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Fault Severity Based Integrated Fault Tolerant Controller for Quadrotor UAVs

In this paper, we propose an Integrated Fault Tolerant Controller (IFTC) for quadrotor UAVs based on Sliding Mode Passive and Active FTCs, along with Trirotor conversion maneuver. A Sliding Mode Observer is used to detect and estimate actuator faults affecting rotors, and a fault severity based decision station activates the suitable controller. The new controller not only ensures fault tolerance, but also saves actuator resources, and processor computational effort. Simulation results in SIMULINK environment, applied on Astec Pelican quadrotor model, emphasize the performance of the Integrated FTC controller in presence of multiple actuator faults.

I. INTRODUCTION

Active Fault Tolerant Controllers (AFTC) are known for their reliability and ability to handle more severe faults compared with Passive Fault Tolerant Controllers (PFTC). However, high complexity, increasing computational demand, and the extensive use of actuator resources restrict the wide application of AFTCs on real systems.

A novel fault tolerant controller for aircraft systems that ensures both effectiveness and reliability is proposed in [START_REF] Fekih | Fault-tolerant flight control design for effective and reliable aircraft systems[END_REF]. The new technique combines the properties of active and passive FTCs to accommodate faults, and can simultaneously compensate for actuator faults, model mismatch, and parameter variations. The passive part of the controller is designed using sliding mode theory, while the active part is designed using a model reference adaptive approach. The new FTC triggers corrective actions only when necessary, resulting in ameliorated flight effectiveness and better system reliability. Simulations on an aircraft system subjected to various types of fault scenarios show the importance of the proposed scheme. In [START_REF] Cen | Systematic fault tolerant control based on adaptive thau observer estimation for quadrotor uavs[END_REF], a systematic FTC strategy for quadrotor UAVs, that can coordinate various FTC methods, is designed to compensate for failures depending on the fault types and severity levels. Fault Detection and Identification is based on Adaptive Thau Observer that estimates online fault magnitudes. Based on the severity of fault, a passive or active FTC controller is used. For fatal failures, a fault parking strategy is introduced to land the quadrotor vertically 15260, USA jaljaroodi@gmail.com and avoid crash. Simulations carried out with different fault cases demonstrate the performance and effectiveness of the new strategy. Authors in [START_REF] Wang | Adaptive fault-tolerant control for flight systems with input saturation and model mismatch[END_REF] propose a new FTC scheme for simultaneous actuator failures, input saturation, and model mismatch in a flight system. The new control scheme uses adaptive model reference control method incorporated with control allocation. Simulation results emphasize the effectiveness of the proposed scheme.

In [START_REF] Chena | An intelligent self-repairing control for nonlinear mimo systems via adaptive sliding mode control technology[END_REF], an intelligent self-repairing control scheme is proposed for a class of nonlinear MIMO system. The controller has four parts, the nonlinear regulator, the equal controller, the compensator I, and the compensator II. Simulation results on a helicopter with loss-in-effectiveness faults illustrate the effectiveness and feasibility of the proposed control scheme. A novel reconfigurable active FTC system design based on model predictive controller and reference trajectory management techniques is presented in [START_REF] Boussaid | Performance evaluation based fault tolerant control with actuator saturation avoidance[END_REF]. When faults affect an actuator, a new degraded reference trajectory is generated using an optimization algorithm, and the controller calculates new admissible controls. A constraint set and a cost function are established to avoid actuator saturation, and reduce the control energy spent in closed loop dynamics. Simulation results illustrate the effectiveness of the proposed method applied to a hydrothermal system subjected to actuator faults and constraints on actuator dynamic ranges. In [START_REF] Wu | Robust adaptive fault-tolerant control for linear systems with actuator failures and mismatched parameter uncertainties[END_REF], a class of robust adaptive state feedback controllers are constructed for automatically compensating the actuator faults, external disturbances, and mismatched parameter uncertainties in linear systems. Actuator faults include loss of effectiveness, outage and stuck. Simulation results illustrate the efficiency of the proposed fault-tolerant design approach.

II. QUADROTOR DYNAMICS

The dynamics of the quadrotor UAV shown in figure Fig. 1 is where x, y, and z are the coordinates, and φ, θ, and ψ are the altitude variables, and is assumed as disturbance. K f ax , K f ay , and K f az are the aerodynamic friction coefficients, and K f tx , K f ty , and K f tz are the coefficients of the translation drag forces. I x,y,z are the quadrotor moments of inertia with respect to the corresponding axis, m is the quadrotor mass, and g is the gravitational constant. Parameters of the Asctec Pelican quadrotor are shown in table I.

ẍ = U 1 m (sinψsinφ + cosψsinθcosφ) - K f tx m ẋ (1) ÿ = U 1 m (-cosψsinφ + sinψsinθcosφ) - K f ty m ẏ (2) z = U 1 m cosθcosφ - K f tz m ż -g (3) 
φ = I y -I z I x θ ψ + I rotor I x θγ - K f ax I x φ2 + U 2 I x (4) 
θ = I z -I x I y φ ψ - I rotor I y φγ - K f ay I y θ2 + U 3 I y (5) 
ψ = I x -I y I z φ θ - K f az I z ψ2 + U 4 I z (6) 
The controls can be represented by the speeds of the four propellers as

U 1 = b(Ω 1 2 + Ω 2 2 + Ω 3 2 + Ω 4 2 ) (7) 
U 2 = M x = bl(-Ω 2 2 + Ω 4 2 ) (8) 
U 3 = M y = bl(-Ω 3 2 + Ω 1 2 ) (9) U 4 = M z = d(-Ω 1 2 + Ω 2 2 -Ω 3 2 + Ω 4 2 ) (10) 
here Ω i with i = 1, 2, 3, 4 is the speed of motor i. The state vector is taken as X = x ẋ y ẏ z ż φ φ θ θ ψ ψ t , so the dynamics of the quadrotor is expressed in the state space form as

Ẋ = f (X) + g(X)u(t) (11) with u(t) = [U 1 U 2 U 3 U 4 ] t is the control input, g(X) = diag([ cos(φ).cos(θ) m ; l Ix ; l Iy ; 1 Iz ]), and f (X) = diag([f 1 (X); f 2 (X); f 3 (X); f 4 (X)]
) contains the remaining terms of z, φ, θ, and ψ equations.

III. INTEGRATED FAULT TOLERANT CONTROLLER DESIGN

The core of the Integrated Fault Tolerant Controller (IFTC) is the decision station, that evaluates fault information provided by the Fault Diagnosis and Identification (FDI) unit, and decides which controller is optimal to deal with the emerged situation. The FDI unit is a Sliding Mode Observer that can detect online the faulty actuator, and estimate the fault magnitude. The first controller used for fault-free and small fault magnitude situations is the Passive FTC Sliding Mode Controller (PFTCSMC). Here, small-magnitude faults are assumed as matched disturbances, which are compensated using the inherent robustness of sliding mode theory.

When fault values exceed a given threshold, the decision station activates the Active FTC Sliding Mode Controller (AFTCSMC) that uses fault magnitudes to tackle their effects on the UAV. Whenever a rotor is infected with a critical fault, the decision station activates the third controller, an emergency controller, which turns the infected rotor off and controls the quadrotor UAV as a trirotor. Critical faults are total failure of rotors, or actuator faults that approach the maximum fault values compensated by the AFTCSMC.

A. Passive FTC Sliding Mode Controller

The Passive FTC Sliding Mode Controller is chosen as II. For more information about ESA, its application to find gain values of PFTCSMC, along with its stability analysis readers are directed to [START_REF] Merheb | Passive fault tolerant control of quadrotor uav using regular and cascaded sliding mode control[END_REF], [START_REF] Merheb | Novel bio-inspired stochastic tuning of a quadrotor PD controller[END_REF], and [9].

u = g -1 (X) Ẋd + ce -f (X) -ksat(s) (12) 

B. Active FTC Sliding Mode Controller

When the quadrotor UAV system is affected with loss of effectiveness fault, its dynamics can be shown as

Ẋ = f (X) + g(X)[u(t) -u f ] (13)
where u f is the control loss. The Active FTC is an update of the previous controller, and uses the fault magnitudes to reconstruct the control according to the following equation

u = g -1 (X) Ẋd + ce -f (X) + u f -ksat(s) (14) 
To find a parametric interpretation of the control loss, the control-speed relation of the UAV will be used. Controls can be expressed in terms of the motor speeds as u = ΓΩ or

u =     b b b b 0 -bl 0 bl bl 0 -bl 0 -d d -d d         Ω 2 1 Ω 2 2 Ω 2 3 Ω 2 4     (15)
When a fault affects motor speeds, one can show the control loss as

u -u f = [Γ -Γ f ]Ω (16) 
Γ f is the control distribution matrix affected with fault

Γ f =     f 1 b f 2 b f 3 b f 4 b 0 -f 2 bl 0 f 4 bl f 1 bl 0 -f 3 bl 0 -f 1 d f 2 d -f 3 d f 4 d     (17) 
where

f i = E i 100
is the percentage of error in motor i. One can express the faulty control distribution matrix as Γ f = ΓIF where F 1×4 is the faults vector. The control loss is then found as

u f = ΓIF Ω (18)
The output of the AFTCSMC controller used to compensate large faults is then

u AF T CSMC = u + u f or          u AF T C1 = u 1 + b(F 1 .Ω 2 1 + F 2 Ω 2 2 + F 3 Ω 2 3 + F 4 Ω 2 4 ) u AF T C2 = u 2 + bl(-F 2 Ω 2 2 + F 4 Ω 2 4 ) u AF T C3 = u 3 + bl(F 1 Ω 2 1 -F 3 Ω 2 3 ) u AF T C4 = u 4 + d(-F 1 Ω 2 1 + F 2 Ω 2 2 -F 3 Ω 2 3 + F 4 Ω 2 4 ) (19) Ω 2
i is the speed of motor i found using equations 7 to 10.

C. Sliding Mode Observer

All faults affecting the quadrotor UAV can be represented as a time varying additive function F (x, u, t). The dynamics of the faulty quadrotor is then

Ẋ = f (X) + g(X)u(t) + F (x, u, t) (20) 
A good observer for the faulty UAV is the Luenberger observer augmented with a time varying fault estimation v(t)

Ẋ = f ( X) + g( X)u(t) + v(t) + L(Y -Ỹ ) (21) Ỹ = C X ( 22 
)
Ỹ here is the output of the system, L is the observer gain vector, and C 12×12 is a constant diagonal matrix with all its diagonal elements alternating between one and zero, starting with one. First, we design the Luenberger observer for the fault free system. Under this assumption, the fault estimator term v(t) in equation ( 21) is equal to zero. The state estimation error dynamics ė = Ẋ -Ẋ is

ė = f (X) -f ( X) + g(X) -g( X) u -L(Y -Ỹ ) (23)
by taking e y = Y -Ỹ and using the Lyapunov stability method, the observer gain is found as

L = f (X) -f ( X) + g(X) -g( X) u e y + η (24) 
with η is a positive design parameter. To design the observer for faulty situations, Sliding Mode techniques are used to form the fault estimator v = v eq + v dis . By taking the estimation error S = e = X -X as sliding surface and setting ṡ = 0, the equivalent part of the fault estimator is found as

v eq = f (X) -f ( X) + g(X) -g( X) u -Le y + F (x, u, t) (25) 
The discontinuous part of the fault estimator is designed using the saturation function

v dis = -Ksat(S) ( 26 
)
where K is the discontinuous part gain. By trial and error, K i is found as K φ = K θ = K ψ = 0.05, and

K x = K y = K z = 0.1.
When the state estimation error is zero, the actual states of the faulty system coincide with the observer output, and the equivalent part of the fault estimator converges to the actual fault values. This means that by using a look-up table, v eq can be used to estimate the value of faults. A look-up table for each motor is constructed by injecting several faults to the motor and measuring the corresponding filtered v eq .

D. Emergency Controller of Quadrotor UAVs

If one of the quadrotor motors is severely damaged, is it possible to turn it off and control the quadrotor as trirotor UAV? Both quadrotor and trirotor UAVs have identical dynamic equations [10], and two main differences exist between the two UAV configurations. First, the center of Gravity (CoG) in the quadrotor is found at the diagonal intersection in the mid-point between rotors, whereas the CoG of the trirotor is slightly shifted to the rear. Second, controls U 1 , U 2 , U 3 , and U 4 are performed differently using motor speeds. The trirotor configuration that will be used in this paper has only three motors, and does not contain the tilting mechanism of rear rotor responsible for the heading control as shown in figure Fig. 2. This means that the total torque around z-axis will not be controlled resulting in an uncontrolled yaw, and the UAV turns continuously around z-axis during its flight. All the aerodynamic effects of this motion will be assumed as disturbance that can be compensated using the robustness of Sliding Mode Controller. To use the quadrotor as trirotor, four different configurations are available. If rotor-1 of the quadrotor is turned off for example, thrust difference between rotor-2 and rotor-4 is used to control the roll angle, while pitch angle is controlled using the thrust difference between rotor-3 and the sum of rotor-2 and rotor-4 thrusts. The four different configurations of quadrotor to trirotor conversion are shown in figure Fig. 3. Note that these four configurations can be used only if the CoG is shifted towards the appropriate If Rotor 1 is turned off, the controls-speeds relation of the trirotor is

U =     0 b b b 0 -bl 1 0 bl 1 0 -bl 2 b.l 3 -bl 2 0 -dl 4 d.l 3 -dl 4         Ω 2 1 Ω 2 2 Ω 2 3 Ω 2 4     (27)
If Rotor 2 is turned off, the controls-speeds relation of the trirotor is

U =     b 0 b b bl 1 0 bl 1 0 -bl 2 0 -bl 2 bl 3 dl 4 0 dl 4 -dl 3         Ω 2 1 Ω 2 2 Ω 2 3 Ω 2 4     (28)
If Rotor 3 is turned off, the controls-speeds relation of the trirotor is

U =     b b 0 b 0 bl 1 0 -bl 1 bl 3 -bl 2 0 -bl 2 dl 3 -dl 4 0 -dl 4         Ω 2 1 Ω 2 2 Ω 2 3 Ω 2 4     (29)
If Rotor 4 is turned off, the controls-speeds relation of the trirotor is

U =     b b b 0 -bl 1 0 bl 1 0 -bl 2 bl 3 -bl 2 0 dl 4 -d.l 3 dl 4 0         Ω 2 1 Ω 2 2 Ω 2 3 Ω 2 4     (30)
To apply the quadrotor-trirotor conversion during flight, small extra weights are installed under each rotor. To perform the conversion, the damaged motor is turned off and all weights are released except the weight under the new emerged rear rotor. Finally, control re-allocation is applied using the new relevant controls-speeds relation. 

IV. SIMULATION AND RESULTS

The performance of the Integrated Fault Tolerant Controller is examined in Simulink environment using Asctec Pelican Quadrotor model. The quadrotor is made to follow three different paths, each one with different partial loss of effectiveness fault scenarios. The first path is a square of 10m sides at height 5m, where a 20% loss of effectiveness affects motor 1 at t = 10 seconds. This fault is tolerated using the PFTC controller. The fault increases after 10 seconds reaching 30%, and the decision station activates the AFTC controller, which uses the fault magnitude estimated by the observer to recover the control loss. Further increase of the fault magnitude affecting motor 1 at t = 33 seconds activates the emergency controller, motor 1 is turned-off, weight redistribution is applied, and the quadrotor navigates as a trirotor until it reaches its goal. The second path is a circle of diameter 10m at 5m height. During the flight, a 10% loss of effectiveness affecting motor 2 at t = 15s is followed by a 40% loss of effectiveness in motor 1 at t = 25s. The first fault is tolerated with the Passive FTC, and the decision station activates the emergency controller when the second fault is detected, turns-off motor 1, and activates the emergency controller after fault 2 is occurred. The last path is a helix in 3D of equations ( 31) to (33). Here, a fault of 10% affects motor 1 at t = 10s, followed by a 20% fault affecting motor 3 at t = 30s, and a fault of 40% affecting motor 2 at t = 55s. 

The IFTC proposed in this paper controls the height and the altitude angles of the quadrotor. Translation motion of the quadrotor along x and y axes is controlled using a simple PD controller [START_REF] Merheb | Passive fault tolerant control of quadrotor uav using regular and cascaded sliding mode control[END_REF]. Quadrotor control has then a cascaded like configuration where the translation motion is controlled in the outer loop, while the height along with altitude angles are controlled in the inner loop. The following equations are used to extract the desired values of altitude variables

φ d = arctan( -ÿ (ẍ 2 + (z + g) 2 ) ) (34) 
θ d = arctan( ẍ z + g ) (35 
)

ψ d = 0 (36) 
Quadrotor response to the first fault scenario is shown in the figures Fig. 4 and Fig. 8. Fault effects can be seen at t = 10s and t = 20s, and are clearer at the pitch angle response. Results of the second fault scenario are shown in figures Fig. 5 and Fig. 9. Faults result in a small deflection from the desired value that was recovered rapidly. Yaw angle response shows the instant at which the severe fault occurs and the emergency controller is activated. UAV response for the third fault scenario is shown in figures Fig. 6 and Fig. 10. Results emphasize the robustness of the proposed controller that is able to tolerate multiple faults with different amplitudes. Figure Fig. 7 shows the output of the decision unit as response to the first and third fault scenarios. In no fault situation, or when the fault magnitude is less than 10%, decision unit output is zero indicating that the PFTC is in action. When fault magnitude is between 10% and 30%, the decision unit output is 5 which activates the AFTC, and fault magnitudes take part in fault tolerance. When the fault is severe, the decision unit outputs 1, 2, 3, or 4 activating the relevant quadrotor to trirotor configuration and the emergency controller.

V. CONCLUSION

A systematic fault severity based Fault Tolerant controller using Sliding Mode Control techniques is proposed. The new controller optimizes actuator resources and computational load by activating the appropriate controller, based on fault magnitude estimation of the FDI unit. Small loss of effectiveness faults are tolerated using a Sliding Mode based passive FTC. Larger faults are estimated, and their amplitudes are 

  where e = x dx is the state error with x = φ, θ, ψ, and z, s = e + c e(τ )dτ is the sliding surface, c = diag([c z ; c φ ; c θ ; c ψ ]) and k = diag([k z ; k φ ; k θ ; k ψ ]) are positive gain diagonal matrices. The saturation function is used to design the discontinuous control part of the PFTCSMC and ensure the direction of the state error towards the pre-designed sliding surface. To ensure the stability of the PFTCSMC, c and k matrices should be chosen carefully. A bio-inspired search algorithm called Ecological Systems Algorithm (ESA) is used to find, iteratively, the optimal values of gain matrices. With each iteration, new values for the gains are suggested and examined through the evaluation of a fitness function. Gain values of the PFTCSMC found using ESA are shown in table
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  x d = 10cos(0.1t) + 10 (31) y d = 10sin(0.1t) + 10 (32) z d = 0.1t

Fig. 5 :

 5 Fig. 4: Closed Path

Fig. 6 : 3 Fig. 7 :Fig. 8 :
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 910 Fig. 9: Response of the quadrotor following the circular path (Actual values are in red).

TABLE I :

 I Variables Used In Quadrotor Modeling

	Ix	8.1e -3 N.m.s 2	b	54.2e -6 N.s 2
	Iy	8.1e -3 N.m.s 2	l	0.24m
	Iz	14.2e -3 N.m.s 2	d	1.1e -6 m.s 2
	Irotor	104e -6 N.m.s 2	g	9.8m.s -2
	m	1Kg	K f ax , K f ay	5.56e -4 N/rad/s
	K f az	6.3540e -4 N/rad/s	K f tx , K f ty	5.56e -4 N/m/s
	K f tz	6.3540e -4 N/m/s		
		Fig. 1: Quadrotor schematic.

TABLE II :

 II Best Gain Values Found Using ESA

		z	φ	θ	ψ
	c	16.56	6.84	8.14	4.37
	k	155.5	0.916	7.86	2.68
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