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Abstract-In this paper, two passive fault tolerant controllers based on Sliding Mode Control theory are designed for AscTec Pelican quadrotor. The first controller is a regular Sliding Mode Controller (SMC) that uses the robustness of SMC and its insensitivity to model uncertainties and disturbances to tolerate two different types of actuator faults. The latter controller is a cascaded SMC (CascSMC) with an inner loop fast SMC controlling the velocity system and tolerating its faults, and an outer loop SMC controlling the inner system (inner SMC and velocity system) with integrator. To tune the parameters of the controllers for their optimal values, a bio-inspired search algorithm called Ecological Search Algorithm (ESA) is used. SIMULINK results show that the proposed controllers are successful in controlling the quadrotor performing a helical path in the space in presence of two different actuator faults. Tests show that the cascaded SMC outperforms the regular SMC in handling tougher faults by compensating them quickly in its fast inner loop.

I. INTRODUCTION

The increasing use of unmanned aerial vehicles in military as well as in civil applications emphasize the importance of fault tolerant controllers. UAVs functioning in environments hazardous to humans need powerful controllers able to overcome normal flying conditions as well as complicated aerodynamic situations, high disturbances, and hardware faults. In their summarizing article [START_REF] Zhang | Fault tolerant flight control techniques with application to a quadrotor uav testbed[END_REF], Zhang and Chamseddine present some fault tolerant control tested in simulation environment and implemented on Qball-X4 testbed in presence of real actuator fault. The fault is a partial loss in the control effectiveness of one or more actuators, and is injected either by scaling down the control inputs in simulation, or by breaking the tip of one of the Qball-X4 propellers. The methods vary between passive and active FTCs; passive FTCs include Sliding Mode Control (SMC) and Backstepping Control (BSC), whereas active FTCs include Gain-Scheduled PID, Model Reference Adaptive Control, Model Predictive Control, and Flatness-based Trajectory Planning/Re-planning. No fault detection and diagnosis (FDD) design is presented in the article, but readers were directed to refer to other recent articles of the same team. Experimental results emphasize the good performance of the SMC based passive FTC algorithm, where only a small deviation in quadrotor height is seen at the fault occurrence due to a damage in propeller 4. The fault was tolerated and its effect was canceled in the remaining flight time, however no information about the fault magnitude is provided. In [START_REF] Wu | Fault tolerant control for uncertain time-delay systems based on sliding mode control[END_REF] authors proposed an SMC based passive fault tolerant control scheme for a class of uncertain systems with time-varying state-delay. The core of the method is to derive a delay dependent sufficient condition for the existence of the sliding surface used in the controller design. To reach this goal, the feasibility of some linear matrix inequalities (LMIs) is used. Simulation results on an approximate linear model of the lateral dynamics of an aircraft show the effectiveness of the new controller able to compensate parametric uncertainties, actuator faults, and disturbances. Another approach for SMC based passive FTC could be done using decentralized control theory as in [START_REF] Youssef | Piecewise sliding mode decoupling fault tolerant control system[END_REF]. Authors use decoupled sliding-mode method enhanced by piece-wise linear sliding mode to control the 3-tank system divided into two subsystems. Tests show that the controller is not affected by network delays and can be used as fault tolerant controller. In [START_REF] Li | Passive and active nonlinear faulttolerant control of a quadrotor unmanned aerial vehicle based on the sliding mode control technique[END_REF], Li et al. designed passive and active sliding mode fault tolerant controllers developed using augmented sliding mode techniques and by combining integral action in the SMC design. The two approaches are then tested in simulation environment and practically on Qball-X4 system model under small actuator fault or propeller damage. In addition, a detailed comparison showing the advantages, disadvantages, and limitations of each type is addressed. Because of the low level of hardware redundancy of quadrotors, small level of faults are injected in the testbed. Simulation and implementation tests show that both controllers were able to drive the quadrotor under propeller damage, but the active approach showed better tracking performance. In the active FTC design, only the reconfigurable SMC is shown and no FDD scheme is presented. The faulttolerance property of sliding mode controllers is investigated in [START_REF] Li | Passive and active nonlinear fault-tolerant control of a quadrotor unmanned aerial vehicle based on the sliding mode control technique[END_REF]. Both passive and active FTC's were tested. In passive FTC, the inherent robustness property of the SMC is used for fault tolerance. On the other hand, the active SMC switches to different pre-designed controller whenever a fault is detected. Simulation and experimental results emphasize the effectiveness and robustness of both algorithms; still the active FTC is more robust and showed better tracking performance in presence of faults. In [START_REF] Mahjoub | Set point stabilization of a 2DOF underactuated manipulator[END_REF] and [START_REF] Yu | Cascade sliding mode control for bicycle robot[END_REF], authors developed a cascaded SMC for the stabilization of a 2DOF under-actuated manipulator and a bicycle robot. Both papers use multi-layer interlaced sliding surfaces to construct the control of two under-actuated systems. Simulation results provided in both papers demonstrate the effectiveness and the robustness of the proposed algorithms. In [START_REF] Das | Sliding mode approach to control quadrotor using dynamic inversion[END_REF], a twoloop controller is developed for quadrotor control. The new controller has an inner feedback linearizing control loop which controls and stabilizes altitude and attitude of the quadrotor, and an outer sliding mode control loop controlling the position of the quadrotor. Simulation showed acceptable results for this controller despite the presence of external disturbances.

II. QUADROTOR DYNAMICS

A quadrotors is an under-actuated rotorcraft that uses four propellers to move in space. A typical dynamic model of the quadrotor is [START_REF] Bouabdallah | PID vs LQ control techniques applied to an indoor micro quadrotor[END_REF] 

ẍ = U 1 m .(sinψ.sinϕ + cosψ.sinθ.cosϕ) (1) ÿ = U 1 m .(-cosψ.sinϕ + sinψ.sinθ.cosϕ) (2) z = U 1 m .cosθ.cosϕ -g (3) 
φ = I y -I z I x . θ. ψ + I rotor I x . θ.γ + U 2 I x (4) θ = I z -I x I y . φ. ψ - I rotor I y . φ.γ + U 3 I y (5) ψ = I x -I y I z . φ. θ + U 4 I z (6)
Note that aerodynamic forces are not considered here. U 1 , U 2 , U 3 , and U 4 are the controls, and γ is defined as

disturbance with γ = U 1 -U 2 + U 3 -U 4 .
The coordinates of the quadrotor with respect to a base frame are x, y, and z, and ϕ, θ, and ψ are respectively the roll, pitch, and yaw angles of the quadrotor. I x,y,z are the quadrotor moments of inertia with respect to the corresponding axis. m is the mass of the quadrotor, g is the gravitational constant and φ, θ, and ψ are the rate of change of roll, pitch and yaw angles. Table I shows the parameters of the quadrotor. The maximum thrust of the quadrotor is given by the constructor as 15,7 N which is used to bound U 1 control.

III. SLIDING MODE CONTROL OF QUADROTOR

In this section, two sliding mode-type controllers are developed for quadrotor control. The first controller is a regular Sliding Mode Controller with one sliding surface for each control variable. The second controller is a cascaded Sliding Mode Controller with two regular SMCs for each control variable. In the latter controller, speed control is ensured by a high speed inner loop SMC, while position control is performed by an outer loop SMC. Figure 1 shows the proposed controller used to control the quadrotor height.

The cascaded controllers developed in [START_REF] Mahjoub | Set point stabilization of a 2DOF underactuated manipulator[END_REF] and [START_REF] Yu | Cascade sliding mode control for bicycle robot[END_REF] differ from the one designed in this paper in that they use the same control input for all the states of the systems. Moreover, both controllers use multiple layer interlaced sliding surfaces in the generation of the SMC. On the other hand, the proposed cascaded SMC generates a different control input for each state, it also requires a sliding surface for the position state and another sliding surface for its derivative (velocity). 

A. Design of Regular SMC

For simplicity, dynamic equations of the quadrotor are expressed in the form

Ẍ = f (X) + g(X).u(t) (7) with X = [x, y, z, ϕ, θ, ψ] T , u(t) = [0 0 U 1 U 2 U 3 U 4 ] T is the control input, g(X) = [ 0 0 cos(ϕ).cos(θ) m l Ix l Iy l Iz ] , and 
f (X) = [0, 0, f 1 (X), f 2 (X), f 3 (X), f 4 (X)] T with f i (X) =          -g, for i = 1 Iy-Iz Ix . θ. ψ + Irotor Ix . θ.γ, for i = 2 Iz-Ix Iy . φ. ψ -Irotor Iy . φ.γ, for i = 3 Ix-Iy Iz . φ. θ, for i = 4 (8) 
The SMC control law has two parts, the discontinuous control used to drive the system states towards a predefined sliding surface s = 0, and the equivalent control responsible for maintaining the system on the surface for the subsequent time, or u = u eq + u dis . The sliding surface is designed such that the system represents a desirable behavior when trapped on. Let V = (1/2)s 2 be a positive definite Lyapunov function, if V is negative semi definite then the sliding condition is satisfied. The sliding surface is chosen as s = ė+c.e, with e = x d -x for x = ϕ, θ, ψ, and z. The derivative of the Lyapunov function is

V = s. ṡ = s.(ë+c. ė) = s.(ẍ d - ẍ + c. ė).
With ẍd = 0, for V to be negative semi definite -ẍ + c. ė should be less than zero. The equivalent control of variable i is then calculated using the quadrotor dynamics,

-Ẍi + c i . ėi ≤ 0 ⇒ -f i (X) -g i (X).u i (t) + c i . ėi ≤ 0 ⇒ u eq i = c i . ėi -f i (X) g i (X) (9) 
The switching property of the signum function is then used to construct the discontinuous control as

u disi = -k i .sign(s i ) (10) 
Where k = [k z k ϕ k θ k ψ ] is a positive gain affecting the conversion speed of the discontinuous control. To cancel the effect of discontinuities generated by the signum function, saturation function which smoother transition is used

u disi = -k i .sat(s i ) (11) 
Note that the quadrotor angles are restricted between -18 • and +18 • , as will be shown later in the paper, so none of the g(X) elements equals zero.

B. Design of Cascaded SMC

In cascaded SMC, the controller has a double closedloop structure: the control process is distributed between two regular Sliding Mode Controllers. The inner loop SMC is a velocity controller having the desired velocity vector generated by the outer SMC as input, and controlling the quadrotor system with velocity output. The outer loop has the desired position as input and the inner loop with the integrator generating the actual position as controlled system. The inner loop SMC design procedure starts by defining the inner sliding surface

s (inner) = e v + c (inner) . ∫ e v (τ ).dτ (12) 
Where e v is the velocity error vector with e v = ė. V = (1/2)s 2 (inner) is a positive definite Lyapunov function and its derivative is

V = s (inner) . ṡ(inner) = s (inner) .( ėv + c (inner) .e v ) = s (inner) .(ë + c (inner) .e v ) = s (inner) .(ẍ d - ẍ + c (inner) .e v )
. Similar to calculations in regular SMC, the equivalent controller of variable i is found as

u eq(inner) i = c (inner) i .e v i -f i (X) g i (X) (13) 
and the discontinuous controller is

u dis(inner) i = -k (inner) i .sat(s (inner) i ) (14) 
Note that the controls found here are identical to those found in the regular SMC except that the error e v will be found from the outer loop sliding mode controller (refer to Fig. 1). Similarly, outer loop controller design requires the definition of a suitable outer sliding surface, the calculation of equivalent control, and the definition of discontinuous control. Define the outer sliding surface,

s (outer) = e + c (outer) . ∫ e(τ ).dτ (15) 
Where e = x d -x for x = ϕ, θ, ψ, and z. The derivative of the Lyapunov function V = (1/2)s 2 (outer) is V = s (outer) . ṡ(outer) = s (outer) .( ė + c (outer) .e) = s (outer) .( ẋdẋ + c (outer) .e). If this derivative is negative definite

ẋd eq(i) = ẋi -c (outer) i .e i ( 16 
)
This is the equivalent ẋd that will be used as reference for the inner loop (refer to Fig. 1). The discontinuous part of ẋd is

ẋd dis(i) = -k (outer) i .sat(s (outer) i ) (17) 
e v of the inner control of variable i (eqn. 13) is then found as

e v i = -c (outer) i .e i -k (outer) i .sat(e i +c (outer) i .
∫ e i (τ ).dτ ) (18) Finally, the control input of the quadrotor is

u i (t) = c (inner) i .e v i -f i (X) g i (X) -k (inner) i .sat(e v i + c (inner) i . ∫ e v i (τ ).dτ ) (19) 
IV. TUNING THE CONTROLLERS In this section, the previously designed controllers are tuned using a bio-inspired stochastic search algorithm. In the regular SMC controller, there are two positive parameter vectors that need to be tuned: the sliding surface slope vector c, and the discontinuous control convergence vector k. These vectors contain elements for each control variable, mainly

we have c = [c z c ϕ c θ c ψ ] and k = [k z k ϕ k θ k ψ ].
Vectors c and k should be tuned carefully in order to ensure the reachability condition. In the case of cascaded SMC, both inner and outer loops have the two vectors; the number of variables that need to be tuned in this case are 16. Tuning the SMC controllers is an optimization problem where the user searches for the optimal values giving the best response of controllers. Moreover, this is a blackbox problem: although the quadrotor dynamic equations are well known, it is impossible to predict the effectiveness of the controller with new values until it is implemented and tested. Biologically inspired search algorithms make use of many random decisions, they also search iteratively and experimentally and the values are found as approximations to the optimal ones. This means that with each iteration, the algorithm gets closer to the optimal values. In this paper, Ecological Systems Algorithm (ESA) [START_REF] Merheb | Novel bio-inspired stochastic tuning of a quadrotor PD controller[END_REF] is used to tune the quadrotor controllers (Fig. 2). In natural ecological systems, a group of animal species and natural phenomena interact so that all the species benefit. A herbivores herd searching randomly for the best foraging location is conducted to this location by means of randomness, high speed, and perhaps diffusion of the herd when a carnivores group attacks it. To tune the controllers using ESA, the candidate solutions generated randomly are imitated by a herd of herbivores (zebras for example) that moves randomly searching for the best foraging place. Each element in the herd has two coordinate variables (showing its position), a health and an age variables. By randomly changing the coordinates of an individual, it moves in the environment searching for food. The concentration of food at each location is checked by using the x and y coordinates of this location as c and k values of the sliding mode controller. This controller is then used to control the quadrotor, and a fitness function using state errors is formed. If the fitness function gives high value (i.e. c and k are close to optimal ones), it means that the individual has moved to a location with better fitness function value, so its health increases and it breeds resulting in a new "baby" individual at that location. On the other hand, if the new location has worse fitness value, the individual health decreases and no baby is delivered. If the fitness value of the individual location is higher than a given threshold, its health increases even if it comes from a better location. Whenever an individual health value drops below 10, this individual dies (Fig. 3). Moreover, each individual has a life of 10 moves; after ten moves the individual dies regardless its health value. After a while, all the population will be gathered in the highest fitness value location thus the optimal c and k vectors are found. Under some conditions, the herbivores population is trapped in local minimum where the fitness value is high but might not be the highest in the environment. Here, there is a need of an external factor that moves some herbivores individuals out of the local minimum to keep on searching for better locations. This factor is a carnivores population (a lion herd for example) added to the environment. Carnivores population individuals have the same variables a herbivores individual has; they also move randomly in the environment searching for herbivores preys (Fig. 3). Whenever a carnivores individual becomes close to a herbivores prey (within predefined distance), it attacks it and a health comparison is applied. If the herbivores individual is healthier it manages to escape the fight to a random direction but with injuries that decrease its health. The carnivores health is also decreased as a result of famine, but it follows its prey trying to attack it again. On the other hand, if the carnivores health is more, it manages to eat the herbivores individual resulting in the death of the prey, an increase in the predator health, and the birth of a new predator baby. More information on ESA and its application can be found in [START_REF] Merheb | Novel bio-inspired stochastic tuning of a quadrotor PD controller[END_REF]. The fitness function used to check the effectiveness of a value group is a Mean Squared Error based fitness function. Candidate Vectors c and k values are used to control the quadrotor, the mean squared error of each variable (z, ϕ, θ and ψ) is calculated, and the total fitness is found as follows,

F itness i = 1 ∑ tf t=0 e 2 it size(Ei) + 0.1 ( 20 
)
Where i is the control variable (z, ϕ, θ or ψ), and e it is the deviation of the variable i from its desired value at time t. For regular SMC ESA tuning, the environment borders of ϕ, θ and ψ are [0. When an agent eats, its health is increased by a factor of 3 (AugA); when it doesn't eat in an iteration, its health decreases by a factor of 0.98 (DecA), and by a factor of 0.8 (Dec) when it survives a predator attack. On the other hand, the predator health increases by a factor of 1.2 (Aug) if it eats, but decreases by 0.8 (DecP) when it doesn't manage to eat in an iteration. Each individual has a life of 10 iterations and a health threshold value 20. A fitness value of 1 is the minimum accepted value to increase the health of a herbivores individual (EpsF), and a population of 4 is the minimum accepted population for the algorithm to continue its execution. Table II, table III, and table IV show respectively the parameters used in ESA to tune the cascaded SMCs of quadrotor, and the best c and k vector values for both regular and cascaded SMCs. ESA parameters are set by trial and error; for example by decreasing the parameter AugA below the optimal value agents loose rapidly their health and the algorithm fails to find the optimal region. On the other hand, by increasing AugA over the optimal value, agents found in bad regions survive many iterations and it takes ESA a long time to find the optimal region. ESA tuning Step size 0.5 of the regular SMC was done in one step, while tuning of cascaded SMC was done in two steps; in the first step ESA is used to find only angles' c and k vectors. After tuning the angles, the controller vectors are used to search only for z values. The fitness function is found by studying the step response of the quadrotor using optimal c and k vectors with inputs of z = 1m and ϕ = θ = ψ = 0.3rad all starting at t = 1sec. Regular and cascaded SMCs tuned with ESA are used to control the quadrotor performing an ascending helical path in the space. Figure 4 shows the 3D desired and actual paths of the quadrotor using cascaded SMC. Regular SMC controlled quadrotor exhibits the same response. The helical path is defined by 

A PD controller is used in the tracking of the desired path. Note that all the internal quadrotor variables are controlled by SMC and CasSMCs, and PD controller is enough for the time being to show the trajectory tracking. The desired angles are found using equations ( 7) and (2) after setting the heading ψ d to zero

ϕ d = arctan( -ÿ √ (ẍ 2 + (z + g) 2 ) ) (24) 
θ d = arctan( ẍ z + g ) (25) 
Where ẍ, ÿ, and z are the output of the PD position controller

ï = k ip .(i d -i) -k id . i (26) 
Where i is x, y, or z, and k ip = 10 and k id = 30 are the PD gains. Note that the z output of the PD controller is only used to fulfill ϕ d and θ d equations and not used to control the height of the quadrotor. The results above are obtained while taking into consideration the physical constraints of the system provided by the manufacturer of the Asctec Pelican quadrotor with maximum rotor velocity of 523 rad/s, and angles interval between -18 • and +18 • (±0.31rad). The motor voltages are also bounded to 12 volts.

V. SLIDING MODE PASSIVE FAULT TOLERANT CONTROL OF QUADROTOR

The main feature of sliding mode control is its insensitivity to parameter variations and disturbances. If parameter variations result from physical deformation (deflection), we say that the system is subjected to faults. In this section, the fault tolerance property of the regular and the cascaded SMCs is tested. Two different types of faults are considered separately in this paper, a partial loss of motors' speed resulted from rusted shaft, and a partial loss in supply voltage of motors caused by power problems. These faults result in a partial loss of effectiveness for the infected rotor. Tests show that both regular and cascaded SMCs have good fault tolerant properties. For one motor fault (injected in motor 1 at t = 40s), both regular and cascaded SMC was able to tolerate up to 50 % partial loss in motor speed or supply voltage. However, the angles of regular SMC controlled system are deviated slightly from their desired values (fig. 5) but the controller manages to keep the quadrotor following the desired path in the space. This deviation is proportionally related to the magnitude of the applied fault. The application of two motor faults (injected in motor 1 at t = 40s and motor 2 at t = 70s) revealed the importance of cascaded SMC FTC. This controller was successfully able to tolerate up to 55 % faults of two motors as shown in figure 6. Here also no deviation is seen between the actual variables and their desired values. The regular SMC handled up to 35 % faults in two motors and the quadrotor remain able to follow the helical path despite the small constant errors in the angles that increase with increasing faults.

VI. CONCLUSION

In this paper, the design of two Passive Fault Tolerant Sliding Mode Controllers for Asctec Pelican quadrotor is proposed. Tuning the controllers for the optimal values of variables is done using ESA bio-inspired stochastic search algorithm. SIMULINK results show that cascaded SMC was able to handle more faults than regular SMC. On the other hand, regular SMC has shown small angle error that increases with increasing fault magnitude. The two-loop configuration of cascaded SMC allows the quick compensation of the fault in the fast inner loop when the fault is still in the velocity phase. 
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 1 Fig. 1. Cascaded SMC control of the height.
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 2 Fig. 2. Tuning the controllers using ESA.
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 10 for both x and y intervals, and [1 20] for x interval, and [30 200] for y interval of z environment. The step sizes of search individuals are 0.5 and 5 for respectively x and y coordinates of z environment, and 0.2 for both coordinates of the remaining variables. The initial herbivores population is 80 individuals, while the predators initial population is only 5 individuals all with initial health of 100. The minimum attack distance is 0.3 for z environment and 0.08 for ϕ, θ and ψ environments.

  x d = 10.cos(0.1t) + 10 (21) y d = 10.sin(0.1t) + 10 (22) z d = 0.1t
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 4 Fig. 4. Path of the Cascaded SMC controlled Quadrotor (no fault).
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 5 Fig. 5. Example of tracking error of regular SMC controlled Quadrotor (theta angle response with 30 % fault at motor 1).
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 6 Fig. 6. Cascaded SMC controlled Quadrotor angles response (2 faults of 55 %).