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Introduction 

 Conventional Feedback and PID Controllers 
• Very good response in normal situation 
• Unable to tolerate the fault 
 

 Passive and Active FTCS 
• Passive FTCS 

• Capable of tolerating one or more system component faults 
• Without reconfiguring the control system structure or the parameters 

• Active FTCS 
• Reconfigurable controller 
• FDD part 
• Reconfiguration mechanism  
• Command governor 
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Quad-Rotor Modeling 

 Test bench of the proposed methods   
 Nonlinear Model 
 With six degrees of freedom: yaw, pitch, roll, x (longitudinal motion), y (lateral motion) and 

z (altitude) 
 In most of the studies altitude, yaw, pitch and roll are controlled with thrust of the four 

rotors 
 x and y are controlled by choosing appropriate values for other variables 
 The equations of motion: 
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 Assumptions: 
• The body inertia in the axis direction is the same.  The gyroscopic effect is 

negligible. 
• No disturbance affects the system or the rate of yaw angle is zero. 
• Drag terms are neglected 

Quad-Rotor Linearized Model 
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Combined Model Reference Adaptive Control 

 Concept:  
• Combining direct and indirect model reference adaptive control 

(MRAC) architectures for generic dynamical systems 
• Using Prediction errors in addition to tracking errors in formulating 

adaptive law dynamics 
• Gaining better (smoother than MRAC) transient characteristics  

 
 Novelties (Lavretsky, 2009) 

• Applicable to a generic class of MIMO dynamical systems with 
matched uncertainties 

• Does not require online measurements of the system state 
derivative 

• Designed to augment a baseline linear controller 
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Direct Model Reference Adaptive Control 

Unknown Parameters 
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Direct Model Reference Adaptive Control 
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Indirect Model Reference Adaptive Control 

Stable Filter Dynamics 

Predictor Output 
Estimation Error 

+ 
Lyapunov Arguments 

= 
Parameter Estimation 

Laws 
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Combined Model Reference Adaptive Control 
CMRAC Laws by combining direct MRAC laws with parameter estimation laws 
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MRAC and CMRAC Design 
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MRAC and CMRAC Design 

LQR Baseline 
Control Gain 
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Baseline LQR Simulation Results 

As Modeling Uncertainty  
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Baseline LQR Simulation Results 

As Fault 
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Implementing MRAC Architecture 

 Adding Direct MRAC to the baseline LQR controller 
• Improved system recovery from fault induced in step 8 

 Changing the reference input in step 12 
• System did not become unstable as oppose to the LQR controlled system 
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Implementing CMRAC Architecture 
 Combined/Composite model reference adaptive controller (CMRAC) 
 Combined direct adaptive control system with its indirect counterpart 
 Improving the performance of the fault tolerant control system 
 Test the results using the quad-rotor linear model 
 Clearly better transient responses 
 More reliable method for fault recovery than the other two 
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Implementing CMRAC Architecture 
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Controller Output Signal Comparison 
 A drawback for those methods 

• Unwanted high frequency oscillations  in controller output signal of MRAC and 
CMRAC (Lavretsky, 2009) 
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Adaptive Lyapunov Based Control 
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Adaptive Lyapunov Based Control 
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Adaptive Lyapunov Based Control 



22 

Adaptive Lyapunov Based Control 
Simulation Result 1 - Normal Case 
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Adaptive Lyapunov Based Control 
Simulation Result 1 - Normal Case 
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Adaptive Lyapunov Based Control 
Simulation Result 1 - 80% loss of effectiveness of actuator1 in t=5 sec 
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Characteristic  
Equation 

Adaptive Lyapunov Based Control 
Parameter Selection 

Put u1 in motion equation : 
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Adaptive Lyapunov Based Control 
Simulation Result 2 - Normal Case Slowing the system 10 times 

Ts increased 
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Adaptive Lyapunov Based Control 
Simulation Result 2 - Normal Case Slowing the system 10 times 
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Simulation Result 2 - 80% loss of effectiveness and 80% uncertainty in t=5 sec 

Adaptive Lyapunov Based Control 

System states 
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Actuator signals 

Adaptive Lyapunov Based Control 
Simulation Result 2 - 80% loss of effectiveness and 80% uncertainty in t=5 sec 
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Adaptive Lyapunov Based Control 
Simulation Result 2 - Total loss of effectiveness in t=5 sec 

unstable 

System states 
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Integrated FDD Based methods 

FDD FTC 

ATSKF ATSEKF Stability Tracking 

LQR CGT 

Integrated FDD Based Methods 
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Adaptive Two Stages Extended Kalman Filter 
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Adaptive Two Stages Extended Kalman Filter 
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Adaptive Two Stages Extended Kalman Filter 
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Reconfiguration 
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System states 

Simulation Result - 80% loss of effectiveness - t=10s 

Adaptive Two Stages Kalman Filter 



37 Effectiveness factor 

Simulation Result - 80% loss of effectiveness - t=10s 

Adaptive Two Stages Kalman Filter 
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System states 

Simulation Result - Total loss of effectiveness - t=10s 

Adaptive Two Stages Kalman Filter 

Unstable 



39 Effectiveness factor 

Simulation Result - Total loss of effectiveness - t=10s 

Adaptive Two Stages Kalman Filter 
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System states 

Simulation Result - Total loss of effectiveness - t=15s 

Adaptive Two Stages Extended Kalman Filter 

still 
stable 



41 Effectiveness factor 

Simulation Result - Total loss of effectiveness - t=10s 

Adaptive Two Stages Extended Kalman Filter 
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Accepted performance degradation 

 Why? 
Avoiding faulty actuator or other healthy actuators (depending on the structure 
of the system) to work beyond their capacity.  
 
 How? 
Incorporating an accepted performance degradation for  post fault mode. 
 
 Approach: 
Reconfigurable model following control 
 



Control Policy and Overall Structure  
 Based on model following method 



Reference model 



Dynamic tapering of inputs 



Model Following Reconfigurable Controller 



Model Following Reconfigurable Controller 



System Signals with and without Reconfiguration 



System Signals Using Degraded and Desired 
Reference Models 



System Signals Using Dynamic and Sudden 
Change of Command Input 
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Method Advantages Disadvantages 

Adaptive CMRAC 

1. Acceptable performance in presence of linear & 

non-linear in-state uncertainties and control 

effectiveness uncertainties. 

2. Smooth transient behavior in presence of fault 

High frequency oscillations in control signal 

Adaptive 

Lyapunov 
Fast reconfiguration capabilities in presence of fault 

1. Not having the capability to tolerate total loss of 

control effectiveness 

2. Demand too much control effort if a strict 

tracking performance is required 

FDD-based LQR 

(TSKF) 
Fast diagnosis by the FDD part 

Not having the capability to tolerate total loss of 

control effectiveness 

  

FDD-based LQR 

(ETSKF) 

the capability to tolerate total loss of control 

effectiveness 

  

Slow convergence rate for parameter estimation 

FDD-based 

Model following 

method 

  

1. Can incorporate graceful  performance 

degradation in controller design in presence of 

fault 

2. Guaranteeing the value of control signals within 

the actuator limitations 

1. Not having the capability to handle total loss of 

effectiveness in actuators 

2.  Failing to incorporate a degraded performance for 

fault situation causes the output to lose track of 

the desired reference model in some sever fault 

scenarios 

Conclusions 
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