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Introduction

Motivation: The future low-inertia power system—A likely guess [1]

= 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
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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!
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Introduction

Problem statement

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

(1)

H, :={1,vs,...,v,} € Q-
= h
+ZH; 3 () cos (¢, (1)) where {w) = § wo(r)dr + 6,0,

=1y, (t)

the main goals are
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(1)

Hn = {171/23"'51/71} C(@>0
= h
iﬁ; a,(®)cos (9, (1)) where { (1) = T va(r) dr + dy0,

=1y, (t)

the main goals are
(i) signal estimation after prescribed settling time t,., > 0s for some ¢, > 0, i.e.

VE > bt y(t) — G(t)] < e, With §(t) =G0 + Y. @,(t)cos (4,(1));  (2)
L/EH
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H :{171/23"'5V}C@>0
= ayt cos (¢, where { " ¢ " (1)
’ u% %’JZ ¢U(t) = SO Vw(T) dr + ¢l/707
=1, (t)
the main goals are
(i) signal estimation after prescribed settling time t,., > 0s for some ¢, > 0, i.e.
V> teeer [y(t) — G(8)] < e, with §(t) :=do + Y, @, (t)cos (6, (t); (2

veH,, 2
=:, ()

(i) amplitude estimation, i.e. @y — ag and a,, — a, for all v € H,, ; and

(iii) frequency and angle estimation, i.e. @ — w and b, — ¢, forall v e H,
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Introduction

Problem statement (illustration)
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Introduction

Proposed solution: Nonlinear observer consisting of ...

mFLL |«
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parallelized IMs with feedback
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= DC-integrator (DCI) for
DC offset estimation

= modified Second-Order-
Generalized-Integrators
(mSOGils) for harmonics
estimation

= modified
frequency-locked loop
(mFLL) for frequency
estimation
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Internal model principle

Motivation

Walter M. Wonham (1985):

“Every good regulator [or observer] must incorporate a model of the outside
world being capable to reduplicate the dynamic structure of the exogenous
signals which the regulator [or observer] is required to process.” [2]
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Internal model principle

Constant signal reduplication

constant IM (with initial value)

Top=0o — |  IMy, |—— %0
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constant IM (with initial value)

Zo,0 = Qg —— 1Y/ — To

A —
— Y0 = To
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Internal model principle

Constant signal reduplication

constant IM (with initial value)

Zo,0 = Q) ——> 1Y/ —— o

A —
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L0 =10, (0) = zg
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Internal model principle

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

sinusoidal IM (with initial values) iw
_ COS(¢V,O) o _ 1’3
T, =a, (sin(gi),,,o) vthiMg, ——x, = 5
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Internal model principle

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

sinusoidal IM (with initial values) ”
i .

T, =a, (COS(¢”’O)) — vthIMy, ——x, = (mg>

’ Sin(¢u,0) Zy,
A
— e —a
ay,
A, = w(t) 0 —v xz,, z,0) =z
] dt*v v 0 v v v,0
Y = (13 0) T,
—a,
timet/s
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Internal model principle

Overall signal reduplication by parallelization of IMs
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parallelized IMs (with initial values)
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Internal model principle

Dynamics of parallelized IMs
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Internal model principle

Dynamics of parallelized IMs

yzgl, (1, 0), (1, 0), ... (1, 0))58

1x(2n+1)

-
=:c, €ER

= Observation problem of an observable system —> Observer design
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Observer design
Overall observer and pole placement: parallelized internal models with feedback
ForJ:=[} +'|andl, :=v (i), define the observer dynamics
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Observer design
Overall observer and pole placement: parallelized internal models with feedback
= v (4v), define the observer dynamics
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Observer design

m Modified Second-order generalized integrators (mSOGis)
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Observer design

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

sin
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Observer design
Modified SOGI (mSOGI) for v-th harmonic estimation: v-th M,

sin

with extended feedback

=:Au_lu(kua,‘/,/)c;r =:1,(k,,9,)

—— —
da _~ —vk, —v| 4 ~ vk, A~ A
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Observer design

Modified SOGI (mSOGI) for v-th harmonic estimation: v-th M,

sin

with extended feedback
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Observer design

Comparison of root loci of v-th sSOGI and mSOGI

—— v-th sSOGI
— v-th mSOGI
pl/,l(ku = 0)
R(p)
v 200
pV,Q(ku = 0)
unstable
2
sSOGI mSOGil (for g, = — %)
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Observer design

Overall observer structure
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Implementation
Laboratory setup: (A) Grid emulator, (B) Host-PC and (C) Real-time system
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Implementation

Measurements w/o FLL (v = 1): =—— mSOGl,
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Implementation
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Implementation
Measurements w/o FLL (v = 10): =—— mSOGI, —— sSOGI & ANF
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Implementation
Measurements w/o FLL (v = 10): e, = y,, — g, for ——mSOGI, —— sSOGI & ANF
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Implementation
Measurements with FLL (v = 10): =—— mSOGI, —— sSOGI & ANF
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Implementation
Measurements with FLL (v = 10): e, = y,, — 3,, for =—— mSOGI, —— sSOGI & ANF
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Summary and outlook

To take home

= unified theory for grid state estimation, 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
= real-time estimation

= positive, negative and zero sequence extraction for each harmonic (also
possible)

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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Frequency estimation
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B Appendix
m Internal model principle
= Motivation
= Signal reduplication
m Parallelization of internal models (IMs)
= Observability of parallelized IMs
= Observability of linear time-varying systems
m Observer design
m Overall observer structure
DC-integrator (for dc offset estimation)
Second-order generalized integrators (SOGIs)
Pole placement
Stability analysis
Bellmann-Gronwall Lemma
Stability of slowly time-varying linear systems
Simulation results
Measurement results
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m Frequency estimation
m Standard Frequency Locked Loop
= Modified Frequency Locked Loop
m Sign-correct adaption law for the FLL
= Modification for mFLL
= Comparative simulation results with FLL
m Implementation
m Laboratory setup
m Measurement results for signal with fundamental only
= Measurement results for signal with harmonics
m Harmonic sequence extraction
m Overall implementation
= Positive, negative and zero sequence estimation
= In-phase and quadrature signal vector of v-th harmonic
m Fortescue transformation
= Simulation results
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Internal model principle

Motivation

Walter M. Wonham (1985):

“Every good regulator [or observer] must incorporate a model of the outside
world being capable to reduplicate the dynamic structure of the exogenous
signals which the regulator [or observer] is required to process.” [2]
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Internal model principle

Constant signal reduplication

constant IM (with initial value)

Top=0o — |  IMy, |—— %0
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Internal model principle

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

sinusoidal IM (with initial values) iw
_ COS(¢V,O) o _ 1’3
T, =a, (sin(gi),,,o) vthiMg, ——x, = 5
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Internal model principle

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

sinusoidal IM (with initial values)

iw

)

Sin(d)V,O)

timet/s

‘\A C.M. Hackl, “Grid state estimation of arbitrarily distorted grids”

T, =a, (COS(¢”’O)) — v-thIMy, ——

10.02.2020
4/66



Internal model principle

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

sinusoidal IM (with initial values) ”
i .

T, =a, (COS(¢”’O)) —— vthiMg, ——x, = (m%>

’ Sin(¢u,0) Zy,
A
— i —at
ay,
0 —v
d
] alv = w(t) |:I/ 0 ] Ty, ZBV(O) =Tyo0
Y = (13 0) T,
—a,
timet/s
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Internal model principle

Overall signal reduplication by parallelization of IMs

i
ag ——| My, 0
: T
a (Cf)s((blv‘))) —>{ 1-stIMy LI
sin(¢1,0) i -
cos(¢,, o) i T, | x _ Yy
a,, (sin(¢y§’0)> —> vy-th IMg,, > > c, T

.
(sm(%(‘j)

parallelized IMs (with initial values)
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Internal model principle

Dynamics of parallelized IMs

—zeR?"H! . AeR@nHDX(2n+1)
xg ’0
() 0
- .y
Lo, 0o -1
2| (2) |- w0 w1 ]
- 0 -1
(5> wlt o
y:(la (17 0)7 (17 0)7 (1, O)):B
=:c'yF€R1><(2n+1)
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Internal model principle

Dynamics of parallelized IMs

—:peR?" ! . AeR@nHDX(2n+1)
xg e 0
AT
o iy
d wgz v {0 —1]
5 | e, |=w(?) 2|1 o0 z, z(0)==x
0:6 0o -1
) 3
y= (17 (17 0)7 (17 0)7 (1) O))J}
=:c'y|'€R1><(2n+1)

= Observation problem of a dynamical system ...

‘\A C.M. Hackl, “Grid state estimation of arbitrarily distorted grids”
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Internal model principle

Observability of parallelized IMs (for constant w > 0)

¥
rank ¥
Y
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Internal model principle

Observability of parallelized IMs (for constant w > 0)

S
Y
c;A
cyrA2
3
c, A
rank ¥4 =
c, A
y
C;I'A2nfl
T a27
L v ,
[1 1 0 1 0 1 0
0 0 -1 —v —v
2 2 2 "
0 —1 0 —vg 0 —Vy 0
0 0 1 0 va 0 w3
4 1
rank | o 1 0 va 0 v 0
0 : : :
0 0 (-)™ 0 (71)"1/%"71 0 (71)":/721"71
lo »" 0 (-2 0 e D 0
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Internal model principle

Observability of parallelized IMs (for constant w > 0)

S
Y
c;A
cyrA2
3
c, A
rank ¥4 =
c, A
y
C;I'A2nfl
T 420
L v ,
[1 1 0 1 0 1 0
0 0 -1 0 —vy 0 —v,
0 —1 0 —vg 0 7V72L 0
0 0 1 0 va 0 w3
1 1
rank | o 1 0 va 0 v 0
0 : : :
0 0 (-)™ 0 (71)"1/%"71 0 (71)"1/721"71
lo »" 0 (-2 0 e D 0

=2n+1 < vy #yforallije{l,...,n}
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Internal model principle

Observability of linear time-varying systems [3, 9.10 Theorem]
Theorem (Observability of linear time-varying systems)
For n,p,q € N1 let A() € Cq_l([th tl]a Rnxn)! C() € Cq([t07 tl]v RPX") and

%w = A(t)x, z(0) = x, (3)
y = C(t)x.

and define
Ly:=C(t) and Vje{0,1,2,...}: L;:=L; ;A(t)+ &L, ,(¢).

Then, system (3) is observable on [ty, ;] = Ry if, for some 7 € [¢y, t4],

Ly(7)
Ly(7)

rank . =n.

L,(7) j

10.02.2020
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Outline |

B Appendix
m Internal model principle
= Motivation
= Signal reduplication
m Parallelization of internal models (IMs)
= Observability of parallelized IMs
= Observability of linear time-varying systems
m Observer design
m Overall observer structure
DC-integrator (for dc offset estimation)
Second-order generalized integrators (SOGIs)
Pole placement
Stability analysis
Bellmann-Gronwall Lemma
Stability of slowly time-varying linear systems
Simulation results
Measurement results
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Outline Il

m Frequency estimation
m Standard Frequency Locked Loop
= Modified Frequency Locked Loop
m Sign-correct adaption law for the FLL
= Modification for mFLL
= Comparative simulation results with FLL
m Implementation
m Laboratory setup
m Measurement results for signal with fundamental only
= Measurement results for signal with harmonics
m Harmonic sequence extraction
m Overall implementation
= Positive, negative and zero sequence estimation
= In-phase and quadrature signal vector of v-th harmonic
m Fortescue transformation
= Simulation results
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Observer design

Overall observer structure

Yy

mFLL |«

U
&)

<)

DClI

¥

1-st mSOGI

¥

)

Y

vy-th mSOGI

v,-th mSOGI

TA e
<

Cyit

parallelized IMs with feedback
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Observer design

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

%‘%O () ./T/'\O 5 £0<0) = 0
Yo = To
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Observer design

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

420 = —B(t)ly Ze+E(t)loYo, 75(0) =0
Yo = o
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Observer design

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

S Zo = Yo
420 = —B(t)ly Ze+E(t)loYo, 75(0) =0
Yo = Lo
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Observer design

Standard SOGI (sSOGI) for v-th harmonic estimation: v-th I,

.
SRS
&) &)
&Y R
—~
~ T
S—
~__
Il
&
S
=
| —
T O
o |
<
—
])
N
—~
-
S~—
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Observer design

Standard SOGI (sSOGI) for v-th harmonic estimation: v-th I,

sin

with feedback

=2, (t)eR’ =A, 1, (k,)e, =1, (k)
7, (t)
a (@, (t - —vk, —v|a ~ vk, A A
g (30) o0 e () w80 =8
g, = (1, 0) 2,(t)
;v_/
=:c, eR'*?
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Observer design

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

v-th standard SOGI (sSOGI)

@ [
|l/
=3, (t)eR> =:A,—1,(k,)e, =i, (k,)
/_/H /_/%
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Observer design

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

sin
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Observer design

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

sin

=:Au_lu(kua,‘/,/)c;r =:1,(k,,9,)

—— —
da _~ —vk, —v| 4 ~ vk, A~ A
g0 =500 | &40 () w0, 20 =8

:/U\u(t) = Cjﬁu(t)
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Observer design

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

sin

v-th modified SOGI (mSOGi) go _ o
Yv y eyv ig = au
BOEA GE  B YRGS B

o
14
=:Avilu(k’u’v’/ )C;j :lu<ku g9 )
—_——~ —

xl/,O

<
|
AN
| S—
>
N
=
S~—
>
=
S~—
Y
) N
o
~ N
~
&
N
=
\.\/
8)
N
o
S~—
Il
)
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Observer design

Comparison of root loci of v-th sSOGI and mSOGI

—— v-th sSOGI
— v-th mSOGI
pl/,l(ku = 0)
R(p)
v 200
pV,Q(ku = 0)
unstable
2
sSOGI mSOGil (for g, = — %)
P = G (11 ,/1-5) Poaje = =2 + i .
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0 C.M. Hackl, “Grid state estimation of arbitrarily distorted grids” 14/66



Observer design

Estimation performances of =—— mSOGI and —— sSOGi for different k&, € {0.5, 1,2, 10}
10 ; T i T i i

0 0.005 0.01 0.015 0.02 0 0.005 0.01 0.015 0.02
time ¢t /s time ¢ /s
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Observer design

Pole placement

FLL [«

VBN v
\E DCI
- v
1-st SOGI >
v
v,-th SOGI >

8
>
8>

Y

v,,-th SOGI |22

<)
<

T~
CyT <

parallelized IMs with feedback
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Observer design
Pole placement: parallelized internal models with feedback
ForJ:=[0 +']andl, :=v (}), define the observer dynamics

—:ZeR?" ! =A-lc,=H
— ~
zg 0 lo
& 7 o
((lit w_”Q = w(t) vaJ e el | @—0(t)y, #(0) = &,
i,;n v, J an
g= (1, (1, 0), (1, 0), (1, 0)z
~
::c;re]Rlx(zn-H)
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Observer design
Pole placement: parallelized internal models with feedback
ForJ:=[0 +']andl, :=v (}), define the observer dynamics

—.zer2HL =A—lcz— H
AR 8

o 0 lo

2 I b
al®n | e |t el | 200y, 2(0) = &

&, v\,

I- (L (L 0, (4 0, ... (1 0)3
~-
::CZGJRIX(ZWH)

o Recall: (c, , A) observable — 31 e R*"*': H := A — lc, Hurwitz!
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Observer design
Pole placement: parallelized internal models with feedback
ForJ:=[0 +']andl, :=v (}), define the observer dynamics

—.3eR?"1? =A-lc,
—

?0 0 Zo

2 I b
41 %a | =5 vad —| b2 ey |20y, 2(0) = 2

i;n v, J lV’n

g= (1, (1, 0), (1, 0), (1, 0)z
::CZGRIX(2n+1)

10.02.2020

« Pole placement: I = Spy; —> s = —pg A Vv eH,: )1y = —py £ v
17/66
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Observer design

Pole placement

A comparison with the desired polynomial y}; := 12", (s — s¥), having the
coefficient vector

2n 2n T
(- Zsz, Z 3 2 NN I [Ts7)"
= j=i+1 Jj=i+1 k=j+1 i=1
. _ (1 0
leads, with R; " := ],to
_O _V’i'
0 R R;' R,' ]
&2 &2, & 251 251
Zyz ZVlel Z V1R2 Z:lyan
A iz iz n
P — . = l7 (4)
0
n a1 T 251 -
[1 2 [TviRy™ J]viR, [TviR
7 =1 =1
i=1 i#1 1#£2 i#EN i

-1
=:S
10.02.2020
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Observer design

Pole placement (continued)

v

-
Il

S

—

::o e

—

N

N

)

V12(n71) _ Uf(nfz) R (_1)w,+1
n 2 2 . 2 2 1 n 2 1
[T (vi—vi) [T (b1 —v5) [T (vi—vi)
i=1 i=1 i=1
i#1 i#1 i#1
2(n—1 2(n—2 nt1
y2( ) B Vz( ) (=1)
o 2 2 o 2 2 o 2 2
[T (v2—v5) [T (v2—v3) [T (v2—v5)
i=1 =1 i=1
172 1#£2 172
Vi(”n,—l) _ ”72L('n,—2) (_1)n+1 R
o 2 2 n 2 2 n n 2 2 n
[T (vp—vi) [T (v —vi) [T (vp—vi)
1=1 =1 1=1
L i#n i#n i#En
~~
=:S

1
el

given by s¥ € C_g, i€ {1,...,2n} and H is a Hurwitz matrix.
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T *

Clearly, if and only if p}; = pg holds, the eigenvalues of H = A — lc; are
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Observer design

Stability analysis for w(-) € C*" A L (Rsg; Rs.) and &(-) € C' A L% (Rug; Rs.)

= Error dynamics e, :=x—2 and ¢, =w—-® = e, = fle,e,,...)
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Observer design

Stability analysis for w(-) € C*" A L (Rsg; Rs.) and &(-) € C' A L% (Rug; Rs.)
= Error dynamics e, :=x—2 and ¢, =w—-® = e, = fle,e,,...)

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

Stability analysis for w(-) € C*" A L (Rsg; Rs.) and &(-) € C' A L% (Rug; Rs.)
= Error dynamics e, :=x—2 and ¢, =w—-® = e, = fle,e,,...)

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

0 H:=A-— lc; Hurwitz =
VQ=Q'  >03P=P' >0: H P+PH = —Q < 0[4, Cor. 3.3.47]
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Observer design

Stability analysis for w(-) € C*" A L (Rsg; Rs.) and &(-) € C' A L% (Rug; Rs.)
= Error dynamics e, :=x—2 and ¢, =w—-® = e, = fle,e,,...)

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

0 H:=A-— lc; Hurwitz =
VQ=Q'  >03P=P' >0: H' P+PH = —Q < 0[4, Cor. 3.3.47]

2 2
o Va,b,meR: 2ab:%+mb2_(ﬁ—\/ﬁb)2<%+mb2
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Observer design
Stability analysis for w(-) € C*" A L (Rsg; Rs.) and &(-) € C' A L% (Rug; Rs.)

= Error dynamics e, :=x—2 and ¢, =w—-® = e, = fle,e,,...)

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

© H:= A - lec, Hurwitz =
VQ=Q7>OHP=PT>O: HTP+PH=—Q<O[4, Cor. 3.3.47]
2 2
o Va,b,m e R: 2ab=%+mb2_(im_ /*mb)anm_i_mbz

= dV(e,) = < —pyV(e,) +coel with e,(-) € L2(Rs0;R)
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Observer design
Stability analysis for w(-) € C*" A L (Rsg; Rs.) and &(-) € C' A L% (Rug; Rs.)

= Error dynamics e, :=x—2 and ¢, =w—-® = e, = fle,e,,...)

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

© H:= A - lec, Hurwitz =
VQ=Q7>03P=PT>O: HTP+PH=—Q<0[4, Cor. 3.3.47]
2 2
o Va,b,m e R: 2ab=%+mb2_(im_ /*mb)anﬁ_i_mbz

= %V(ez) =< _va(ez) + Cwei with ew(') € ‘COO(RZO;R)
o Bellmann-Gronwall Lemma [5, Lemma 5.50]
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Observer design
Stability analysis for w(-) € C*" A L (Rsg; Rs.) and &(-) € C' A L% (Rug; Rs.)

= Error dynamics e, :=x—2 and ¢, =w—-® = e, = fle,e,,...)

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

© H:= A - lec, Hurwitz =
VQ=Q7>OHP=PT>O: HTP+PH=—Q<0[4, Cor. 3.3.47]
2 2
o Va,b,m e R: 2ab=%+mb2_(im_ /*mb)anH_i_mbz

= %V(ez) =< 7.“VV(ez) + Cwei' with ew(') € ‘COO(RZO;R)
o Bellmann-Gronwall Lemma [5, Lemma 5.50]

t
Vit Viey(t)) < V(ea(t;))e Y ¢ 4 cwf e ()26 HV ) g
t.

i
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Observer design
Stability analysis for w(-) € C*" A L (Rsg; Rs.) and &(-) € C' A L% (Rug; Rs.)

= Error dynamics e, :=x—2 and ¢, =w—-® = e, = fle,e,,...)

= Lyapunov candidate V(e,) := e, Pe, and using
o H:=A-— ch Hurwitz —
¥Q = Q" >03P=P  >0: H'P+PH = -Q <0[4,Cor. 3.347]
2 2
o Va,b,meR: 2ab= % +mb? — (\/%—\/Eb)z << mb?

= %V(ez) =< 7,LLVV(ez) + Cwei' with ew(') € ‘COO(RZO;R)
o Bellmann-Gronwall Lemma [5, Lemma 5.50]

t
Vit Viey(t)) < V(ea(t;))e Y ¢ 4 cwf e ()26 HV ) g
t.

i

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

t
— Vt>t;: [le,(®)] < cplles(t)le ™V T 4 ¢, j eu(r)?e VT dr
t

i
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Observer design

Bellmann-Gronwall Lemma or ‘Comparison Lemma’ [5, Lemma 5.50]

Leta e R, I < R aninterval and ty,t € I with t > €. If, for 5(-), v(:) € C(I;R),
£(-) e C'(I;R), the following holds

d

vt?toi a

() < BE®) +7(2),

then

Vit=>tg: &(t) < &(tg) exp ( t B(T) d7'> + Jt: ~(7) exp (fﬁ(s) ds) dr.

to

For proofs, see e.g.:
= [6, Lemma 1.1] (for differential form) or
= [7, Lemma 2.1.18] and [8, Lemma A.1] (for integral form).
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Observer design

Stability of slowly time-varying linear systems [9, Proposition 1.4]

Suppose A(-) € CP"(Rs; C"*") satisfies for some a, 8 > 0 and all t > 0:

|A(t)| < B and spec(A(t)) c C._,:={seC|R(s) < —a}
Then the system
wzt) = AMz@),  2(0) ==
is exponentially stable if one of the following holds true for all ¢ > 0:
(i) —a<—45;

(i) A()is piecewise differentiable and || L A(#)|| < § < 52 ﬁ%

(iii) - --
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Observer design

Simulation results: Estimate 7, estimation error e, = y — 4 and estimated frequency f = ;i_

500 T T T T T T

€y
—

Il Il Il Il Il Il Il
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

time ¢ /s
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Observer design

Simulation results: Estimate y,, (left) and estimation error e, =

200 —— —Ww|{
& <

—200 £ .

200
0
—200

‘\A C.M. Hackl, “Grid state estimation of arbitrarily distorted grids”

Yy, — ¥, (right)

I [
I 1
i
9'] IA“
I
0.4 0.6 0.8
time ¢ /s
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Observer design

Simulation results: Estimate y,, (left) and estimation errore,, = y,, — 7,, (right)

150 150
100

100 0
50 ‘ - 50
‘ I I © 0
50 NN ‘ | | —50

A,
0 0.2 0.4 0.6 0.8

time t /s
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| ——

b

r

0.2 0.4 0.6

time ¢ /s

0.8
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Observer design

Measurement results in laboratory: (A) Grid emulator, (B) Host-PC and (C) Real-time system
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0 C.M. Hackl, “Grid state estimation of arbitrarily distorted grids” 26/66



Observer design

Measurement results: —— mSOGI,

-
~
=)

e, |V

f/ Hz

200

—200

200

—200
70
60
50
40
30

sSOGI, =—— ANF, ===y, f

T T T

T

s .

1 1 1

0.1

0.2

0.3 0.4 0.5
time t /s
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Observer design

Measurement results: —— mSOGI, sSOGI, =—— ANF, = = = y,, (left)
200 F T T [ 200
= >
S ERN
= 200} © 200
100 T T T 100 ¢
= =
~ 0 ~ 0
S &
—100 —100
- : . 100
> > | ‘r
~ ~ 0
3 &
—100
100 ¢
= >
- ok v #,. I#
=~ +
© 100
100 100 ¢
= ) > A
-~ 0 ~ 1} A } 4k
& 5 v
—100 —100
0 0.2 0.4 0.6 0.8 0 0.2 0.4 0.6 0.8
time ¢t /s time ¢t /s
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Observer design

Measurement results: —— mSOGI, sSOGI, =—— ANF, = = = y,, (left)
100 T T T 100 ¢
> ) >
~ 0 ~ 0
—100 —~100
100 100 ¢
> i > ‘ ‘
~ 0 ~ 0
& s
—100 —100
100 T T T 100 ¢

gs |V
o

es |V
o

~100 " _100
100 ‘ ‘ ‘ 100 1

99/ V
o
e |V
=

—100 —100

100 100 ¢
> >
S o NS —
= 100 © 100t
0 0.2 0.4 0.6 0.8 0 0.2 0.4 0.6 0.8
time ¢t / s time ¢t /s
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Observer design

Measurement results: —— mSOGI, sSOGl,
50 : : .
> >
—~ 0 WMOP&MM ~
S 5 <
> 50 ' ' ' >
~ 0 I [ In ~
S N i w o
= 50 ©
50 . . .
> =
~ 0 i A i ~
- L4 L -
= 50 ©
5 T T T
> =
~ o—— — — — — — — — — — - — ~
i
5
= >
~ o-——— - — — — — — — ~
= . &
0 0.2 0.4 0.6 0.8
time ¢t / s
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—— ANF, = = = y,, (left)

50
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—50
50

0

—50
50

—50
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L
M o ”:
K |
™ X "
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Outline |

B Appendix
m Internal model principle
= Motivation
= Signal reduplication
m Parallelization of internal models (IMs)
= Observability of parallelized IMs
= Observability of linear time-varying systems
m Observer design
m Overall observer structure
DC-integrator (for dc offset estimation)
Second-order generalized integrators (SOGIs)
Pole placement
Stability analysis
Bellmann-Gronwall Lemma
Stability of slowly time-varying linear systems
Simulation results
Measurement results
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Frequency estimation
Standard Frequency Locked Loop (sFLL)

€y standard FLL
~ N w
T Az S
1
max (|1 %.¢)
dg voe, B >0, W<wnre, #0
dt max (H£1||2,s) <0, ,&\J > WA €y #0

<= A := blockdiag (0, J717 Osx25 -+, 02x2)l
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Frequency estimation

Modified Frequency Locked Loop (mFLL) with anti-windup (AWU) & rate limitation (RL)

modified FLL Faw (5 )

y
1) -
’_'?'L‘ satomex | -

TA
Az Rall Dumin

—
19

&)

1
max (& ]°.¢) H q
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Frequency estimation

Modified Frequency Locked Loop (mFLL) with anti-windup (AWU) & rate limitation (RL)

modified FLL -
ey faw( ) )

&)
>

i
>

satsmax [ : ]

Wmin

—
19

A 2
max (|24 .¢)

. ~ T A
15— £ (@,0) -satgmax[%] with A :== (0, —gy, k1,0,...,0)"
S T min | max (|21 ¢)
€{0,1} T
and fo (@,6) = 0, for (&= wnaA6>0) Vv (&< wypyAd<0)
1, else
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Frequency estimation

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

. modified FLL faw(.7 )
Yy
2 NG satmes -] § a

A 2
max (|24 .¢)

~ Ta 23
d ~ ~ [ yLe, A & > 0, (JJ<CLJ/\6y7$0
£ — oot st 225272 ] _
= Jal0,0) 920 | (i)
—_—
=0

<0, ,0>wne, #0

< X := blockdiag (0,J ", Oy, ..., Og,5)1 (mFLL)
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Frequency estimation

Sign-correct adaption law for the FLL

The choice
X := blockdiag (0, J ", Ogys, .., Ogy5) 1 (5)

leads (in steady state) to

iy (_gu7 ku)A 2

T A
A e, ~ o ? €y, (6)
(s) @2(k3+g5)62 >0, W<wAhre, #0 7)
- 2 <2 ~
w W Yl <o, (,L)>ou/\ey;r$07

which gives a sign-correct adaption, since

>0, W<wnre, #0

<0, O>wne, #0’

d ~ T A .
Ewoc)\ weyy{

|
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Frequency estimation

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

Asatiz?: [4]

Wmax |

Wmin Wmax

Whin |
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Frequency estimation

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

psatm [6]

Wmax |
I I I I I ‘6
Wmin Wmax
Wmin |
. Wmax 76 > Whax
wmax p— * .
Sa‘twmin [5] - d » Wmin < d < Wmax
Wmin ,5 < Wnin
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Frequency estimation

Modified FLL: Sign-correct anti-windup

—
—>

timet/s
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Frequency estimation

Modified FLL: Sign-correct anti-windup

timet/s

0, for (@Zwmax/\i@>0)v(@<wmin i(:1<0)

A G A dt dt
w, W) =
fow (@ 559) 1, else

>
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Frequency estimation

Modified FLL: Sign-correct anti-windup

timet/s

(B, 28 = {O, for (& > wpax A S0 > 0) v (B < wpin A $B < 0)

1, else

>

= Vi = 0: (:J(t) € [min(wmina&\)O)a min(wmaxa&\JO)] = a() € [’OO(R2O;R>O)
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Frequency estimation
Simulation results with mFLL: Impact of modifications on frequency estimation
T T
-——-w
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Frequency estimation

Simulation results with FLL: Estimate 7, error ey =Yy — v, estimated frequency f = o
T T T T T T

500

1
0.3 0.4 0.5 0.6 0.7 0.8

time ¢ /s
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Frequency estimation

Simulation results with FLL: Estimate y,, (left) and estimation error e,, = y,, — 7,, (right)
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Frequency estimation

Simulation results with FLL: Estimate y,, (left) and estimation error e,, = y,, — 7,, (right)
150 ‘
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ncy estimation

Freque
Measurement results with FLL: Signal and Fast Fourier Transformation
]
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Implementation
Laboratory setup: (A) Grid emulator, (B) Host-PC and (C) Real-time system
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Implementation

Measurements w/o FLL (v = 1): =—— mSOGl,

ANF
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Implementation
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Implementation
Measurements w/o FLL (v = 10): =—— mSOGI, —— sSOGI & ANF
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Implementation
Measurements w/o FLL (v = 10): e, = y,, — g, for ——mSOGI, —— sSOGI & ANF

10.02.2020
0 C.M. Hackl, “Grid state estimation of arbitrarily distorted grids” 48/66



Implementation
Measurements with FLL (v = 10): =—— mSOGI, —— sSOGI & ANF
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Implementation
Measurements with FLL (v = 10): e, = y,, — 3,, for =—— mSOGI, —— sSOGI & ANF

50 [ T T T T |

=

~ 0}

oy

=50 I I I I 3

T =

=

~ g

&
‘ B
T

=

~

&
‘ B
T =

=

i Ao 'me‘yav"'\‘r"" v.\_

S
‘ B
T =

=

~ s \‘AA

o
‘ B
0.5 0.6

time t /s

10.02.2020
0 C.M. Hackl, “Grid state estimation of arbitrarily distorted grids” 50/66



Outline |

B Appendix
m Internal model principle
= Motivation
= Signal reduplication
m Parallelization of internal models (IMs)
= Observability of parallelized IMs
= Observability of linear time-varying systems
m Observer design
m Overall observer structure
DC-integrator (for dc offset estimation)
Second-order generalized integrators (SOGIs)
Pole placement
Stability analysis
Bellmann-Gronwall Lemma
Stability of slowly time-varying linear systems
Simulation results
Measurement results

10.02.2020
0 C.M. Hackl, “Grid state estimation of arbitrarily distorted grids” 50/66



Outline Il

m Frequency estimation
m Standard Frequency Locked Loop
= Modified Frequency Locked Loop
m Sign-correct adaption law for the FLL
= Modification for mFLL
= Comparative simulation results with FLL
m Implementation
m Laboratory setup
m Measurement results for signal with fundamental only
= Measurement results for signal with harmonics
m Harmonic sequence extraction
m Overall implementation
= Positive, negative and zero sequence estimation
= In-phase and quadrature signal vector of v-th harmonic
m Fortescue transformation
= Simulation results

10.02.2020
0 C.M. Hackl, “Grid state estimation of arbitrarily distorted grids” 51/66



Harmonic sequence extraction

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

8
8

Taa

c, T
parallelized SOGIs

b ~b
Yy

— PPE"
g PPE® =
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Harmonic sequence extraction

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

HSEabL‘

~abe

Ty

~b ﬁahn

~abe

Vn

HSEg"

HSE"
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Harmonic sequence extraction

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

0o -1 0 1 7% %
Letue]HIn,lez[é 0 g]andTC:znlfl) f fﬁ ne{g,\/»}
Vi VZ V2
define
=:Dy,
1 0

Y ()= 3T 5 18| T + 3T I DRl ()

~abc

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

+ §Tc*1D12Tc@3bC( ) = 3T 'L DpT. 4, (1)

@ (t) [negative sequence]

=:Dj
0 (0] 0
+T, [g 0 g] T. 95" (t)

=225 (t) [zero sequence]
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Harmonic sequence extraction

In-phase and quadrature signal vector of v-th harmonic

For all v € H,, and ¢ > 0, define

72(t) 1 000 0 0] /&)
gw=[gt@® =10 0 1 0 0 of |25¢) | eR*and
7E(t) 0000 1 0| \&@¢
——
=:Cp*er®*¢ =:227°(t)eR"®
(8)
3o (t) 010000
@ :=1¢®m|l=10 0 0 1 0 0]z eR?
3 (t) 000001
=ZC;bC€R3X6
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Harmonic sequence extraction

Fortescue transformation (complex; in steady state)

2
For a:=e’3 , define the Fortescue matrix

2
a
2

(03
L 3x3
IFortescue T 3 o o eC

=
— = =
—
—

then, in steady state (as phasor!), the positive, negative and zero sequence
of phase a are given by [10, Appendix A]

3]

uf u
“a b
u_ = IFortescue u
a c
Ug u
=, — b
and 2yl b= au ¢ i=aqu® and v’ = u’
uy =0 uf, uo=au’, ul =oaul ul =a ul
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Harmonic sequence extraction
?lmulatlon results: Estimate ¢y~ ", estimation errore™” =y~ — 3y & estimated frequency
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Harmonic sequence extraction

Simulation results: v-th estimate 37 (left) & v-th estimation error £, = ¥ — 7% (right),
pef{ab,c)
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Harmonic sequence extraction

Simulation results: Estimate y,, (left) and estimation error e,, = y,, — 7,, (right)
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Harmonlc sequence extractlon
Simulation results: Harmonic y;"b" e © 8 7610 @abc seq
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Harmonic sequence extraction
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Harmonic sequence extraction

. . . 4 . ~abc . ~abc ~abc
Simulation results: Harmonic y5°°, positive g5 <, negative g5 30
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Harmonic sequence extraction

. . . abe o B L ~af 0
Simulation results: Harmonic y3~°, positive g5”, , negative g5” & zero g5 o sequence
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Harmonic sequence extraction

abe ~abc ~abc ~abc

Simulation results: Harmonic y, , positive 4, _, , negative yzf’, & zero y, , sequence

b
Y2

abe i b

— — — Y Yo, Yo, Y,

A | | | | | | | |

abe ~a b e

T T
l* — — Y% Y20 Y20 Y20

s
<

time t /s

10.02.2020
C.M. Hackl, “Grid state estimation of arbitrarily distorted grids”

Il
0.4 0.41 0.42 0.43 0.44 0.45 0.46 0.47 0.48 0.49 0.5

64/66



Harmonic sequence extraction

abe ~af3

. . . e ~afB . N
Simulation results: Harmonic y5~°, positive 35", , negative 35" & zero 79 o sequence
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