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Introduction: HM research environment
HM (www.hm.edu), ISES (ises.hm.edu) and LMRES (Imres.ee.hm.edu)

HM - Munich University of Applied Sciences
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https://www.hm.edu/en/index.en.html
https://ises.hm.edu
https://lmres.ee.hm.edu/en/?L=0

Introduction: LMRES research activities
Research projects and research goals (funding: > 9.2 million €; e.g. DAAD, Bavaria, BMBF, BMWi, DFG, EU)
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Introduction: LMRES research interests
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Introduction: LMRES selected research results

Smart grid/renewables/power systems (grid synchronisation) [16]

energies

Article

A Unified Method for Online Detection of Phase
Variables and Symmetrical Components of
Unbalanced Three-Phase Systems with
Harmonic Distortion

Christoph M. Hackl '@ and Markus Landerer **

! Department of Electrical Engineering and Information Technology, Munich University of Applied Sciences

(MUAS), 80335 Munich, Germany
Munich School of Engineering, Technical Unversity of Munich (TUM), 85748 Garching, Germany
Correspondence: markus landerer@tum. de; Tel : +49-89-1265-3411

check for
Received: 15 July 2019; Accepted: 14 August 2019; Published: 22 August 2019 updates

Abstract: This paper presents a method for online detection of symmetrical components of arbitrarily
distorted and biased three-phase input signals. This method is based on Second-Order Generalized
Integrators (SOGIs), for which a new tuning based on a gradient search is presented to achieve the
fastest possible estimation. Frequency estimation is achieved by a Frequercy Locked Loop (FLL) with
Gain Normalization (GN) for which an Output Saturation (OS) is applied; this OS guarantees stability
of the overall system. Offset detection is implemented by a combination of High-Pass Filter (HPF) and
HPE-Amplitude Phase Correction (APCyyp); the HPF filters out any offset, where the APC reconstructs
the original offset-free signal. An identical method (APCypy) can be used for the implemented
Low-Pass Filter (LPF) used for noise filtering. The resulting estimates are then used for Harmonic
Sequence Detection (HSD) of each harmonic. For the overall system, stability is proven. The estimation
performances of the proposed overall system are verified by simulation results. The improvements in
tuning and offset detection are compared to standard approaches.

Keywords: d-ord integrator; sy i real Fortescue
transformation; frequency locked-loop; DC-offset detection; frequency detection; amplitude detection;
stability analysis; convergence analysis
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Prof. Dr.-Ing. habil. Christoph M. Hackl

an Amplitude Phase Correction (APCY with x € {LPF, HPF}) to mitigate for amplitude damping
and phase shift introduced by LPF” and HPF”, resp.: The merged estimated signal vector &y of
the parallelized SOGIs is fed into the APC}jpe. The APC}jpp. output vector

Ty - JRN on
(@rraAer) s Tlonsy Toay) oo Glopy, Aiery,) )| € R ®)
=(#lprs) ) )7

(¥Tpry

comprises all amph:udewnec: and phase-correct duec( and quadrature estimates of the low-pass
filtered signal y{ . (see Figure 1). The signal vector # py is fed into the APC[ . to reconstruct
amplitude-correct and phase-correct direct and quadrature estimates of the original signal i’

(see Figure 1). The output vector of the APC/ . is given by

= (@)’ ahal) ) e R ©
=) L) &)

2

A DC-offset detection to obtain an estimate @ of the DC-offset a} in the original signal y"
(see Figure 1).

Z

DC detection a
@t

Gher [
Cy XHPE

parallelized SOGIs

‘L'{ pvD"
y"l PVD*

Figure 1. Overall block diagram of Phase Variables Detection (PVD) for the three phases a,b,c and
Harmonic Sequence Detection (HSD).
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Introduction: LMRES selected research results

Smart grid/renewables/power systems (grid synchronisation) [22]

s

Christoph M. Hackl ©,

Abstract—This article proposes modified second-order general-
ized integrators (mSOGIS) for a fast estimation of all ha

combina with s modifd freguencs incked oop (!
normalization, sign-correct antiwindup, a limi

and without mFLL are llustrated and validated by messurement
results. The results are compared

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 35, NO. 3, MARCH 2020

Modified Second-Order Generalized Integrators With
Modified Frequency Locked Loop for Fast Harmonics
Estimation of Distorted Single-Phase Signals

Senior Member, IEEE, and Markus Landerer

L INTRODUCTION
A. Motivation and Literature Review

N VIEW of the increasing number of decentralized gen-
Iemlmn units with power electronics-based grid connection
and the decreasing number of large-scale generators, the overall
inertia in the grid is diminishing. This results in faster and
more abrupt frequency fluctuations and significant harmonic
distortion of physical quantities (such as currents or voltages)
of the power system [1]. Fast frequency fluctuations endanger
stability of the power grid. Significant harmonic distortions of
voliages and currents can degrade power quality and lead to

paralsed standard SOGH (SOCH) pors adaptive noteh filters
(ANFS).

niex Trmx—Ampllmde estimation, frequency estimation,

loop (FLL), phase estimation, second-order

genmnm lmegumr Fis0G1),
Notation

R,C.Q: matral, real, complex and rational num-
bers. For the following, let n,m & N. @
R column vector (where := means
" means “transposed”). 0,, := (0, 0.
tor. |z := VaT: Euclidean norm of z. A € R"™™: real
(non-square) matrix. diag(a) € R"*": diagonal matrix with

) €
“is defined as™ and
0)7 € B™: zero vee-

1
stability and power quality and 2) compensating for such dete-
riorated operation conditions, it is crucial to detect and estimate

quantities in real time as fast and accurate as possible. Modern
power electronic devices (c.g., flexible ac transmission systems
d f

o of
systems) can then be used to implement such

> MLI. .
V T

01 02 03 0.4 05 06
time ¢ /s

Fig 11
tion performances of parallelized mSOGls (——). sSOGI
) without FLL. Signals shown from top to bottom are: Harmonic signals

Measurement results for Scenario (1): Comparison of the estima-
5 (—), and ANFs

Y1100 - -) stimation errors

€=y - Ji e =y

imates 1 1o 10 and harmonic
o

frequency are identical for this scenario. Therefore, the esti-
mation purcly can be compdred according to the

That is why, grid state estimation became of particular interest
10 the research community in the past years and has been studied
extensively (see e.g.. [21-{24] to name a few).

It is well known that a signal with significant harmonic
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time ¢ /s

ver ignal y =
undergoes step-like changes in dmp]llude. phase and amplitude
and phase as described above.

The estimation performances of fundamental mSOGI (—),
fundamental sSOGI (—), and fundamental ANF (—) are
shown in Fig. 7. The first and second subplots show input signal
Yy =y (---) and its estimates § = 7 and the estimation errors
€y = U1 — i, Tesp . Alll three observ fes-
timating the inout signal v, Al estimation errors .. - 0tend to
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Introduction: LMRES selected research results

Smart grid/renewables/power systems (grid synchronisation) [18]

| Qe ——

Parameter Estimation of Arbitrarily Distorted

Received 1 July 2020 revised 28 July 2020; accepted 12 August 2020. Date of publication 18 August 2020;
date of i his aric d F

Digtal Obect s 10.110SOIES 2003017379

A Unified Method for Generic Signal

Single-Phase Grids With DC-Offset

CHRISTOPH HACKL ©' (Senior Member, IEEE), AND MARKUS LANDERER'-2

Murich Universi o Appied Siences (MUAS), 80335 Manich, Germany
* Technical Univensityof Masich (TUM, 85745 Gaching. Germany

ABSTRACT A unified method is presented which allows to estimate de-offset, all harmonic components
and fundamental frequency in arbitrarily distorted single-phase grids using a Frequency Adaptive Observer
(FAO) consisting of modified Second-Order Generalized Integrators (mSOGIs), an adaptive DC-Integrator
(DCI) and a modified Frequency Locked Loop (mFLL). DCI and mSOGIs are tuned by pole placement which
allows for an arbitrarily fast detection of dc-offset and harmonic components if the fundamental frequency
is known. If the fundamental frequency must be estimated as well, an mFLL with Gain Normalization
(GN), Rate Limitation (RL), Anti-Windup (AW) strategy and low-pass filiers (LPF) must be employed. The
effectiveness of the proposed FAO is validated by experimental results and its enhanced performance is
shown and compared to existing estimation methods.

INDEX TERMS  De-offset estimation, frequency adaptive observer, frequency estimation, frequency locked
10op, harmonics estimation, second-order generalized integrator.
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Phase-locked loop (PLL): Motivation

Conventional power generation: Nuclear power plant Grundremmingen (Block C: 1 344 MW)

286°C  (sattdampf)
70 bar

Dampftrockner A iEliE

Reaktor @

215°C Umwalz-
pumpen
R ——
! Kondensator
T
Vorwarm-  Speise-
strecke pumpe

Bild 5.15 from [164]

www.wikipedia.de
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Phase-locked loop (PLL): Motivation

Conventional power generation: Coal power plant Neurath (850 MW)

Turbine

m@‘fﬁ '=>Wmechab

o 1
Uberhitzer ; !

- g F-7 !
Kondensator =>Qgp

Dampf-

Kessel-
speisepumpe

= E-Filter
DENOX,| -+ Rauchgas
REA —

www.deutschlandfunk.de (dpa/Oliver Berg) Bild 4.15 from [164]
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Phase-locked loop (PLL): Motivation

Conventional power generation: Hydro power plant Klingenberg (400 kW)

zum Speicherbecken

Pumpe Generator
Servomotor

fir Kupplung Turbine
Anwurfturbine

enso-blog.de Bild 6.4 from [164]
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Phase-locked loop (PLL): Motivation

Conventional power generation: Gas and steam power plant Hamm-Uentrop (850 MW)

Brennkammer

PGT =%Pt0t’ PDT =%Pt0t’ n ca. 40%

www.gsw-kamen.de Bild 4.38 from [164]
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Phase-locked loop (PLL)

Motivation: Generators are voltage sources

Erzeugung ul(t)

H . On phase-locked loops and frequency-adaptive observers
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Phase-locked loop (PLL): Motivation

Renewable energy sources: Wind turbine system with synchronous generator (Siemens; 2 — 5 MW)

Erreger-
einrichtung

AC/| DC |DC Schalt-
bc AC % anlage_@_

B -
'_-_gf 1 Synchron- Gleich-  Wechsel- HS-Trafo Netz
Lot generator  richter richter

AC /| DC |DC Schalt-
(8]0 AC Z anlage_@_

Permanent- Gleich-  Wechsel- HS-Trafo Netz
erregter  richter richter
Synchron-
‘ generator
www.siemens.de Bild 6.11 aus [164]
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Phase-locked loop (PLL): Motivation

Renewable energy sources: Wind turbine system with doubly-fed induction generator (Nordex; 2 — 5 MW)

www.nordex.de

H . On phase-locked loops and frequency-adaptive observers
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Asynchron-
generator

Asynchron-
generator

Bild 6.10 aus [164]
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Phase-locked loop (PLL): Motivation

Renewable energy sources: Airborne wind energy systems (Enerkite)

www.enerkite.de

H \J On phase-locked loops and frequency-adaptive observers
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Phase-locked loop (PLL): Motivation

Renewable energy sources: Photovoltaic (PV) systems

PV Back-to-back Converter Filter NEP Trafo Netz
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Phase-locked loop (PLL): Motivation

Renewable energy sources: Converters are (currently mostly) current sources
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Phase-locked loop (PLL): Problem statement

Modeling of the grid in voltage orientation

abe q

——
IS IS
s Moo @

0
= Estimation of ¢, = ¢, (and ¢, o) with Phase-locked Loop (PLL)

u _ _
- ugq’y = ( g) = Tp(¢g) lugﬂ'y = Tp(d’g) 1Tcugbc

H . On phase-locked loops and frequency-adaptive observers
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Phase-locked loop (PLL): Solution

Implementation of a PLL (nonlinear system!)

g
Vipn  Tupn R
ugbc ugﬁ R ﬁgq || o e Wy g
—— T =Tp(¢g)7lugﬂ > ﬂ(é > Hﬁfq\ g g / g

“(gg —#—T .

= Why should we normalize by ”uqu?
= Why should we feedforward w,?
= How should we tune PI controller parameters V; ,;; and T;, ., of PLL?

H o On phase-locked loops and frequency-adaptive observers
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Phase-locked loop (PLL): Solution

Tuning of the PLL by pole placement

T,

Vi n,pll

,pll

)

g

= Why is simplified block diagram admissible for tuning?
= How to achieve tuning of PLL by pole placement?

H o On phase-locked loops and frequency-adaptive observers
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Frequency-adaptive observer (FAO): Motivation

The future power system—A likely guess

= more distributed generation /
renewable energy systems

= diminishing mechanical inertia

= hybrid grid and transmission
topologies (e.g. AC & DC)

= more unbalanced faults
(> 75% of faults already today)

= more loosely-coupled &
unbalanced micro-grids

= more power electronics

== Faster dynamics/transients, more harmonics & weaker overall grid!
= Grid state estimation in real time crucial
= ... for balancing, harmonics suppression, frequency/voltage support!

o On phase-locked loops and frequency-adaptive observers
M| MRES Prof. Dr.-Ing. habil. Christoph M. Hackl 22/75



Frequency-adaptive observer (FAO): Problem statement

What do we want?

For measured grid signal (voltage, current or power), given by

H :{lay27"'7yn}CQ>O
= qyt cos (¢, (t)) where { " ¢ (1)
DEZH[ # ¢V(t) = So VW(T) dr + ¢V,0)
=y, (%)
the main goals are
(i) signal estimation after prescribed settling time t, > 0s for some ¢, > 0, i.e.
VE >t y(t) — G(0)] <&, with §(t) :=ao + Y. @,(t)cos (¢, (t)); 2
Ui %/—/
S
(i) amplitude estimation, i.e. ag — ag and a,, — a, for allv € H,, ; and
(iii) frequency and angle estimation, i.e. & — w and qASl, — ¢, forall v € H,,
H o On phase-locked loops and frequency-adaptive observers
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Frequency-adaptive observer (FAO): Problem statement

lllustration (of problem statement)

600

400

200

250

200

150

1060

T T T T T T T T
1 1 1 1 1 1 1 1 1
] 0.02 [INIES 0.06 1,08 1 0.12 0.14 0.16 .18 2
time t /8
T T T T T T T T T T
| | L || | |
—50 1] 50 L0 150 200 250 a00 350 400 450 500

frequency f / Hz
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Frequency-adaptive observer (FAO): Proposed solution

Time-varying observer consisting of parallelized IMs with feedback and FLL

FLL
Y5 DCI %o
\ f—
7 s,
1-st SOGI >
oa 2 2
v,-th SOGI 2> >
........... Voo,
R > . Soooooo >
5 A— .
v,-th SOGI |—2=>
c'z e

Y

parallelized IMs with feedback

H o On phase-locked loops and frequency-adaptive observers
;M 25/75
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Frequency-adaptive observer (FAO): Internal model principle

Constant signal reduplication

0]

constant IM (with initial value)

Zo,0 = A9 —— IMg. —— Zo

%950 =0, 2(0) =z,

Yo = Zo

Y

timet/s
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Frequency-adaptive observer (FAO): Internal model principle

Sinusoidal signal reduplication of the v-th harmonic where v € H,,

sinusoidal IM (with initial values)

)

lfw

x,0=a, <COS(¢”’O)) — vthIMy, —— 2, = (acg>

Sin(¢u,0) Ty,
A
—y, =, ——a]
a,
0 —v
d
Emu ZUJ(t) [l/ 0 ] Ty, ml/(o) = a:l/,O
Y = (]-7 0) Ty,
—a,
timet/s
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Frequency-adaptive observer (FAO): Internal model principle

Overall signal reduplication by parallelization of IMs

lw

1y
ag ——| My, 0
|
(C9S(¢1v°)> — ] sty —»
Sln(¢1,o) 7 o
c0s(¢y, 0) i Tv, | x _ Yy
" (sin(d)y%o)) —3 vy-th IMg, > > c, T

parallelized IMs (with initial values)

H o On phase-locked loops and frequency-adaptive observers
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Frequency-adaptive observer (FAO): Internal model principle

Dynamics of parallelized IMs

2n+1

I
8
m
=

. ARG DX (2n+1)

A

=G Qo

N
tth& 8.3
N M
~— ~—
I
&
~~
~+
S—
N
N
—
= o
o |
—
-

y=(1, (1, 0), (1, 0), ... (1, 0)x

T 1 2 1
=:c, €R *(2n+1)

= Observation problem of a dynamical system ... if observable!

H . On phase-locked loops and frequency-adaptive observers
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Frequency-adaptive observer (FAO): Internal model principle

Observability of parallelized IMs (for constant w > 0)

-
c’l
C~|y A
c, A2
.3
c, A
rank 4 =
ey A
c;!rAzn—l
T 427
L v i
[1 1 0 1 0 1 0
0 0 -1 0 —vy 0 —v,
0 -1 0 —vy 0 *"721 0
3 3
0 0 1 0 vy 0 vy
rank | o 1 0 vh 0 v 0
0 : :
o o (—n™ 0 - l)nVQn 1 o (- l)nVZ'n. 1
Lo D" 0 (-D"w3" 0 T )
=2n+1 <= vy #yforallije{l,...,n}
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Frequency-adaptive observer (FAO): Observer design

Overall observer structure

FLL fe

w

&
L ® d DCI o
- T
1-st SOGI >
7
vyth SOGI =225

&)

Y

parallelized IMs with feedback

H o On phase-locked loops and frequency-adaptive observers
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Frequency-adaptive observer (FAO): Observer design

DC-Integrator (DCI) for constant signal estimation: IM. with feedback

n phase-locked loops and frequency-adaptive observers
\d On ph: locked I d fi dapti' b:
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Frequency-adaptive observer (FAO): Observer design

Standard SOGI (sSOGI) for v-th harmonic estimation: v-th IM;,, with feedback

sin

v-th standard SOGI (sSOGI) PNVRIIPN

1593
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Frequency-adaptive observer (FAO): Observer design

Modified SOGI (mSOGI) for v-th harmonic estimation: v-th IM;,, with feedback

sin

v-th modified SOGI (mSOGI) . J

n phase-locked loops and frequency-adaptive observers
\d On ph: locked I d fi dapti' b:
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Frequency-adaptive observer (FAO): Observer design

Comparison of root loci of v-th sSOGI and mSOGI

&9(19) — v-th sSOGI
— v-th mSOGI
pu,l(ku = 2) pu,l(ku = 0)
R
—2vl vl 200
pu,Q(kV = 2) pu,2(ku = 0)
3|( unstable
—
2
sSOGI mSOGil (for g, = — %)
__ vkk, 1+ 1_ 4 __mﬁk,,_,’_ N
Pvije = 2 - E Pvije = 3 TJ .
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Frequency-adaptive observer (FAO): Observer design

Estimation performances of sSOGI ( ) and mSOGI (——) for different k; € {0.5,1, 2, 10}

10 T T
15 | <
51 10} - ]
S s 5 - ]
Il Il .
= = (I = ./:'// ]
51 e
5L S|
7
—107 ‘ ‘ i Ty B | | | S
8 T T T 5| 5 T T T 1
6r 1 —_|=
s P - e
4 e RN 1 0 .
P AN
757 ~. N
s 2 ,;/ SN ] K
o>~ s S -5 i
~ - e = —
—9 L - 1
—4 i i i ] —10 ¢ i i i .
0 0.005 0.01 0.015 0.02 0 0.005 0.01 0.015 0.02
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Frequency-adaptive observer (FAO): Observer design

Pole placement for overall observer

FLL fe

~
w

® DCI
- z
1-st SOGI |—>
;
vy-th SOGI [—2>

2>
S
8>

Y

parallelized IMs with feedback
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Frequency-adaptive observer (FAO): Observer design

Pole placement for overall observer: parallelized internal models with feedback

ForJ:=[} +']andl, :=v (), define the observer dynamics

—.3eR?" ! =A-lc,=H
— -
o 0 lo
& J )
% mf,z Z(:)(t) voJ - lu2 c:/r mf@(t)ly’
{i,;n v, J l,,L
g=(1, (1, 0), (1, 0), (1, 0)z
Teplx(2n+1)

=2Cy

e Recall: (¢, A) observable = 31 e R*"*": H := A — lc, Hurwitz!
e Pole placement: I = Spy; = s§ = —py A Vv e H,: 3;1/2 = —pf+
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Frequency-adaptive observer (FAO): Observer design

Stability analysis for w(-) € PC A L” (Rsg; Rs.) and &(-) € C' A L (Rog; Rs.)

= Error dynamics e, :=xz—2 and e, =w—-® = e, = f(e, e,,...)

= Lyapunov candidate V(e,) := el Pe, and using

o H:=A—le, Hurwitz = vVQ = Q" >03P=P' >0: H' P+PH = —Q < 0[165, Cor. 3.3.47]

a? 2 a 2 a? 2
o Va,b,meR: 2ab= % +mb f(ﬁf\/ﬁb) < L +mb
— dV(e,) = < —uyV(e,) + el with e,(-) € L2(Rx0; R)

o Bellmann-Gronwall Lemma [46, Lemma 5.50]

= Vt=t;: Viey(t)) <V(ey(t;))e "V (t=t) 4 wa

€w (T)Qe “rv () gy
t.

i

= Error bound by invoking A (P)le,]|” < V(e,) = el Pe, < Amax(P)|les]

t
— Vt>t: e, () < cpllea(t)|Pe ™ (”Mc;f eo(1)’e v dr
t

i
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Frequency-adaptive observer (FAO): Observer design

Simulation results: Estimate 7, estimation error e, = y — ¢ and estimated frequency f = %
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Frequency-adaptive observer (FAO): Observer design

Simulation results: Estimate y,, (left) and estimation errore,, = y,, — 7,, (right)
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Frequency-adaptive observer (FAO): Observer design

Simulation results: Estimate y,, (left) and estimation errore,, = y,, — 7,, (right)
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Frequency-adaptive observer (FAO): Frequency estimation

Modified Frequency Locked Loop (mFLL) with sign-correct anti-windup and rate limitation

modified FLL

faw('v )

g -]

8
>

_‘
8

sa

—
&

A~ 2
max (|1 ]%.¢)

d ~ N “max[ y e, A @ >0, O<wnre, #0
aw = faw(wv(s) - sat 2 = N
5 w max (leH ,s) <0, ,Ww>wA €y # 0

min
=:0
: =1
<= A := blockdiag (0, J 7, Ogy9,
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Frequency-adaptive observer (FAO): Frequency estimation

Modified FLL: Saturation of derivative of angular frequency estimate (rate limitation)

w

4

max |

satome (0]

Wmin
Wmin |
w
. max
sat [0] =<6
Wmin
Wmin
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o

Frequency-adaptive observer (FAO): Frequency estimation
Modified FLL: Sign-correct anti-windup

oA

—
—>

timet/s

Fon (B, 20) - for (& > wmax A S0 >0) v (& < wpin A 20 <0)

dt

Il
—
<o
@
(/2]
(0]

L,

= Vt > O: (:J(t) € [min(wmina&}O)a min(wmaxa&\)O)] e a() € ‘COO(R>O;R>O)
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Frequency-adaptive observer (FAO): Frequency estimation

Measurement results in laboratory: (A) Grid emulator, (B) Host-PC and (C) Real-time system
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Frequency-adaptive observer (FAO): Frequency estimation
Measurement results with FLL: —— mSOGl, sSOGI, — ANF, === 9, f
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Frequency-adaptive observer (FAO): Frequency estimation

Measurement results with FLL [Zoom]: —— mSOGl, sSOGI, =—— ANF, = = = y,, (left)
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Frequency-adaptive observer (FAO): Frequency estimation

Measurement results with FLL [Zoom]: —— mSOGl, sSOGI, =—— ANF, = = = y,, (left)
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Frequency-adaptive observer (FAO): Harmonic sequence extraction

Overview: Phase parameter estimation (PPE) and Harmonic sequence extraction (HSE)

o

LMRES

1)

1-st mSOGI*

vp-th mSOGI*

<]

— PPE®
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Frequency-adaptive observer (FAO): Harmonic sequence extraction

Harmonic sequence extraction (HSE) for the three phases a, b, ¢

o

HSE“e
~abe
Ty
2
—
~b ~abe
x T
~e
T L
e ~abe
X,
~abe
z"n
o On phase-locked loops and frequency-adaptive observers
LMRES Prof. Dr.-Ing. habil. Christoph M. Hackl

HSEg"

51/75



Frequency-adaptive observer (FAO): Harmonic sequence extraction

Positive, negative and zero sequence estimation of v-th harmonic

0o -1 0 1 % % 2 2 )
LetveH,, J; := [é 0 ‘3] and T, := k| © % 2|, ke {5,4/3}, define
v v V2
=:Dq, )
1 0 0
b =i ~ab —1 agelh
v O =37 ) 1 o] T (o) + AT DT o)

.aabc

=:2,, | (t) [positive sequence]

+ 1T DTG (1) — AT I, Dy, T g0 (1)

abe . (#)

=:&,, _ (t) [negative sequence]

0 0 0
+T! [g 0 fl)] T @abc(t)

C v

__ .aabe

=:Z, o (t) [zero sequence]
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Frequency-adaptive observer (FAO): Harmonic sequence extraction

Simulation results: Estimate y
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Frequency-adaptive observer (FAO): Harmonic sequence extraction

Simulation results: Estimate y,, (left) and estimation error e,,
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Frequency-adaptive observer (FAO): Harmonic sequence extraction
Simulation results: Harmonic 32, positive @‘;bi negative @?f’f & zero @?f}f sequence
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Conclusion

Summary and outlook

To take home
= Phase-locked loop (PLL) simple and effective for undistorted grids
= Frequency-adaptive observer (FAO): unified theory for grid state estimation [16, 18, 22], based on

o internal model principle and parallelization — observation problem;

o parallelized internal models with feedback (mSOGIs) =—> modular structure;

o pole placement = prescribed settling time

o modified frequency-locked loop (FLL) with sign-correct anti-windup and rate limitation
o real-time estimation

o positive, negative and zero sequence extraction for each harmonic

Future work
= Frequency Locked-Loop weakest component = further improvement
= Reduction of noise sensitivity = (extended) Kalman filter design or pre-filtering?
= three-phase implementation, validation and test in laboratory
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