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Motivation  

• Robust frequency estimation 

Measurement, analysis, monitoring of oscillatory quantities in almost all types of the systems:

mechanical vibrations,  electric & power signals,  electromagnetic waves,  bio-medical signals 

General issues with oscillatory output signals: bias, noise, time-varying parameters  

 0( ) ( )sin ( ) ( )ty t Y Y t t t     

Numerous approaches from last three decades (including various PLLs), also the global estimator    
ref. [5]
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Experimental system in use

Two-mass actuator-load 
system (anno 2020) for 
oscillations analysis & 
control prototyping
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Robust frequency estimation
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Robust estimator: background   

• One-parameter robust frequency estimator [1], motivated by [5], 
for noisy harmonic signals with a slowly-varying amplitude 

 0( ) sin ( ) eq. 1)( ) (t t tk t  

 Amplitude variations are slow (comparing to 0), and k appears as a ‘frozen’ term in analysis

 Measurement noise is zero-mean with a constant power spectral density (PSD), i.e. white-noise      

 ( ) constPSD p   

• Original global frequency estimator [4], [5] (adaptive notch filter)

 2 2 2( ) 2 ( ) ( ) ( ), ( ) ( ) 2 ( )x t x t x t t x t t x t               
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Robust estimator: structure and I/O properties   

• One-parameter robust frequency estimator [1], eqs. (4)-(6)
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Robust estimator: asymptotic convergence   

• Sketch of the proof (for more details see [1])




 
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Robust estimator: convergence properties   

• Optimality without 
damping parameter 
(i.e. for =1)

• Convergence speed for 
various adaption gains 
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Robust estimator: numerical examples   

• Noisy signal, constant amplitude, various frequencies 

• Noisy signal, time-varying amplitude 



25.04.2024 / Loughborough University / M Ruderman 10

Robust estimator: numerical examples (cont.)   

• Noisy signal, time-varying frequency (down-chirp signal) 
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Robust estimator: experimental benchmarking   

• Noisy & biased signal with time-varying amplitude & frequency 

• Comparison with the original global estimator [4]  



25.04.2024 / Loughborough University / M Ruderman 12

(Adaptive) time delay-based compensation
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Motivation for using time delay   

Shift of the time series by an 
(evtl. time-varying) factor 

0( ) ( )y t x t  

0( ) ( ) exp( )sG s G s 

Usually, source of instability in feedback control systems

 need for careful analysis and robust control design 

 0 0arg exp( )j   

However, purposefully 
inserted time delays can 
be used for stabilization 

 ( ), ( )u f x t x t T 

ref. [6] ref. [6]
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Time delay-based output feedback compensator   

• Original approach, initially anno 2021 [7], and elaborated in [2]   

Research questions:
 Robust stabilization of non-collocated passive load

 Use of output feedback only  time-delay based control 
Proposed (plug-in) time-delay 
based compensator (R) scheme 
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Experimental evaluation   

• Low-damped oscillatory non-collocated passive load    

controlPI controldPI U

• PI feedback control versus PI + time-delay based compensator (Ud)    
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Experimental evaluation (movies)   

• Free-fall (uncontrolled)    

• PI control    

• PI + time-delay based    
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Why not observer-based compensation?   

• When using state-feedback with observer     







• Consider additional (practical) stability features, see [3]     


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Why not observer-based compensation? (cont.)   

• Low ‘stability margin’ Smax

of observer-based feedback      

• As consequence –
unfeasible control 
behavior (even in the 
numerical simulations)
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Adaptive extension of delay-based control   

• Time-delay based feedback control [2] can be online tuned (i.e.    
be adaptive) by the robust frequency estimator [1], as shown in [3]      

• Converging oscillations 
frequency, even in presence 
of stepwise transients     
(here experiments)
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Adaptive extension of delay-based control (cont.)   

• Experimental evaluation for 
oscillatory initial conditions      

• Experimental evaluation with injected external disturbances, [3]      
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Thank you for attention


