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

LMRES — Selected research results: Smart grid/renewables/power systems (multi-level converters; fault-tolerance) [166]

CONVERTERS

Received 24 January 2025; revised 26 March 2025; accepted 10 Apil 2025. Date of publicaion 14 April 2025;
12 May 2025. The review

Disitl Obiect enfer 10.1109OLES 20253560701

Cluster-Fault Control Strategies for Modular
Multilevel Converters

OLIVER KALMBACH © (Graduate Student Member, IEEE)
AAND CHRISTOPH M. HACKL © (Senior Member, IEEE)

Msich, Germany

s German Resarch

" Foundarion) - Projectunder rant 512519356

ABSTRACT  Modular multilevel converters (MMCs) are widely used for high-voltage and high-power
applications. They are highly scalable, modular, and flexible in operation. However, this comes with the price.
of a large number of components, such as semiconductors and capacitors. Each of those components is prone
to failure. This article presents four fault-tolerant control strategies for MMCs under severe failures: cluster
faults that have been rarely discussed in literature for MMCs. Three fault modes are discussed and four
cluster-fault control strategies are proposed. All approaches are derived in detail and validated by simulation
and measurement results, including transitions from healthy to faulty operation for different power factors
and power steps. The results show that proper of the cluster-fault control
strategies is still achievable even under the resulting voltage constraints. The proposed cluster-fault control
strategies are simple to implement and allow for 1) an easy integration into (existing) systems and 2) an
improved fault tolerance of MMCs.

INDEX TERMS Cluster fault, cluster-fault operation, cluster-fault control, fault tolerance, fault-tolerant
control, high-voltage direct current (HVDC), input/output (/O) linearization, modular multilevel cascade
converter (MMCC), modular multilevel converter (MMC).

I. INTRODUCTION series-connected (cascaded) cells. Usually, chopper cells

In 2001, the modular multilevel cascade converter (CCs) are used due to their simplicity and costs (MMCC-
(MMCC) (1] was introduced by Marquardt et al. (2], DSCC). However, fo cetain opologies, bridge cells (BCY).
11 Ginra the Tt 1 MM NGB i b ot Foe vl

FIGURE 2.

highlighted, which allows for handiing a luste faut in an arbtrary cluster.
modulation index (+ see ms; in Fig. 3), moderate capacitor
energy fluctuations (0; see Fig. 4), and increased current stress
(~: see Fig 5). Moreover, SI does not alter the ac and dc
terminal quantities (+), i.¢.. the faulty MMC behaves at its
terminals as there was no fault.

2) STRATEGY S2
For strategy S2. ac component v ac. de components i%. ;. and
i - and, in contrast to S1, negative- and positive-sequence

current amplitudes 7/~ and 73/ are used as control variables.
This gives
i = i, 4 AT coslpy) T sin(hy) 29)
i =1 4T sin(@) 47 cos(@y) (B0

allowing for the independent mean active power control with

Ly it 1

P = el — buail g
1 1

z’% i TRE A

Px 3 Vdels ge

7=

0 = 200na0) (7 cos(6p) ~ T sin(4y)

+of (Jf sing) + 75+ mswg))

o

\J
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proportional,

= ol (R costgy) ~ 7 sin(o)

52 does slightly alter the ac and dc terminal quantities (0), as
the faulty MMC will have an ac component in its de current
due 10 (30).

3) STRATEGY 53
‘The control variables for S3, as listed in Table 1, are ac com-
POMERS o 1 1, GOMPONEN o
1% 4e- Hence, the common-mode voltage von = von,de + Von ac
has two components, and the regulated mean active powers
for $3 become

. T o
Py o= Vol — |2l g
L
71;.1‘:: de = $on.acily

i

(32)

2 du’: de.
w5 -
L I T

Do)l o — 2on el g

Also, strategy S3 allows for an optional interchanging of the
control variables von oc and if, ;. of P% and 7 and of the
control variables 7., and von dc of s and 7, respectively.
Performance evaluation (pros and cons) of sirategy S3:
Strategy S3 exhibits the worst modulation index (—: see ms3
in Fig. 3), the highest capacitor energy fluctuations (—; see
Fig. 4), moderate current stress (0; see Fig 5), and unchanged

integral and resonant control systems
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Introduction

LMRES - Selected research results: Smart grid/renewables/power systems (grid-connected inverters) [167]

Np— SONG ET AL: MODELING AND PI-SFC OF FULLY PARALLEL GRID-CONNECTED INVERTERS

Received 31 January 2025; revised 24 March 2025; accepted 31 March 2025. Date of publication 3 Aprl 2025;

Modeling and Proportional-Integral State i s = !

1

Feedback Control of Fully Parallel
Grid-Connected Inverters
ZHAO SONG ©', SIMON KRUNER ©2, AND CHRISTOPH M. HA:KLO' (Senior Member, IEEE)

aborsory S Munih, Germany
g R e Gy

HACKL

under Grat 12819356,

3o bt e b=
L I N
| — I > 1

ABSTRACT A novel three-phase grid-connected inverter topology with a split de link and LC filter is pro-

posed. It allows for a full parallel connection of multiple inverters simultaneously on both the ac and dc sides. L " A m . m————
offering high modularity, redundancy, expandability. and overall system reliability. A generic dynamical "

system model is derived, considering the coupling effects between parallelized inverters. physical constraints, o 0 w w w0 o x “ w w0
and varying grid impedance. A decentralized proportional-integral state feedback control (PI-SFC) with an /s /m
extended Luenberger state observer is developed and compared with a conventional PI controller regulating [ . <onditions, wi

inverter-side currents. A stability analysis shows that both closed-loop control systems remain stable even if
an arbitrarily large number of inverters are connected in parallel. Simulations and experiments confirm the

and robustness of the closed-loop system under varying grid impedances and during grid faults 005
For the experimental results, the controllers were implemented on commercially available hardware of the
proposed topology. In particular, the PI-SFC allows for better exploitation of the full power of the inverters
due to its enhanced controller performance and damping ability. Besides, the exceptional match between
simulation and experimental results proves the accuracy of the proposed system model as well.

Ly =1 mH and the right column with Ly =2 mH.

0z

INDEX TERMS Grid-connected inverter, grid impedance, parallel inverters, split dc link, state feedback
control (SFC), state space model, voltage source inverter (VSI).

1h

FIGURE 11

h undamanta fragueney demes for i cash wilh 12, = 8.5Rat f; = 50H).

NOMENCLATURE follows. If a auantity s in bold font. it is a vector. For examole.
H \d Frequency-adaptive pole placement for parallelized proportional, integral and resonant control systems
Christoph Géttsberger and Christoph M. Hack!
M | MRES istop 9 stop 7148




Introduction

LMRES - Selected research results: Electrical drives (multi-objective optimization & operation, neural networks) [168]

Received 16 November 2023; revised 12 January 2024; accepted 17 January 2024. Date of publication 22 January 2024;
date of Febr The paper was ananged paolo Butcchi.

Dl Obiec e 10,1 1OSIOJIES 20265556721

Multiobjective Hyperparameter Optimization
of Artificial Neural Networks for Optimal
Feedforward Torque Control of Synchronous
Machines

NIKLAS MONZEN ©, FLORIAN STROEBL ©, HERBERT PALM ©,
AAND CHRISTOPH M. HACKL © (Senior Member. IEEE)

Universty

Proecinamber 512519356

ABSTRACT Multiobjective hyperparameter optimization s applied to find optimal artificial neural network
(ANN) architectures used for optimal feedforward torque control (OFTC) of synchronous machines. The
proposed framework allows to systematically identify Pareto optimal ANNs with respect to multiple (partly)

objectives, such as accuracy and burden of the considered
ANNs. The obtained Pareto optimal ANNS are trained and implemented on a realtime system and tested
experimentally for a nonlinear reluctance synchronous machine against non-Pareto optimal ANN designs
and a state-of-the-art OFTC approach. Finally, based on the most recent results from ANN approximation
theory, guidelines for Pareto optimal ANN-based OFTC design and implementation are provided.

INDEX TERMS Artificial neural network (ANN), hyperspace exploration (HSE), multiobjective hyper-
parameter optimization (MO-HPO), optimal feedforward torque control (OFTC), reluctance synchronous
machine (RSM).

Christoph Géttsberger and Christoph M. Hackl

MONZEN ET AL: MO-HPO OF ANNS FOR OFTC OF SYNCHRONOUS MACHINES

FIGURE 8. Experimental setup.

a) Scenario and Time Series: The implementation of the
ANN is realized by a (self-written) MATLAB function, which
i subsequently integrated into Simulink for the eventual real-
time code generation. The 1.9 kW nonlinear RSM (right
machine in Fig. 8) is speed controlled. The speed controller
outputs the reference torque to the ANN-based OFTC sys-
tem which computes the optimal reference currents for the
underlying current controllers. For those, a generic and non-
linear current controller structure based on J/O-linearization
was applied as introduced in [47. Sec. 6.6.7) (in German) and

FIGURE 5. Expavatal st o the proposed AN basad OFTC
tecture ) for a nonlinear RSM (from top to bottom): Time

Series of

o (@ 30 0,

of actual [i£7]] and reference currents ||i#%,||, voltage magnitude [1uS"]l,

angular velocity v, torque mp, and execution time fuec.
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Introduction

LMRES - Selected research results: Electrical machine design (multi-objective optimization; in preparation) [140]

Multi-Objective Machine Design Optimization wi
Gaussian Process Regression and Bayesian
Optimization (Extended Version)

Johannes Rossmann, Maarten J. Kamper, Senior Member, IEEE,
Christoph C. Hackl, Senior Member, IEEE

Abstract

During the design phase of electrical machines, diverse performance specifications need
to considered. Although stochastic optimization algorithms are extensively employed for this
purpose, a primary drawback is the substantial number of designs requiring evaluation. Bayesian
optimization presents an alternative methodology that can address multi-criteria optimization
challenges for objective functions, that are expensive to evaluate. Nevertheless, Bayesian opti-
mization is hardly used in the field of electrical machine design. Consequently, the present study
explores the Bayesian multi-objective optimization methodology and discusses its application
in lem‘ls of machine design. Employing four distinct acquisition functions, the study conducts
th of a reluctance achine y 14 design
variables. Comparative analysis with NSGA-II reveals significantly superior uuu,umes achieved
in a considerably shortened timeframe.

Index Terms

Design optimization, electric machines, reluctance synchronous machine, Gaussian process
regression, Bayesian optimization, expected hypervolumen improvement, expected improvement
matrix, multi-objective optimization

@ and y. [« = Va @ = /2l + -+ a2: Euclidean norm of @. X €
m columns. || X == mp{ux:u \ = [ ]R“ "with [|]| = 1}: induced matrix 2-norm of X. |X| €
cardinality of set X. I, ag(1,...,1): Identity matrix.

th

NOTATION
N,R: Natural, real numbers. @ := (xy,...,2,)" € R" Column vector, n € N where *™" and “:="
mean “transposed” and “is defined as’” ,mpeuwe]y @'y = 1y, + - +2,y,: Scalar product of vectors

R™™: Matrix with mws and

Christoph Géttsberger and Christoph M. Hackl
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Fig. 7: Visualization of the three (unnormalized) objectives mean torque 7, y. torque ripple Am,, and
power factor cos(¢) of all 14.000 design evaluations (blue) and the ccn'espondmg 3D, respective 2D,
Pareto fronts (orange).
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Introduction

LMRES - Selected research results: Wind energy systems & power electronics (reliability; VDE Award) [78]

2986 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 34, NO. 3, MARCH 2019 |

Modeling and Control of Permanent-Magnet
Synchronous Generators Under Open-Switch
Converter Faults

Christoph M. Hackl @, Senior Member; IEEE, Urs Pecha @, and Korbinian Schechner’

i

w0

Abstraci—The mathematical modeling of open-switch faults in 77, () | 0] = Ty(=0) " Park transformation aw
two-level machine-side converters and the fault-tolerant current | © =" 17" rotation matrix. o

ussed in this paper. The proposed converter model is generic ol
for p h L. INTRODUCTION
system gives improved control performance and reduced torque PEN-SWITCH faulis in converters for elect o J
ippl i ivi % gained increasing attention in the last ye

switch fault can be caused by thermic cycling, driver failures, or
by a rupture of the insulated-gate bipolar transistor (IGBT) that
isinduced by a short-circuit fault [1]. Unlike a short-circuit fault,
anopen-switch fault does usually not trigger a system shutdown,

but degrades the wse- o
roper countera om—s:‘cundnry faults in other components
d

dditional

validated measure-

i
ment results.

Terms— dup (AW), current control, d-current
injection, fault tolerance, field-oriented control (FOC), flat-top.
odulation, open-switch fault, permanent-magnet synchronous

generator (PMSG), wind turbine systems. (see [2] and [3]). Open-switch faults are therefore a crucial
of faults in converters and should be considered in the design of
; o i o e E R B R Y ’
arobustand faul-olerant (henee more elable elecrcaldrve T T T e e o I SN S S S S
Notation: N.R: natural and real numbers. system Time t/x Time1 /s
, )T ER": column vector, neN where “This far, especially, the detection of faults in the converter
10 @)' € ; neN whe ] ® o
and “Z""mean “transposed” and “is defined as” I, := and the identification of the faulty switch have been the focus
ding(1,. 1) € B"*": identity matrix. Oy € B"*7 of research. Various detection methods have already been pre-
m‘::ffx e F),i» ze m‘l' fl';',{,,'?;;,‘;m, ‘quanity = W::',Z sented [1]-[9]. Therefore, fault detection is nof the topic of this 13. Comparison of simulation and measurement results for standard control system and fault-tolerant control system with extended AW, modifi
P € N paper M (flat-top modulation), and optimally injected d-current. () Experiment (Ey): Comparison of simulation and measurement results for siandard cont
each of the n clements has SI unit X. mod (z,y): rem: em: THD,s = 41.8 % (simulation) versus THD, s s = 45.4 % (measurement). (b) Experiment (Ey ): Comparison of simulation and measurement resu

s
der of the division /y, = < B, y € R\[0}. atan2: B~ The focus of this paper s on a fuultolerant modification
[=m,m), (2,) — atan2(y,): extension of of the control system such that, even in the presence of an

sent function to whae circle T 2[1 £ £ ] ang 1 . Open-switch fault in the machine-side converter, a continuous

[ the inverse tan-

H M \d Frequency ole 1t for p i proportional, integral and resonant control systems
‘R Christoph Gonsberger and Christoph M. Hackl 10/46



Introduction

LMRES — Selected research results: Wind energy systems & power electronics (grid stability, VSM) [169]

Received 15, 14 February 2024;
G of et v 15l 2028, article

Distal Obecs e 10 10SOIES 2024 35082

Virtual Synchronous Machine Control for
Doubly Fed Induction Machine-Based
Wind Energy Conversion Systems

ANDRE THOMMESSEN © (Member, IEEE) AND CHRISTOPH MICHAEL HACKL © (Senior Member, IEEE)

L HACKL

T work

ABSTRACT  Renewable inverter-based resources (IBRs), such as wind energy conversion systems (WSs),
replace directly grid-connected synchronous machines (SMs). Standard grid-following (GFL) control of
IBRs decreases the power system inertia. This article proposes virtual synchronous machine (VSM)-based
grid-forming (GEM) control for doubly fed induction machine (DFIM)-based WSs with the following exten-
sions: feedforward torque control (FTC) for maximum power point tracking (MPPT), MPPT compensation
for accurate inertia emulation, reference power point tracking (o provide energy reserves, dynamic droop
saturation control and grid utilizing DFIM stator and rotor-side
back-to-back inverter reactive power. The WSs are integrated into the IEEE 9-bus test system. Comprehensive
simulation results give insights into (V)SM-based power system dynamics. Compared with existing VSM
control without FTC, the proposed FTC increases the wind energy yield, ic., typical MPPT performance is
achieved, similar to GEL control. For high power penetration of IBRs, the proposed VSM control enables
stable operation due 1o its GFM capability, whereas GFL control tends 1o instability. The VSM provides
higher power system damping than a real SM due to adaptable internal damping. If wind power reserves
are available, the fast VSM droop control provides additional damping by adapting the virtual turbine power
without the dominant delays of real turbine dynamics.

/%

reduces 10 115 % at

105103 1004 100 90607 95 o and 10 110% at
150 120
(d Jio = N o i e 100
80 =
[
. Tower it inereases| | 40
41%’7 20
i L - 0
02 4 2 3
A9, /% t/s
@ ®

FIGURE 7. llustration

admissible frequeney range [ ) see is0 (2.3 () (Emndedi
also Remark (R5).

1) FEEDFORWARD TORQUE CONTROL

Assuming a grid-voltage-aligned dg-reference frame, the
DFIM torque only depends on the d-component of the DFIM
rotor current, recall (14), i.e., the FTC is given by

wio = (™) = () @ =
0 0 e M, T

with saturated torque reference My, et from (40), see Fig. 4.

rer (68)

2) DROOP CONTROL
The strategy is 1o primarily use the WS kinetic energy for
inertia emulation, whereas droop control is only activated if
additional energy reserves are available due to RPPT (in-
stead of MPPT). This improves the WS stability (less severe
WT speed nadir in Fig. 13) without degrading the grid sup-
port, as shown in the results later in Section IV-E2. If wind
power reserves are available, i.., for P et < 1in (34), the
WS has to provide droop power outside the tolerance band
g % Awg g with rated grid angular velocity wg g and toler-
ated grid angular velocity deviation £ A ¢ [36]. In Fig. 7(a),
with droop gain kg (see [2, Table X]) or normalized droop
gain Ky = kgog v, the desired power change AP := (Py —

11 (@) Active power droop curve, as in (69), with extended
1

FIGURE 5. Active power droop control with overload protection.

the grid frequency if feasible. Moreover, GUs have to stay
grid-connected within the range 21494 < w, < 27514 or
98% < @, < 102%, and, for a limited time interval of up 10
30 min, GUs have 1o stay grid-connected within the extended
range 2747.5"4 < w, < 2751.5% or 95% < @, < 103%,
see [ in Fig. 7(a)."®

In Fig. 8, the DFIM power reserve P, . is the difference
between available P, and reference Py, ey DFIM poveer, lead-
ing to the maximum droop power Py max as follows:

Pret)/Pro e, Telative to the power at rated grid frequency
Palog=u, = Panset in (40),is given by [36]
\d Frequency-adaptive pole placement for parallelized proportional, integral and resonant control systems
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Introduction

LMRES — Selected research results: Smart grid/renewables/power systems (grid synchronisation) [22]

s

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

Christoph M. Hackl ©, Senior Member; IEEE, and Markus Landerer

Abutraci—This artice proposes modifed second-order genarel
ized integrators (mSOGIS) for a fast estimati harmoni
components of arbitrarily distortcd single-phase signals, such 43
Voltages or carrents in power systems. The csimation is hased

ing to an overall observer

c abserer s tned by pole
fundamental frequency, the observer is
e of ciimaing a harmoni components it prescribed
sclllmz time by choosing the observer poles appropriately. For

ncd with amodifid regueney locked lop (nFLL) with i
.mmuhuu.m sign-correct antiwindup, ar limitation. The

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

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).
: ndex Trmx—Ampllmde estimation, frequency estimation,
ked loop (FLL), phase estimation, second-order
genmnm Inlegnmr (SOGI).
Notation

R,C,Q: natral, real, complex and rational num-
bers. For the following, let n,m & N. =

a1, )| €
defined as” and

R column vector (where := means “is
" means “transposed”). 0,, := (0, 0,....0)" & R": 7ero vee-
tor. || == VZT@: Euclidean norm of @. A € R™": real

(non-square) matrix. diag(a) € R"*": diagonal matrix with

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 i

o
systems) can then be used to implement such

gV

—200

50
S 60
a0
20
01 0z 03 04 05 06
timet /s
Fig. 11 Measurement results for Scenario (S4): Comparison of the estima-

tion performances of parallelized mSOGs (——). sSOGIs (—). and ANFs
) without FLL. Signals shown from top to bottom are: Harmonic signals

r estimates g1 10 Y10 and harmonic estimation errors
€1= 1~ J1 0 €10 = 410 - J1o.

frequency are identical for this scenario. Therefore, the esti-
mation purcly can be compared sccording o 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

M ‘ Frequency-adaptive pole placement for parallelized proportional, integral and resonant control systems

LMRES Christoph Géttsberger and Christoph M. Hackl

time ¢ /s

ver The ignal y =
undergoes step-like changes in amplitude, 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
74 - 7and its estimates i = 7, and the estimation errors

=y All fes-
umalma (hc imout sienal u. All stimation erors . —» 0 tend to

12/46




Introduction

Frequency-adaptive pole placement [170]

Frequency-adaptive pole placement for parallelized
proportional, integral and resonant control systems

[

(oph Goettsberger and Christoph M. Hackl

Laboratory for Mechatronic and Renewable Energy Systems (LMRES)
Hochschule Minchen (HM), University of Applied Sciences, Munich, Germany
(christoph.goettsberger, christoph.hackl} @hm.edu

Abstract—A novel and generic frequency-adaptive pole place-
ment (FAVP) algriin o paralccd proportonal, i
and resonant (PIR) control syste L 1t allows to
place arblrarly many close Ioop .nl“ o et Iocatons
the complex plane (uually fex half-plane) with
mping and seling e characterisies. The dosed-
Toop sytem whh pralesed IR, somtrllrs - fhen copable
of tracking any lincar combination of constant and sinusoidal
refernce sighals asymploteally. The p 2

Sehioues 4 beter damped cloved-Joop svstem behavk
Matas piace command. Moreover ven when pLace fal to
place the poles at the desired locations in the complex plane, the
proposd FAPE will do the b Auditonally, e PIR controlce
ipped it simple an-vindupsirsiegy and an clective
referclm [endlorwlrd comml, proposed approach is illus-

3y several imalation sxample

& eunrent comi o 4
Index Terms—requency-adaptive pole placement,  propor-
ol integral and resomant control

e

NOTATION
NE, vc @: natural, real, complex and rational numbers.
0.0): positive real numbers
ative complex. half-plane, i, all 2
real pants R{z} <
@

zer0. Coot neg-
& C.y have negative
For the fnllowmg et n € N
B column vector (where :=

means “transposed”). 0, :=

zero vector. |lz| = Va z: Eu-
clidean norm of z. A € R"™" real (non- sqare) matin
o,, R zero (non square) matrix. I, := diag(1,,) €

 identity m g
@ vecor by 3 (cuumen.la&kv«lse)

1. INTRODUCTION

"] roton mateix rotaing

A. Motivation

Several applications require active control of constant and

reference signal containing not only constant terms but also
multiple sinusoidal components. After Clarke transform:
with Clarke transformation factor = € {2./2} (allowing
for amplitude or power invariant !mmlormmmn 112, Section
14.2.4), such 4 time-varying reference signal (1) =
Y2 (2) in the (a, §)-reference fame’ s given by

.
o)+ s »(::;:E 1)

= 0) 10 )

Yrer(l)

IR —

[
It consists of desired de reference () with possibly
time-varying individual de components A5() and A7 (f) and
desired sinusoidal reference y7 . (t) = 3, ey Ul (f) with
a possibly time-varying amplitude A, (f). time-varying angle

6,0):= / visg()dr with harmonic order v € H € Q.

which depends on the time-varying fundamental angular fre-
quency w;(t), and constant phase offset p,. respectively for
cach harmonic order » € HL. The set H of harmonic orders may
contain any rational numbers v € @ including e.g. positive
(v, > 0) and negative (v < 0) sequence harmonic orders.
The intenal model principle [13], well known in control
theory, states that for such reference (or disturbance) signa
parallclization of proportional, integal and (multiple) resonant
controllers (PIR;; controller) is necessary to achieve asymp-
totic tracking by reduplicating the constant and sinusoidal
‘components of all harmonic orders v € I of the reference sig-
nal in (1). However, the tuning of the parallel PIR; controller

(@ Hy:=(3:5) with b =2 a

Polosso g

(@) Hy:={3;5} with hy =2 and m

;B@
E

- }}i@

o casesansiezassmes o

with /13 =20 and mﬁ 4,

lustrative simulation results for different harmonic set
T8 e subplo (3, () () g accoing 1 (RSCr) wih

place [—] and FAPP [—]: poles [x], zeros [o] & desired poles (@]
{double pole an el ais in cach subplo (@, (0 & (0.

respectively. Pole placement with place (from Matlab) and
FAPP are performed according to the Eigenvalue Selection
Guidelines (ESG,) and (ESG,) (recall Section 11-D3) and

Fosero onp P wap oy
-z ‘ P r:’ E|
£ 4 a® RV EY,

7} with (b) Hy:={2;3:4:5;6: 7} with hy =6 and m, =16,

; HH

:£10;11; -12; £13)
4 (“pLace” fails; not shown here).
Bigure 3: lasraive simuaon reuls for difernt bl st

(

H (se subplots (@), (b) & (¢)) and tuning according 10 (ESG) with
P ) and FAPD [ I poles <1, ron (o] & dexired poe 2]

when compared with the desired Eigenvalues highlighted by
red squares [3]. The respective step responses are also simular;
however, the closed-loop systems tuned by place (see cyan
lines []) exhibit more oscillations and are less well damped
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Introduction

Motivation and problem statement

Reference signal with constant and (multiple) sinusoidal components

Can we achieve fast and accurate tracking ...
= with (almost) no overshoot ?
= with (asymptotically) vanishing tracking error ?
= while considering multiple harmonics and dc-offsets ?
= by which controller structure ?
= by which tuning even if the frequency is varying ?

H \d Frequency-adaptive pole placement for parallelized proportional, integral and resonant control systems
i 0 i h M. Hackl
M| MRES Christoph Géttsberger and Christopl 14/46



Introduction

Proposed solution

Proposed controller structure

af
vy ref

(w;,mf] Reference feedforward
y o Nonlinear system
/0 linearisation Filx) Gi(z) di(t)
— d — x e , t
G - a) Lyl b = (50) oot Ju (40) Loy
i, y = h(z)

aB
Zx/&H VJyu,rP,f

PIRy controller

Yoot || K, (Y, —y) + Ki;
Lot ]l K (Yre i
L

i

for frequency-adaptive pole placement for parallelized proportional, integral and resonant
control systems, which is conducted in four steps:

(z,d1)|

= Step 1: Input/output (I/O) linearization;

= Step 2: Implementation of parallelized PIRy; controller;
= Step 3: Frequency-adaptive pole placement; and

= Step 4: Reference feedforward control.

o Frequency-adaptive pole placement for parallelized proportional, integral and resonant control systems
M| MRES Christoph Géttsberger and Christoph M. Hackl 15/46



Frequency-adaptive pole placement for parallelized systems

Step 1: I/O linearization

Considered system class with multi-input © € R™ multi-ouput y € R™ (MIMO) dynamics

fo = (1) + [0 Jus (20) } m
y = h(z)

where f1: R"—R™, fo: R"—R"™™, h: R"-R"™, G;: R" —=R"*"™ with det G, (z) # 0 and

[ﬁh(fﬂ)r = [Wh(w)’ Omx(n—m):|

m

| S —
=:Cy(z)eR™* ™

with det C(x) # 0 for all x € R" (i.e., Gy (x) and C,(x) are invertible).

Step 1: Input/output (I/0) linearization

u=—G(z)" (fi(x) +di(t) + Ci(x) 'v), (2)

gives Sy "7 C1(@)[£1(2) + G (@) - (-G (@) (F1(@)+dy () +Cy (2) v)) +du(8)] =v.

o Frequency-adaptive pole placement for parallelized proportional, integral and resonant control systems
i 0 i . Hackl
M| MRES Christoph Géttsberger and Christoph M. Ha 16/46



Frequency-adaptive pole placement for parallelized systems

Step 2: Implementation of parallelized PIRy; controller

Properties of controller:
= Let m=2 — 2-input, 2-output system of form (1)
= Choose set H of harmonic orders with cardinality |H| =: h € N

= Choose the PIR; controller's feedback vector vy, € R? with 2k + 2 states
Ty = (2, z,,,z,) €R”? including integral states a; € R* and / resonant double states
xz, € R®forall v € H.

Hence, the parallelized PIRy; controller is given by

U, = Wo [Kp (yref - y) +Kiwi+ Z Kywy]
veH
=iApir =:Bpiy
o o ... o ’_I'; (3)
%mpir =Wo O nd ) mPir +WO 1.2 (yref - y)
o ... o ufJ Iy
:1fpi,-(mpn-vyref*yawo’wiva---»wuh)

Remark: Note that all gain matrices K ,, K; and K, , ..., K, are element of R*** and may be
scaled by some angular frequency w, > 1. Anti-windup should also be implemented.

o Frequency-adaptive pole placement for parallelized proportional, integral and resonant control systems
M| MRES Christoph Géttsberger and Christoph M. Hackl 17/46



Frequency-adaptive pole placement for parallelized systems

Step 3: Frequency-adaptive pole placement

The frequency-adaptive tuning rule for the controller gain matrices

K :=[-K, K, K,, -, K,]ecR”" (4)
is obtained as
I, - I,]°°
K=[At - AL Tf’l T?’l withAﬂg,k;{_;’é :‘:ﬂaglﬁww, (5)
T.l,l T.l,l

where, for all i € {2,--- ,I1} and j € {1,--- 1},

T

= 4 [O[,LJ - A]‘l’%,j] 71. (6)

2%

Remark: The simple definition above is based on the introduction of o, := 1, a := 0, az := 1y,
Qg = vy, ..., ap = v, All'T, ; depend solely on known quanteties such as the harmonic orders
Vi =g, Uy =y, ..., v, =, and real o and imaginary w; parts of the j-th desired pole pair
X = —0} + w} and \; = —a — y, respectively.

o Frequency-adaptive pole placement for parallelized proportional, integral and resonant control systems
M| MRES Christoph Géttsberger and Christoph M. Hackl 18/46



Frequency-adaptive pole placement for parallelized systems

Step 4: Reference feedforward control

Invoking the Internal Model Principle, the desired reference feedforward control has the
following form

v = ZyeH wayS,fef Wo Z yu ref (7)

which only depends on the actual reference components of the respective harmonic order v € H.
Combining all four steps gives the overall control system (as introduced above):

apB
( “]'m] Reference feedforward
Uy ret

i Nonlinear system
I/O linearisation
fi(x) G ()

~Gy(@) (fi(@) +di(0) |, diw = (h(z)) N [0<,L7,,L>X,,J”+ (Z;Eg) .

>ven VJy(;./ch

PIRy; controller +Ci(x) v y = h(zx)
yr=*‘f’ Kp(yrpf y)+Kizi
D enfoT, ($1d1)|

i

H o Frequency-adaptive pole placement for parallelized proportional, integral and resonant control systems
M| MRES Christoph Géttsberger and Christoph M. Hackl 19/46



Implementation and simulative validation

lllustrative examples — Example 1: H, :={3;5} with h; =2 and m, =8.

Considered simple dynamical system (pure integrator; e.g., after I/O linearization):

(o3

iy _da (¥
dtd — dt
Y
Eigenvalue Selection Guideline 1:
* * * * * * *
Pole-zero map Y v v 9
1
= 0
o
4
F a 05 ‘“VK.
—~ 9 o -0.2
3 )
5 il 0 25 50 25 5
a0 ] 8 o B 3
» Yot Y Yoot =Y/
z 8
-;5072 o 02 !
E,
= u 0.1
" 0.5
-] ° 0
0
-4 -3 -2 -1 0 2.5 5 0 2.5 5
Real part ¢ / 4 time t /s time ¢ / s

o

|
LMRES

- Legend: place [

)= ()

Eigenvalue Selection Guideline 2:

* v; * * * 1
1—(D%) 1-(D")
R Pole-zero map . Yor = y* Yo = y?
4 o 1 {\N !)\/“/\___
ER 0.5 0.2
3 -
= 0 0.4
g . = 0 25 3 25 5
: 8 o e ol
g °a s Yoot 7 Y - Yot Y
5-2 ]
&0
g 0.1 1
4 ° 0 0.5
0
5 25 0 25 500 2.5 5
Real part o / =4 time ¢ /s time t /s

] and FAPP [—]: poles [x], zeros [o]

Frequency-adaptive pole placement for parallelized proportional, integral and resonant control systems
Christoph Géttsberger and Christoph M. Hackl
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Implementation and simulative validation

lllustrative examples — Example 2: H, :={2; 3;4; 5

5; 6; 7} with ho =6 and mq, =16.

Considered simple dynamical system (pure integrator; e.g., after I/O linearization):

Eigenvalue Selection Guideline 1:

q ya B . ua
#(7) == ()

Eigenvalue Selection Guideline 2:

* * * * * * *
. = . = L= — :i: Vs * V * * 1
U] @ /\w] 7 = A] « J J 0']—7/\&) Vj :>>\J—71/] i 2:‘:‘]
V1-(D*)’ 1-(D")
. Pole-zero map Yreg = Y yer = y°
= o 15 0.2 o Pole-zero map s Yreg = Y s Yoot Y
6 a o 1 °
_ g ° 0 p 1[\\’—
o e o 0.5 . = ° o
- -0.2 E= 5 B -
32 | o ) 02 = o 05
£ = ° 0 25 500 25 3
A ] & 8 0 0 ; § - [ -0.5
o s Sy Yoo — Y Yoot = ' g o BRY 0 25 50 25 5
& 05 L5 a0 5 .
£ B ° | z o uB Yt ¥ Vs > Y’
&P ] g I 15
g4 B 1 1 g ° 0.2
= = ° 0 & ° e
5 g 5 ]
6 B ° 0.5 = ° 0
n o 05 ’ & 0.5
-4 -3 -2 -1 0 0 25 5 0 25 5 o o 0.2 N
Real part ¢ / 4 time t /s time ¢ / s s 5 2 00 25 5 % 25 5
Real part o / 4 time t /s time ¢ / s
- Legend: place [—] and FAPP [—]: poles [x], zeros [o]
H o Frequency-adaptive pole placement for parallelized proportional, integral and resonant control systems
M| MRES Christoph Géttsberger and Christoph M. Hackl 21/46



Implementation and simulative validation

lllustrative examples — Example 3: H :={£2; £3; +4; 5; —6; £7; £8; £9; +10; 11; —12; 13} with h3 =20 and m3 =44

Considered simple dynamical system (pure integrator; e.g., after I/O linearization):

ya ua
d,, _ d _ —
dty_‘“(zﬁ) T <uﬁ>

Eigenvalue Selection Guideline 1: Elgenvalue Selection Guideline 2: (p1ace” fails))
* * * * * * *
. = . = . L= — . * * * 1
o = Aw; =v; = A o £ gy; o'jzi/\w =v; :>>\j:71/j( _ 2:&])
V1-(D*)? 1-(D¥)
. Pole-zero map Yo >y Yo =y’
L5 0.04 ,
RS | Pole-zero map Yreg = Y Yor = o7
2 AN 00 0 ot L5 0.01
10 2 v .
EE 2 0 20 !
L 0 ’
L & : .. * '
3 © 0.02 T omg ® 05
] oo % 25 50 25 5 3 10 L - = o 0.01
0 € = = :
= oo Yot = Y Yyor = Y g L] % 25 5 0 25 5
£ oo 1. & 0 8 3 5
E © 0.02 o = Yret = Y Yt Y
5 @ H] ® ® 15
S ® 1A/\-~——— 2 " ® 0.01
£ Y 0 5-10 g0 ® ®
= ™ % m ® 1
-10 ® . o g
5 0.02 5 El o )
20 -
s ® 0.04 . 03
4 3 2 -1 0 0 25 5 0 25 5
Real part o / 24 time ¢ /5 time ¢ /s s a0 s 0w 25 0 % 25 500 25 5
Real part o / 4 time ¢ /s time ¢ /s
- Legend: place [—] and FAPP [—]: poles [x], zeros [o]
H \d Frequency-adaptive pole placement for parallelized proportional, integral and resonant control systems
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Implementation and simulative validation

Multi-harmonic current control of nonlinear IPMSM — machine model

Nonlinear machine dynamics

d ;dg _ qu —1 dg _ pdg.dg dq
S
%tzs (1 S ) (us Rs 25 npme'w )
GWm = o (Mm —m), (8)
%Q/)m = Wnp-

with nonlinear flux linkage maps

SRR
IR RER RS
R
SRR L LU MR,
SRR
“\\\\\\\\\\\\\\
R
T
AT
TR
S W

s
%

v/ Vs

g/A 0y . A B0y _
/ “ id /A & 3 i /A
I | - Frequency ptive pole 1t for p proportional, integral and resonant control systems
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Implementation and simulative validation

Multi-harmonic current control of nonlinear IPMSM

Controller specifications / tuning:

= Desired harmonics H;p,em :={1; 3} = number of harmonics h;,msm =2 and states m;p,mgm =8;
= Pole placement with (unscaled) desired poles o}, w} as in figure below (see [O])

= Varying speeds = frequency adaptation a.,,nywy g (Bm + %) with o, = 1 and 3, = 0.05

o

|
LMRES

d

Pole-zero map ig{rel- — ig is,rel' — il
4 - T 1.5 0.05
o
3+ = 1 1 r\
0
ERE 0.5
- °
31 Xo
= 0 . .0.05
b=} 0 25 5 75 10 0 25 5 75 10
2 = q . o )
> Zs.,ref — s Zs.,ref - Zg
5 0.05 L5
g -1 B9
g -2¢ ]
= 0 (_
-3t i 0.5
o
-4 -0.05 0
-10 -7.5 5 -2.5 0 25 5 75 10 0 25 5 75 10

Real part o / % time ¢ / s

Frequency-adaptive pole placement for parallelized proportional, integral and resonant control systems
Christoph Géttsberger and Christoph M. Hackl
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Implementation and simulative-
Multi-harmonic current control of nonlinear IPMSM
High-fidelity simulation results: < wl, ‘ ‘ ‘ ‘ ‘ ‘ ]
Three different controller TP L& Y Wvﬂvnvnvm HWVAVA b
implementations to compare ‘ “10 | ”W |
multi-harmonic current control , \ \ \ \ \ \ \ \
performace for nonlinear IPMSM: 2 - ‘ ‘ ‘
(C1) PIRy controller without reference i —20 |
feedforward control and without —40
frequency adaption (w/o RFF & w/o ] ]
< 10
FA) [—1; S
(C2) PIRy controller without reference L0 -
feedforward control but with frequency oo ‘ ‘ ‘ ]
adaption (w/o RFF & w/ FA) [—] and _
(C3) PIRy controller with reference -
feedforward control and with =
frequency adaption (w/ RFF & w/ FA) 100 : : : : : : ‘
[_] E- 200
o0
i;—ZOU
T} I 0 0.65 011 0.‘15 0‘.2 O.‘25 0.3 0.35 0.4 0.45
Frequency-adaptive pole placement for parallelized proportional, integral and resonant control systems time t /s

o

LMRES Christoph Géttsberger and Christoph M. Hackl
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Outlook

FAPP application and combination with frequency adaptive observer (FAO) for active power filter (APF) control [171]

00 ©2025 IEEE | DOI: 10.1109/1ECONS§223.2025.11221362
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A generic observer-based control system for
three-phase parallel active power filters

I Christoph Gétisberger!, 2" Dietmar Fehrenbach!, 3 Marek Galek' and 4" Christoph M. Hackl'™*

Laboratory for Mechatronic and Renewable Energy Systems (LMRES)

)!, Laboratory for Power Electronics (LLE)"

Hochschule Miinchen (HM) University of Applied Sciences
unich, Germ:

Abstract—Paralel s mm pover fiers (PAPE) compersate fo
current. harmonics ibalances caused by (active or
passive) nonlinear onis o souteen. The proposed novel approach
for controlling PAPFs is based on a combination of (i) frequency-
adaptive observers for grid voltages and (load) currents, (i) com-
putation o the PAPF reference currents based o these obsersed
ter goals, and (il
current control tuned by frequency-adaptive
proposed approach achieves grid current harmonic mitig
load current balancing, and power factor correction. Observers
and contrallers aey adapt themseves to the fdamental rid
‘ orld application

eevabie ﬁlunng performance of
ased control system.

Index Terms—frequency-adaptive observer; proportional, in-
tegral & resonant control; parallel active power filter; harmonic
mitigation; load balancing; power factor correction.

NOTATION

N,R,C,Q: natural, real, complex and rational numbers.
C.g: negative complex half-plane, ie., all = € Cy have
negative real parts »e( =} < 0. For the following, let n <

Nz = (z € R": column vector (where :=
means “is de@ned as” and | means “transposed). 0, =
0,0,,-,07 € R" VaTw: Eu-

cndem norm of . A €

s .nm) i
[  zero (non-s \qnam) matrix. 1, = din

RO |demuy matrix. J = + otaton matrix mmnng
a vector by % (counerlockwise. a - b: a should equal b,
4B Kronecker product of A & B [1, Defnton 7121

1. INTRODUCTION

Morivation and problem statement: Parallel active power

any
oph.goetisberger, dietmar fehrenbach, marek galek, christoph hackl} @hm.edu (*corresponding author)

the reference currents to achieve the desired filtering behavior.

State of th us methods for the determination of
filter reference currents are reviewed in [2] and [S]. Classical
methods for filter reference current computation are divided
into time-domain and frequency-domain-based methods, each
with their own advantages and disadvantages. Frequency do-
main and Fourier transform based methods like FFT/DFT
or recursive DFT [6] are sufficient for frequency component
separation but are sensitive to incompletely sampled time
periods (resulting in poor harmonic resolution) and, depending
on their implementation, are not necessarily suitable for real-
time applications, according to [7]. Nevertheless, as was shown
in (8], these approaches allow for an explicit selection of
frequency components (which should be compensated for)
and the proper determination of filter reference currents.
‘Time-domain-based approaches are typically either based on
the instantaneous p-g-theory (e.g., [9]) or on considerations
in synchronously rotating (d, q)-reference frames [10]. As
summarized in [11], these reference current generation tech-
niques require modifications under unbalanced and distorted
grid voltages to achieve adequate filtering objectives. Other
time domain approaches are based on the stationary (a. 3)-
reference frame. In particular, generalized integrators are used
for (a) positive- and negative sequence separation [12], (b)
robustness against grid harmonics and imbalances [13] and
(©) extraction of fundamental grid voltage and load current
components [14]. Common to all these approaches is a quasi-
aneous and real-time capable determination of the fun-
damental frequency components, without frequency selective
extraction of non-fundamental load current components. As

Frequency pti ole

1t for pi

Christoph Gonsberger and Christoph M. Hackl

proportional, int

o T oI o

Figure 5 High-fidelity simulation results of proposed observer

o7 o O T

r-based control system for PAPF (as in Fig. 4) under varying

grid and load conditions: The considered simulation Scenarios $1-S3 are described in detail in Table I1.

5160 S1) S16@)|S3@) S30) S3(c)
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[T T[T
T T
© 0 )
o’ ©9 01"
© o [N
wiye 162V [ (0 0)7 o
u"(‘:,‘fi v 0 o" a o’
Wi sy | 07 a0
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s Jef163v| (0 0)7 [
e sasv| o 07 o
wihos 11625V (0 0)7 o

Table II: Sim. scenarios with varying grid & load conditions.
grid currents 42" have almost perfect fundamental sinusoidal
shape. The high-frequency deviations are due to the switching
nawre of the PAPF and may be reduced even further by
choosing an even higher switching frequency ... During
$2, due to the unbalanced grid voltages ™ polluted by
several harmonics as well as. zero, positive, and negative
sequence components (see Tab. II), the instantaneous active
e and reactive g, grid powers contain the grid harmonics as

egral ar

of load and grid currents. Compared to the resulting grid
currents, the load currents of each phase p

contain, due to the nonlinear load, many more and less
damped harmonic components l(gw and 17, besides their
fundamental components 1} 7y respectively. For
example, the load currents may contain third I, . fifth
Ii5). seventh Il ninth If,, and eleventh I, harmonic
components, whereas those(and also. all othet hamonic
components) of the grid currents are filtered out by the PAPF
at least by 40 dB.

" R

e T
3 R

o e BT b enmmomonte A1 13 5ol i e
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Conclusion

To take home
= Novel and generic frequency-adaptive pole placement (FAPP) algorithm (beats placel)

= Applicable for for parallelized proportional, integral and resonant (PIR) control systems has been
presented. Additionally, a simple conditional-integration based anti-windup strategy

= Effective reference feedforward control
Future work
= descrete-time and real-time implementation;
= experimental validation in the laboratory;
= sensitivity and robustness analysis / consideration of parameter/model uncertainties; and
= avoidance of the need of matrix inversion (to avoid risk of numerical instability).

H ) Frequency-adaptive pole placement for parallelized proportional, integral and resonant control systems
i 0 istoph M. Hackl
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