The simulation results of the proposed method show its
efficiency in the attitude-loop of the quadrotor autopilot.
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