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Problem statement

❑ FTC importance for automated systems

❑ Why quadrotor?
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❑ Why LPV modeling?

equilibrium 
point 

polytope 
verticesLPV model:

where

𝑀 𝜌 𝑡 = ෍

𝑘=1

𝑤

𝜇𝑘 𝜌 𝑡 𝑀𝑘 , 𝑤: 𝑛𝑜. 𝑜𝑓 𝑣𝑒𝑟𝑡𝑖𝑐𝑒𝑠
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❑ Robust 𝑯∞control
Control law:

𝑢 𝑡 = −𝐾 𝜌 𝑡 ො𝑥(𝑡) + 𝑉 𝜌 𝑡 𝜂 𝑡

Controller

System

Observer

𝐾

𝑉 ∑
𝑢(𝑡)

𝑦(𝑡)

ො𝑥(𝑡)

𝜂 𝑡

Lyapunov inequality :

𝐴𝑘 −𝐵𝑘 𝐾𝑘
𝑇 𝑃 + 𝑃 𝐴𝑘 − 𝐵𝑘 𝐾𝑘 + 2 𝜁𝑐 𝑃 ≤ 0

𝐵𝑜𝑢𝑛𝑑𝑒𝑑 𝑟𝑒𝑎𝑙 𝑙𝑒𝑚𝑚𝑎:

𝐷𝐶 𝑔𝑎𝑖𝑛
𝑉𝑘 = − 𝐶𝑘 𝐴𝑘 − 𝐵𝑘 𝐾𝑘

−1 𝐵𝑘
−1
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❑ Classical 𝑯−/ 𝑯∞observer 
Observer scheme:

Observer
𝐻−/ 𝐻∞

disturbance

faults

disturbance faults

The system:

൝
ሶ𝑥 𝑡 = 𝐴𝜌𝑥 𝑡 + 𝐵𝜌 𝑢 𝑡 + 𝐹𝜌 𝑓 𝑡 + 𝐸𝜌 𝑑 𝑡

𝑦 𝑡 = 𝐶𝜌 𝑥 𝑡 + 𝐷𝜌 𝑢 𝑡

Resulting error dynamics: 

൝
ሶ𝑒 𝑡 = (𝐴𝜌−𝐿𝜌 𝐶𝜌)𝑒 𝑡 +(𝐹𝜌−𝐿𝜌 𝐽𝜌)𝑓 𝑡 +(𝐸𝜌−𝐿𝜌 𝐻𝜌)𝑑 𝑡

𝑟 𝑡 = 𝐶𝜌𝑒 𝑡 + 𝐽𝜌𝑓(𝑡) + 𝐻𝜌𝑑 𝑡

+ 𝐽𝜌𝑓(𝑡)+𝐻𝜌𝑑 𝑡
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❑ The new approach
The system:

൝
ሶ𝑥 𝑡 = 𝐴𝜌𝑥 𝑡 + 𝐵𝜌 𝑢 𝑡 + 𝐹𝜌 𝑓 𝑡 + 𝐸𝜌 𝑑 𝑡

𝑦 𝑡 = 𝐶𝜌 𝑥 𝑡 + 𝐷𝜌 𝑢 𝑡

Differentiated output: ෤𝑦 𝑡

System classification according to the relative degree

𝑑

𝑑𝑡
෤𝑦 𝑡 𝑦 𝑡

𝝀𝒇 < 𝝀𝒅

𝝀𝒇 = 𝝀𝒅

𝝀𝒇 > 𝝀𝒅

෤𝑦 𝑡 = 𝐶ഥ𝜌 𝑥 𝑡 + 𝐵ഥ𝜌 𝑢 𝑡 + 𝑅ഥ𝜌 𝑓 𝑡

෤𝑦 𝑡 = 𝐶ഥ𝜌 𝑥 𝑡 + 𝐵ഥ𝜌 𝑢 𝑡 + 𝑅ഥ𝜌 𝑓 𝑡 + 𝐷ഥ𝜌 𝑑 𝑡

෤𝑦 𝑡 = 𝐶ഥ𝜌 𝑥 𝑡 + 𝐵ഥ𝜌 𝑢 𝑡 + 𝑅ഥ𝜌 𝑓 𝑡 + 𝐷ഥ𝜌 ҧ𝑑 𝑡
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❑ The new approach
The proposed residual generator:

Reference residual signal:

𝑟𝑟 𝑡 = 𝑄 𝑓(𝑡)

Virtual residual signal:

𝑟𝑒 𝑡 = 𝑟 𝑡 − 𝑟𝑟 𝑡
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❑ The new approach

Post bandpass filter

൝
ሶ𝑥ℎ 𝑡 = 𝐴ℎ 𝑥ℎ 𝑡 + 𝐵ℎ 𝑟𝑒(𝑡)

𝑟𝑓 𝑡 = 𝐶ℎ 𝑥ℎ 𝑡 + 𝐷ℎ 𝑟𝑒(𝑡)
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❑ Applying for system of case 2 (𝜆𝑓= 𝜆𝑑)

Error dynamics become

+ 𝑀ഥ𝜌𝑅ഥ𝜌 −𝑄 𝑓 𝑡+𝑀ഥ𝜌𝐷ഥ𝜌 𝑑 𝑡

+(𝐹𝜌−𝐿2ഥ𝜌𝑅ഥ𝜌) 𝑓(𝑡)ሶ𝑒 𝑡 = (𝐴𝜌−𝐿1ഥ𝜌𝐶𝜌 − 𝐿2ഥ𝜌𝐶ഥ𝜌) 𝑒(𝑡) + (𝐸𝜌−𝐿2ഥ𝜌𝐷ഥ𝜌) 𝑑(𝑡)

𝑟𝑒 𝑡

Theorem (1): Exact residual convergence 

𝑟𝑟 𝑡 = 𝑄 𝑓 𝑡 → 𝑟𝑒 𝑡 = 0

Condition to satisfy:  𝑟𝑎𝑛𝑘
𝐶ഥ𝜌 𝑅ഥ𝜌 𝐷ഥ𝜌
0 𝑄 0

= 𝑟𝑎𝑛𝑘 𝐶ഥ𝜌 𝑅ഥ𝜌 𝐷ഥ𝜌

The gains 𝑀ഥ𝜌 = 0 𝑄 0 𝐶ഥ𝜌 𝑅ഥ𝜌 𝐷ഥ𝜌 −1, 𝐿1ഥ𝜌, 𝐿2ഥ𝜌 can be chosen freely

= 𝑀ഥ𝜌 𝐶ഥ𝜌 𝑒 𝑡



Solution synthesis

11/30/2020 Université d'Évry - Paris Saclay 15

❑ Applying for system of case 2 (𝜆𝑓= 𝜆𝑑)

Error dynamics become

+ 𝑀ഥ𝜌𝑅ഥ𝜌 − 𝑄 𝑓 𝑡+𝑀ഥ𝜌𝐷ഥ𝜌 𝑑 𝑡

+(𝐹𝜌−𝐿2ഥ𝜌𝑅ഥ𝜌) 𝑓(𝑡)ሶ𝑒 𝑡 = (𝐴𝜌−𝐿1ഥ𝜌𝐶𝜌 − 𝐿2ഥ𝜌𝐶ഥ𝜌) 𝑒(𝑡) + (𝐸𝜌−𝐿2ഥ𝜌𝐷ഥ𝜌) 𝑑(𝑡)

𝑟𝑒 𝑡

Theorem (2): Asymptotic residual convergence 

Condition to satisfy:   𝑟𝑎𝑛𝑘 𝑅ഥ𝜌 = 𝑛𝑓, 𝑟𝑎𝑛𝑘
𝐹𝜌
𝑅ഥ𝜌

= 𝑟𝑎𝑛𝑘 𝐹𝜌

The gains 𝑀ഥ𝜌 = 𝑄𝑅ഥ𝜌
−1, 𝐿2ഥ𝜌 = 𝐹𝜌 𝑅ഥ𝜌

−1,   𝐿1ഥ𝜌 is chosen to minimize disturbance effect.

= 𝑀ഥ𝜌𝐶ഥ𝜌 𝑒 𝑡
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❑ Applying for system of case 2 (𝜆𝑓= 𝜆𝑑)

Error dynamics become

+ 𝑀ഥ𝜌𝑅ഥ𝜌 − 𝑄 𝑓 𝑡+𝑀ഥ𝜌𝐷ഥ𝜌 𝑑 𝑡

+(𝐹𝜌−𝐿2ഥ𝜌𝑅ഥ𝜌) 𝑓(𝑡)ሶ𝑒 𝑡 = (𝐴𝜌−𝐿1ഥ𝜌𝐶𝜌 − 𝐿2ഥ𝜌𝐶ഥ𝜌) 𝑒(𝑡) + (𝐸𝜌−𝐿2ഥ𝜌𝐷ഥ𝜌) 𝑑(𝑡)

𝑟𝑒 𝑡 = 𝑀ഥ𝜌𝐶ഥ𝜌 𝑒 𝑡

Worst case 𝑯−/ 𝑯∞ technique

The gains 𝑀ഥ𝜌, 𝐿2ഥ𝜌, 𝐿1ഥ𝜌 are chosen to minimize disturbance effect and maximize fault effect such that:

𝑇𝑟𝑑 ∞
≤ 𝛾

𝑇𝑟𝑓
∞
≥ 𝛽
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Results
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❑ Reference tracking using 𝐻∞control
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❑ Residual generator in fault free case
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❑ New approach vs 𝐻−/ 𝐻∞technique
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❑ Battery level estimation
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❑ Post bandpass filter importance
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Conclusions
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❑ LPV modeling gives more realistic and dynamic system model.

❑ The 𝐻−/𝐻∞ observer is enhanced greatly using the auxiliary output.

❑ Robustness of the controller is very essential feature.

❑ Some structural properties of the system may simplify fault estimation.

❑ A post bandpass filter can improve the obtained residual signal.
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❑ Fault compensation in case of partial loss of actuators efficiency.

❑ Applying the developed algorithms in real time on a drone.

❑ Controller reconfiguration in case of one or more actuators failure.
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