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ﬁ UNIVERSITETET | AGDER Motivation

* Robust frequency estimation

Electromagnetic Wave

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
y) =Y, +Y(t)sin(a(t) -t + @) +n(1)
ref. [5]

Numerous approaches from last three decades (including various PLLs), also the global estimator
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1l UNIVERSITETET | AGDER Experimental system in use
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Robust frequency estimation
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<1l| UNIVERSITETET | AGDER Robust estimator: background

Mechanical Systems and Signal Processing 170 (2022) 108756

IEEE TRANSACTIONS ON AUTOMATIC CONTROL, VOL. 44, NO. 4, APRIL 1999

Contents lists available at ScienceDirect

A Globally Convergent Frequency Estimator

Liu Hsu, Member, IFEF, Romeo Ortega, Fellow, IEFFE, and Gilney Damm, Associate Member, IFEE

Mechanical Systems and Signal Processing

journal homepage: www alsevier.com/locata/ymssp -

n IEEE TRANSACTIONS ON AUTOMATIC CONTROL, VOL. 49, NO. 2, FEBRUARY 2004
One-parameter robust global frequency estimator for slowly varying %=%

amplitude and noisy oscillations . An Adaptive Notch Filter for Frequency Estimation of a
Michael Ruderman : Periodic Signal

Umeversity of Agdsr, 4604, Norway

M. Mojiri and A. R. Bakhshai

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

o(t) = k(t)sin(w,t)+n(t) eq. (1)
v Amplitude variations are slow (comparing to @), and k appears as a ‘frozen’ term in analysis

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

PSD{n(w)} = const = p

* Orniginal global frequency estimator [4], [S5] (adaptive notch filter)
(1) +260%(1) + 0°x(1) = 0’ (1), 0 =—yx(t)(Fc(t)-250x(t))
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1 UNIVERSITETET | AGDER Robust estimator: structure and I/O properties

* One-parameter robust frequency estimator [1], egs. (4)-(6)

x| |0 1 || x 0 _To 1 X, j- _
J.CZ — _92 70 X, + 20 o, y_[ ].X2 ’ __7/81gn(x1)(6_y)

at the angular frequency 6 = o, = e=0c-y—0
: y(jo) T —1 o) = (1 — G v(i
G(jw) = =C'(jwl =A™ B = e(jo)=( )G y(jw)
o(jow)
. e(jw) . .
E(jo) = —— = (1 = G(jw))G(jw)™
y(jo)
F mm foor critically damped system E 90 +
102 : for system with damping { = 0.1 '
107" 10° ) (r:l(t:l‘sw 10° 10° 107! 10" i (rL :()l;scc) 102 10°
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<] UNIVERSITETET | AGDER Robust estimator: asymptotic convergence

Theorem 1. The frequency estimator (4)-(6) is global for (1) and converges asymptotically as 0(1) — @, for t — oo, regardless of
the 8(0) > 0 initialization, provided the small adaptation gains y > 0 and slowly varying amplitudes k(r). The frequency-estimation error
(1) = wy — (1) converges uniformly and exponentially in terms of

E(f:)

< alet, )'exp(—ﬁr(:2 —1)) 9)
for some « > 0 and ¥ t, > 1. The exponential rate of convergence is independent of n(r) noise and as follows:
p=05ykay;' +86. (10)

where & is a small positive constant independent of y, k, .

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

Let 0 < 0(0) < @, be an arbitrary initialization

y(t) = bsin(wyt + ¢) where b = k|G(jw0)N

= x0)= —i cos(myt +¢) = —i sin(wgt + ¢ + 7 /2)
@ @

—> e(t) =asin(wyt+c+x/2) where a = b|E(jw,)|

(0)

0 = k|G| | e sinons + + /)

It can be seen that for all y,k > 0 the sign(d) = +1 as long as 8(1) < w,

0% — co(z)
= = 0Q(0)

2, 2
0=+ w;

l—G(on)l

|G(jw0)| ’ G(jw,)

Q*(0) = _ew(;' +1 = =05 yk(—a*w(;' +1) = | 6()+0.5rka;'0() =057k - w,
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1 UNIVERSITETET | AGDER Robust estimator: convergence properties

* Optimality without 6(0)=40 . .
. —(=0.1
damping parameter —— (=05
. — = |
(i.e. for £=1) 3 ‘
?-:
>
<u0=20 :
estimator (y = 100, @, = 20 rad/s) . .
0 1 £ (o) 2 3
* Convergence speed for _ 100~
various adaption gains y 3 AN
=
w0=50

estimator
@, = 50 rad/s for o(r) = sin(w,r)

y = {200, 100,50)

25

o
[\
1S

t (sec)
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ﬁ UNIVERSITETET | AGDER Robust estimator: numerical examples

* Noisy signal, constant amplitude, various frequencies

o(-)

05 f\f\/\/\f\/\
1\ \/\/\/\/M?::
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(a) 0 t (sec) 3 3 (b) 0 ! 2 t (sec) 3 4 3

* Noisy signal, time-varying amplitude

! R ]
£l il =0
*qﬁMH“f ‘ W"m”!H“(Mﬂh Mf}\’wl!‘“q“ 0 \
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<1l| UNIVERSITETET | AGDER Robust estimator: numerical examples (cont.)

* Noisy signal, time-varying frequency (down-chirp signal)

~
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40

O 1 1
(b) 0 10 t (sec) 20 30
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1 UNIVERSITETET | AGDER Robust estimator: experimental benchmarking

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

3
x1

&
6} 0001 ﬂ"“’*\\‘
0 |

P R R £ £ 11.95 /1 ﬂ H

o (meter)
=

1

measured signal

time (sec)

* Comparison with the original global estimator [4]

! T T T Table 1
20 Estimators’ evaluation setting.
Set parameter  ANF according to [4] Proposed estimator
£) s 0(0) (rad/s) 20 20
3, Y 4ed 2e4
316 ¢ (07,1, 13) (07,1, 13)
e
214
o
E
o 12 : .
& mes ANF according to [4]

1) Proposed estimator
...................... L wo(l) of thes chir
8 | | | I 1
0 2 4 6 8 10 12
(b) time (sec)
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(Adaptive) time delay-based compensation
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<1l| UNIVERSITETET | AGDER Motivation for using time delay

Shift of the time series by an

d Physical e (evtl. time-varying) factor
ZOH Plant Sampler
y(t)=x(t—1,)

! I G(s) = G(s) exp(—s7,)
: Network Induced Net I Medi Network Induced |
: Actuation Delay CLWOTK eI 1 foasurement Delay : (Bt
I |
_________________________________ 1 = ' & ‘r‘ Y, A
L Controller — VAV . \/ t
i Ty !
2(t) 4 - -
Usually, source of instability in feedback control systems /\ AN ﬁ
= need for careful analysis and robust control design ARV VAL WRVAY \/ V t
Delay-Dependent Stability arg [exp(— ja)z'o)] = -7, _ 08
é 0.4
‘ E
= Instability 5
8 However, purposefully E
s inserted time delays can =
8 1lizati & s P
= Stable Independent of Delay - be used for stabilization E 4 |Stable (S_) Unstable (U) S S
x .. . u:f(x(l‘),x(t—T)) 0 1 2 3 4 5
Delay (s) Delay (s)
ref. [6] ref. [6]
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¢l UNIVERSITETETIAGDER  Time delay-based output feedback compensator

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

Mechawonics 94 (2023) 103015

T T
Contents lists available at SdenceDirect 0= P 11T T T TTTT 1 ----------------
. MeChatroncs = : GM H
Mechatronics g 201 ! : T
journal homepage: www.alsevier.com/locate/mechatronics | -'u; 40 - E E
Eﬂ i
=60 | x
_ _ ® g ——ND™, =001
Time-delay based output feedback control of fourth-order oscillatory = 80 k- | =—— ND! =07
systems = = = = Crossover
Michael Ruderman -100
Department of Engineering Sciences, Uhiversity of Agler, PB. 422, Kristimsmd, 4604, Narwey .1 0 1 2
(a) 10 10 w (rad/fsec) 10 10
ARTICLE INFO ABSTRACT
Keywords: We consider stabilization of the founth-order 11 systems with 1l d output sensing Worth
Time-delay system recalling is that the fourth-order systems are relativ l common in slu tronics as soon as there are (wo-mass 40
Feedimd cantrol or more generally two-inertia dy with n between. A novel yet simple control
ation by deley method s introduced based on the timedelayed output feedback. n= delayed output feedback requires only c’a
Ouepre comrol design the osci! II tion frequency to be known and allows for a robust control design that leads to cancelation of -3
the resonance peak. We use the ui:illry margins to justify the uxls[er chamacteristics and robustness of the S’
medelay contmo] in frequency domain. The main adval ug fﬂ e proposed method over the other possible L 0
1ead-hma:llocq shaping strategies is lsa nelther time deriv I'he:myoupumﬂze mplementation of “‘g
transfer functions with a numerator degree greater than zero are required to dq\]aynh controller. This comes =
n favor of practi m] il An otherwise inh ly instable lw)l’aedha k of the =
r:rmm]]md utput & shown to be stabilized by the ;rrqmd method. The ennlmldz veloped and asociated =]
analysis are als;o e:mr med by the experimental results shown for the low damped two-mass oscillator system E -40
with uncertainties
———— CI[
“““““ crossover
-80
: . (a) 107 0’ (rad/sec) 10’ 10?
Research questions:
[ Robust stabilization of non-collocated passive load Proposed (plug-in) time-delay

O Use of output feedback only = time-delay based control based compensator (R) scheme

r 4+ + u X

. — C(s) —1 G(s)
C(s)G(s) =K, SRR, N oo C(s)H(s) = Cls)N(s) \
s D(s) D(s)+ R(s)N(s) o

R(s) =K, (exp(-sT)-1) with T =-[argG(je,)]®,”
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<1l| UNIVERSITETET | AGDER Experimental evaluation

* Low-damped oscillatory non-collocated passive load

= gy

voice-coil-motor f ; m MW“ M

T T T -
| i 002 open-loop responseT
max min

0.01
E
Nominal values of the system parameters. » 0
Parameter Unit Value Meaning
. K m, kg 0.6 Actuator mass
connecting spring m, kg 0.75 o sinsis -0.01
k N/m 200 Spring constant !
: o kg/s 200 Actuator damping 0 5 L (sec) 20 2
passive load 5 kg/s 0.01 Spring damping
R V/A 5.23 Coil resistance
P V s/m 17.16 EMF constant
remote sensor e m/s* 9.81 Gravity constant

* PI feedback control versus PI + time-delay based compensator (U))

0.015 T T T 0.015 T T T
PI control PI+U, control |<— injected disturbance
0.01F I 0.01 ']
I
E : E \
>< : > :
0.005 | | | 0.005 : !
I |
| 1
I controlled response : controlled response
0 . === tefegence 0 - - - - reference H
1 1 L 1 1 | I
0 5 10 15 20 25 0 5 10 15 20 25
t (sec) t (sec)
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] UNIVERSITETET | AGDER Experimental evaluation (movies)

* Free-fall (uncontrolled) * PI+ time-delay based

e PI control
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] UNIVERSITETET | AGDER Why not observer-based compensation?

* When using state-feedback with observer 2,3 2.9

T = (x1,22,23,24) = (3,2,9,9)" f— m —\ﬂ[omj— M
z i féi*Bf*D G(s)=C(sI —A)"'B I W |
e(t) = x(t) — i(t) = ¢é(t) = Ae(t) = (A — QC)e(t)

r+  f )

» system |[—» ~
observer —» K

i = | t=(A—BK -QC)i+ Bf+Qy

" feedback

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

loop transfer function from r(s) to u(s) L,(s) = K(s-I—A+BK+QC‘)_1 BQ] [ C*% )
(S
Ln(s)=K(sI—A)™'B — = Iax |S(2'_Q)| = 111;21}(.(1 - L(z’Q))_l}
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Why not observer-based compensation? (cont.)

* Low °‘stability margin’ § 2T T

max

of observer-based feedback

0r

—

0r

-10 |

5| (dB)

20

30

-40

10° 10

-0.0352

* As consequence —
unfeasible control
behavior (even 1n the
numerical simulations)

y (m)
u(V)

-0.036 1 6

-0.0364

-0.0368 "*-"-"J

with observer
without observer
1 T

with observer
without observer
1 T

0 0.5 1 1.5 ’. 25 0 0.5

t(s)
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1] UNIVERSITETET | AGDER Adaptive extension of delay-based control

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

w(t) =y(t) — y(f — %) w < B < 3w, (17)

where 3 is a free adjustable time-delay parameter. Assuming
a biased (by Yp) harmonic oscillation

y(t)=Yo+Y sill(u)f + c)) (18)

and substituting it into (17) results in

wit)] =% (Hill(cuf s c)) — sin (wf + b — wz)) . (19)

3
-0.024
* Converging oscillations O 130
frequency, even in presence | L
of stepwise transients T
(here experiments) 0036 | — 140
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1 UNIVERSITETETIAGDER  Adaptive extension of delay-based control (cont.)

 Experimental evaluation for

= o | | | | | | 430
oscillatory initial conditions  © | WV\/WW\MWMMWW

| 25
&ir 20
Or A 115
output response
4 - == = reference value 10
l frequency estimate
L 1 1 L 1 1 L
9] 2
0 bs 4 (‘) 8 ] 0 l “t ( S)

* Experimental evaluation with injected external disturbances, [3]

X 10'3
T T
manual

< push-up - \

15 : J

disturbance
25+

10

T
=== e e = - -

3 manual i I5F
< push-down PI+U | control
disturbance . 10 -
-=-=--reference
1 1 1 ] | 1 | | |

7 2 5(
(a) 0 10 20 0 40 50 (b) 0 10 20 40 50

3
t(s)
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Thank you for attention
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