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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
* 14 departmens

2 gl . >18.000 students| U= ISES is part of the Promotionszentrum
o + ~480professors | “Energietechnik” with the right to award
i * 3 campuses doctorates (since July 16th, 2024)!

ISES - Institute for Sustainable Energy Systems
PO pute « 8 research labs (8 professors)
z « 34 PhD candidates

Esen. * LMRES - Laboratory for Mechatronic and Renewable Energy

i ‘Systems
s « International team
« 15 PhD candidates (status 2024)
—— « >150 publications / >8 3 Mio. € raised
i B ISES Hﬂ‘@ l%g piﬁ
‘ LMRES |
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https://www.hm.edu/en/index.en.html
https://ises.hm.edu
https://lmres.ee.hm.edu/en/?L=0
https://www.stmwk.bayern.de/allgemein/meldung/7155/wichtige-weichenstellungen-fuer-haw-und-th-neue-technologietransferzentren-und-promotionszentren-in-ganz-bayern.html
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Introduction: LMRES research activities
Research projects and research goals (funding: > 8.3 million €; e.g. DAAD, Bavaria, BMBF, BMWi, DFG, EU)
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~ ) . framework (tool chain) X . .
= (e.g. active noise for: (generic, easy, fast, optimal, multi-
cancellation/suppression) - N criteria optimization)
« Power electronics
« Electrical machines
\ « Filters
A ekl | SRy + Mechatronics
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| I M % A generic approach to modern electrical drives

Prof. Dr.-Ing. habil. Christoph M. Hackl 4/158



Outline

Introduction

m LMRES research interests

H M 9 A generic approach to modern electrical drives
Prof. Dr.-Ing. habil. Christoph M. Hackl 4/158



Introduction: LMRES research interests

Interdisciplinary expertise & publications

i Electro-active
polymers
[1-3]

Mechatronic and
renewable energy
systems

e N\
= T = System . Fric- Non-identifier
5 o identification W tion based adaptive
- [9-26] || = - [27-29] control [14, 27, 30—46]
§ J
(" \( .. .
Paper [ == Supervision & o Mechatronics &
coating L™ teaching (Award) robotics
machines [157-163] [27, 28, 40, 46-58]
L [4-8] —

Power electronics
[19-21, 46, 58-88]

~ Wind energy, renewables
« & smart grid [13-15, 44, 46,
57, 58, 60, 61, 67, 68, 70-72,

_ 74,79, 85,93-95, 98, 100, 107,
112, 120, 132, 136, 139-156]

Electrical machines

& drives [13, 15, 17,
23-27, 30, 32, 33, 45,
46, 51, 55, 57, 69, 77,

78, 80, 89—-138] )
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ELECTRONICS, VOL 66, NO. .

lecs

Postfault Full Torque—Speed Exploitation of Dual
Three-Phase IPMSM Drives

Hisham M. Eldeeb

and Christoph Michael Hackl

A This paper exploits the torg operat-
ing limits of a dual three-phase interior permanent magnet
synchronous machine (ADT-PMSM) during postfault oper-
ation for different neutral configurations. To achieve the
maximum permissible torque-speed limits, the study pro-
poses software and hardware modifications to the latest
fault- echniques using: an offline
takes into account simultaneously the voltage and current
constraints during postiauit oparation and o simple hard-
ware a at modifies the neutral points configura-
tion to sither isolatede (IN) o comneciad (2N) based on
the operating torque andlor speed. Compared to the lter-
ature, the sed study considers the field-w
operation, ‘extonding the permissible achievable speede,

W ADT-IPMSM prototype validates the theoretical

ﬁndlngs

Index Terms—Dual three phase, fault-tolerance, interior
permanent magnet synchronous machine (IPMSM), post-
fault control.

NOMENCLATURE
Notation
¥ Set of real and natural numbers
nomeN  Number of rows and colums.
CeR Real scalar.
CeRr Real vector (bold), expressed as ¢ =
T
)T
[1¢1 an norm of .

, Ayman S. Abdel-Khalik

Subscripts and sty
o !

o
o,
o

General
Tysn € RO
Ty(¢) € R
T C R
kK

JEeR?

Mo max

Mioad

. Senior Member, IEEE,
, Senior Member, IEEE

rscripts
anspose operator applied o vector or matrix.
Phasor description of a variable at steady state.
Subscript “s” denotes referencing to the stator.
Superscripts are arbitrary
variables ' representing the coordinates of
a subspace (A€ {dg, XY, 0'0°}, i€
{dg, XY, 070"}, and A # ).

Vector space decomposition matrix
Park’s transformation with angle ¢ € R
Optimization matrix.

Scalar optimization parameters in T of the
T € {X, Y} coordinate.

Rotation matrix.

Electrical voltage (V).

Electrical current (A).

Flux linkage (Wb).

Stator space vector expressed in the (a; byc -
azbycy) frame, where ¢ € {u, ), i}).
DC-link voltage (V).

Electromechanical torque (N-m).

Maximum torque for a given neutral point con-
figuration (N-m).

Load torque (N-m).

Introduction: LMRES selected research results

Electrical/industrial/traction drives (reliability) [115]

‘ostfal

(me

r o%. 1 L 1
—IN (e, we) (7] '% 1 —N (e, w0) 7] ‘k. 1
I (m, we) Proposed anne 2N (1, ) Proposed
—e— N OMTFA o 8 —a— 2N QTP o %
—o— IN OFY ot —o— 2N 0PV ok
| | |
0 02 04 06 08 1 12 0 02 04 06 08 1 12
we (pu) we (pu)
@ ()

ult we) between the presented algorithm in (7] and proposed optim
 with rospact fo the. (a) IR and (b) 2N neuiral configurations, showing he enhancement in erms of extending the permiss

ostfault efficiency maps of (a) 1N and (b) 2N connections within the (m..

w.) range of the proposed optimization in Section llI-
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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

Abstraci—The mathematical modeling of open-switch faults in
twodevel m.cmnmac converters and the fault-tolerant current

ussed in this paper. The proposed converter model is generic

for

system gives improved control performance and reduced torque

dditional

validated i mea:

ment results.

Terms—Antiwindup (AW), current control, d-current
injection, fault tolerance, mm...mmm control (FOC), flat-top
modulation, open-switch fault, permanent-magnet synchronous
generator (PMSG), wind nbine e

Notation: N,R: nawral and real numbers

(#1,-...4,)" €R™ column vector, n€N where

and =" mean “transposed” and “is defined as” I, =
diag(L .l)elk“ " |dcnmy matrix. O, € R*7: zer0
matrix, n,p € N. & € R” (in X)": physical quantity @ where

o of the e elments has ST umt X, ot (.y): remain-

der of the division z/y, z € K, y € R\{0}. atan2: R? —

[~ 7). (2,) — atan2(y,x): extension of the inverse tan-
[

sent finction to whale circle. T £ Llanar?

. Senior Member; IEEE, Urs Pecha

+ and Korbinian Schechner’

! Park transformation

To(@) = |
matrix. J

L INTRODUCTION
PEN-SWITCH faults in converters for electric drives have
gained increasing attention in the last years. An open-

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 system performance and can cause—without
roper counteractions—secondary faults in other components
(see [2] and [3]). Open-switch faults are therefore a crucial kind
of faults in converters and should be considered in the design of
a robust and fault-tolerant (hence more reliable) electrical drive
system
This far, especially, the detection of faults in the converter
and the identification of the faulty switch have been the focus
of rescarch. Various detection methods have already been pre-
sented [11-19]. Therefore, fault detection is nor the topic of this
paper.
The focus of this paper is on a fault-tolerant modification
of the control system such that, even in the presence of an
open-switch fault in the machine-side converter, a continuous

X S X L R R i a0
Time o/«

U EE Y R EE
Time 1 /s

(@) (b
Comparison of simulation and measurement resulis for standard mmml system and fault-tolerant control system with extended AW, modifi

3.
¥ (hatiop modulaon). and optmlly injeced d-cunen. o) Experiment (E1): Comparison of simlaion and measurement resuls for siandard cont
em: THD,s = 41.8 % (simulation) versus THD, LG5 0% (messurement, () Experiment (Es ): Comparison of simulation and measurement resu
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Introduction: LMRES selected research results

Traction drives & power electronics (efficiency; Cooperation with BMW) [128]

760 IEEE ELECTRONICS, VOL. 63, NO. 5, MAY 2021

Synchronous Optimal Pulsewidth Modulation

for Synchronous Machines With Highly
Operating Point Dependent Magnetic Anisotropy 418 2
Athina Birda @, Joerg Reuss ©, and Christoph M. Hackl ©, Senior Member, IEEE
20
30
The optimal g the motor current quality. To this end, the opti- -
pulsewidth modulation is smated for the control 0' ‘mized inverter pulse patterns are determined, which minimize 15
the harmonic distortion of the phase currents. The optimiza- 20
torior permanent magnet synchronous motor. The machine tion procedure is conducted offfine and the resulting optimized 10
magnetic anisotropy varies due to magnetic saturation and  switching angles are stored in lookup tables (LUTS). Since the
cross-saturation effects and depends on the motor operat-  switching frequency f., is synchronized with the fundamental 10
ing point. The main objective of this article is to investigate  suor frequency f,, the pulse number 5
the influence of the varying magnetic anisotropy on the -
optimized half-wave symmelric inverter pulse patterns. For
dh purpose, the o} h-x ed lnverrlfr swi d g ungles‘uu 4= fawl ], ) ?.__ 0 (lj 0.69
iimizing the current harmonic distortion of an A . n : .
dertved by miimizing the curnt harmonio distortionoten s n i 1) 4000 6000 8000 10000 12000 1000 6000 8000 10000 12000
moto. Their perlormance is evaluaied and compared by WM s primarily employed in medium voltage high Ty [ tpm Ny [ tpm
experimental results power nduction moer dive spmieation. where o rgusion
Index Terms—EIeclnc vehlcle‘ magnetic anisotropy, per-  of switching losses is of utmost importance [1], [2]. Moreover, (a) (b)
jnet synchi motor (PMSM), synchronous it is a common modulation strategy for operating electric rail
"P‘"“a' P“'s"-‘”"’"‘ moculation (SOPWM). traction converters adopted by GE [3] and S| [4]. Onthe
L contrary, little research has been conducted when the SOPWM . . . Py .
INTRODUCTION strategy is employed for the control of synchronous motor Fig. 9. Numerical performance evaluation of the optimization results.
S PART of the global effort to reduce the CO2 emissions, ~drives [5}-{13]. Especially, SOPWM has not yet been explored - .
I e et v ot e vt stomint ool mnor e o | (@) s, THD (Qaniso)/%- (0) Ls, trp, dev /%
focused on the concept of electric mobility. Still, the limited op- ~ chronous motor (IPMSM) drives with highly operating point

erating range and increased price of electric vehicles remain the ¥
most important obstacles for their wide spread. The effciency  of this rtcle
tem and, by that, the operating range I [S}-[7], the current harmonic content of an isotropic

of electric vehicles can be improved by optimizing the inverter permanent magnet synchronous motor (PMSM) drive is min-

-3
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Electrical machines (optimal feedforward torque control (OFTC); operation management) [105]

[ e i 11 ]
/
/ /

and
max

Initialize (offine) operation MANASCIICH! PAIAICLEES M = MG (i) and w}TEY,

offline computation

INTERNATIONALJOURNALOF CONTROL, 207 Taylor & Francis
sl org080/00TT 054355 T rop ,
/

s
[ i/
A unified theory for optimal feedforward torque control of anisotropic
synchronous machines Yes

online computation

Tuput actual Saturate relerence forque

Ty aet = 5t Mgt

3 OPEN ACCESS [ e irupsies

Hisham Eldeeb?, Christoph M. Hackl®*, Lorenz Horlbeck® and Julian Kullick®

p ‘Cont ) of Engineering (MSE), Technical University of Munich (TUM),
Munich, Germany; Tnsttute of Aamotie Technology (FTM) Techmcal University of Munich (TUM), Munich, Germany

ABSTRACT ARTICLE HISTORY
A unified theory for optimal feedforward ! of anisotropic synch hines with  Received 18 March 207
is presented whi -

KEYWORDS lde.ﬁ,,‘,‘. ) A MTEV (wk, fnas)
Maximum torque per ampere.
(MTPA) maximumn torgue per

stator e ally com- - - o
imunm torque per current (MTPC), maximum current, field weakening, maximum torque per voltage X (fmax) 08V (w1, “m)‘ l’””‘m ror) 113V (o dna)

(MTPV) or maximum torque per flux (MTPF), and (2) the transition points indicating when to switch

Maximum Current Field Weakening, Masximum Torque per Voltage

Masimum Torque per Current

between the operating strategies due to speed, voltage or current constraints. The analytical solu-
o T Sl ot S i e )
Numerical

curren (MTPC); maximum
torque per voltage (MITPV);

no /anger required. The unified theory is based on one smple ides:all ptimisation problems,their

reey masemumcutrt

cle or torque, MTPC, MTPV, MTPF hyperbolas are reformulated implicitly as quadrics which s
\nvoke the Lagrangian formalism and to find the roots of fourth-order polynomials analytically. The

analy\lca\ soluton; optimal
feedforward torque control
efficiency; copper losses;

ent resul findings in real world.

machine; interior
permanent magnet
synchronous machine;
reluctance synchronous

permanent magnet-assisted

o)

IS PEMC 2024 Session: TT01 - Power Electronics and Drives in Transportation
01 October 2024 @ 11:20-11:40 (PEMC24-000037)
N. Monzen and C.M. Hackl, “Optimal reference voltage saturation for nonlinear current control of synchronous machine

drives”
\

T Figure s, TIUSTTaton of Operation &y FIoW Chart TIUSTrating the Gecrsion tree Tor the SElection of the optimal operation
fthevectors @ b1y s by) Introductian stategy. (b machine map with treshold specd wmg(mm ) (see thick dashed line) for o, = &}V, "and m,, ¢ < mf¥, ., and
o roach lo modeth efcliRal drives (0 current locus for , = 'Y, andm, ¢ < mW_ .
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Electrical drives & renewables (operation management; Geothermal Energy) [23]

W IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS, VOL. 70, NO. 1, JANUARY 2023 2n

Nonlinear Modeling, Identification, and Optimal
Feedforward Torque Control of Induction
Machines Using Steady-State
Machine Maps

Julian Kullick

Abstract—A novel but simple machine map-based mod-

ng, torque control
(OFTC) approach for induction machines (IMs) is presented.
It is based on, first, a generic, nonlinear transformer-
like machine model considering nonlinear flux linkages
(with magnetic saturation and cross coupling) and iron
losses in the stator laminations in a novel, arbitrarily ro-
tating but unique, robust, and reproducible (d, q)-reference
frame; second, a holistic machine identification procedure,
which evaluates steady-state measurements over a grid of
(d, q) stator currents and produces temperature and fre-
quency dependent machine maps, for example, flux link-
ages, torque, iron resistance, and efficiency; and third, a
numerical offline optimization and extraction of different

FTC look-up tables (LUTs) for optimal current reference
generation depending on reference torque and electrical
frequency (and temperature). During the identification, sta-
tor winding temperature and electrical stator frequency of
the IM are kept constant by an intelligent temperature and
the speed control system. The presented measurement re-
sults for a squirrel-cage IM confirm that compared to con-
stant flux operation or scalar V/Hz cont
increased particularly in part-load operation by up to 7 % by
Maximum Torque Per Losses minimizing copper and iron
losses.

Index, Terms—Efficiency, flux linkages, induction ma-
Aina AR frn vasistanna ine iRmmitinatinn

and Christoph M. Hackl

, Senior Member, IEEE

| = VT + 8+ a7 Euclidean nom of @; X €
R<n malnx (n rows & columns); X, X" inverse, in-
verse transpose of X (f exist), resps Iy i=diag(l, .., 1) €
R identity matrix; 0, := (0,5 0) T € R": zero vector; z
(x,27)T € R%: stator or rotor (iron) current, voliage, flux

linkage vectors, ie., @ € {ilf o ulf i 5} Xi=
Xia

xd
Xut xa
i Ryroi Uyt Stator/rotor temperature; Tyt reference
value of, e.g.. temperature, electrical frequency, and currents,
1602 € (Dt W et e 8: Ty rotorfilter time con-
stant; m,: pole pair number; m,, 1 machine/load torque; O,:
machine inertia; w,,: mechanical angular velocity; ¢, and

w,= 4 ¢,: Park transformation angle and angular velocity;
0
1

€ R2*2 gtatorfrotor (iron) resistance matrix,

-1
} : rotation matrix (by 3).

I. MOTIVATION AND CONTRIBUTIONS

Maximun efficiency operation (or loss minimizing control)
of induction machines has been subject to extensive research in

‘ —— MTPL (m,) === MTPL (i) ——— MTPC (my,)

- - - MTPC (i)

-o-ee VHZ

inpu.

T ref
nin%

02upa |

i max 8
80
= B
s = 75
- 0
0.6w,n
o5 LI
%0

in pau.

win%

G et

02 04 06

@
G sef 0 P Ty in p

12, Efficiency comparison for w, &

siency-over-torque plots (middle column) and overall performance bar plots (right column).

ized area over 1)

norm:

normalized area over 5

normalized area over 1

02,06,1] -, (from top to_ bottom), with efficiency contour plots in

0.95 -
09
085

control strategy

current locus (left colum
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Electrical/industrial/traction drives (self-commissioning) [25]

Received 26 February 2022; revised 17 March 2022; accepted 22 March 2022. Date of publication 25 March 2022;
date of curtent version 12 May 2022. The review of this paper was arranged by Associate Editor Haitham Abu-Rul
Distal Ot s 10.110SOIES 202 3162338

Analytical Prototype Functions for
Flux Linkage Approximation
in Synchronous Machines
SHIH-WEI SU ©, CHRISTOPH M. HACKL ©2 (Senior Member, IEEE),

AND RALPH KENNEL ©' (Senior Member, IEEE)

" it of Eleuical Drve ystemand Powe Electonics, Techieal University of Manic, 50333 Marich, Gemany
* Deparmentof Technog of Applicd Sciences, 30335 Munic, Germany

ABSTRACT  Physically motivated and analytical prototype functions are proposed to approximate the
nonlinear flux linkages of nonlinear synchronous machines (SMs) in general: and reluctance synchronous
machines (RSMs) and interior permanent magnet synchronous machines (IPMSMs) in particular. Sucl
analytical functions obviate the need of huge lookup tables (LUTS) and are beneficial for optimal operation
‘management and nonlinear control of such machines. The proposed flux linkage prototype functions arc
capable of mimicking the nonlinear self-axis and cross-coupling saturation effects of SMs. Moreover, the

prototype fi llow to easily d alytical expressions for inductances
by simple differentiation of the analytical flux linkage prototype functions. In total, two types of flux linkage
prototype functions are developed. The first flux linkage approximation is rather simple and obeys the energy
conservation rule for “symmetric” flux linkages of RSMs. With the gained knowledge, the second type of
prototype functions is derived in order flexibility necessary for SMs with permanent
(or electrical) excitation with “unsymmetric” flux linkages due to the excitation offset. All proposed flux
linkage prototype functions are conti obey the energy rule and. as fitting
results show, achieve a (very) high approximation accuracy over the whole operation range.

INDEX TERMS  Analvtical flux linkage prototvpe functions. interior permanent magnet svnchronous ma-

TR
SRR
RIS

JRE 10. Approximation results of the proposed analytical flux linkage
otype functions (40), (41), (46) and (47): (a) fitted d-axis flux linkages
(b fitted q-axis flux linkages #7; zero locus 1.£7(L=0) [——Tis

(b)

FIGURE 11. Approximation errors of the proposed analytical flux linkay
prototype functions (40), (41), (46) and (47) compared to the real flux
‘maps: (a) normalized d-axis error <¢; (b) normalized g-axis error e7.
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Electrical/industrial/traction drives (Artificial Neural Netwokrs; self-commissioning) [138]

IEEE TRANSACTIONS ON ENERGY CONVERSION, VOL. 35, 0. 3, SEPTEMBER 2023 161

Simultaneous Identification of Inverter and Machine
Nonlinearities for Self-Commissioning of Electrical
Synchronous Machine Drives

Simon Wiedemann © and Christoph Michael Hackl @, Senior Member, IEEE

Abstract—The proposed identification method allows for a si
‘multancous estimation of nonlinear output voltage deviations in

1. INTRODUCTION

) lumpunmn of deis. . Bknge ofied

ODERN control methods and observer architec- 3
i) and i

‘models. Based on the identified characteristics with the help of tres of electrical machines rely mostly on accurate

Shysicalyinspired siuctured arilal neural networks (AN i fthe

n effcient tuning of the current control system can be performed

and the nnnlmaur oltge devations cawsed by parasic cfcs
The

(6) Comparingn of graxis flx linkage V(67 41) s s

linear machine model such as the phase resistances and induc-
tances can be utilised to tune the current controllers [1], [2], [3

rately
identification is performed o positon sensor o vl therutoe
rrents and

ment magnet synceonous machine (PMSD) and a euctance
ronous machine (RS od i

synchy that the prop
capable of ifying the Carsent ¢ dependent slbaxs and cros
s flux linkages, dll’gnnlml inductancesand the nalnear Vsl

or observers and to compute the optimal reference currents for
an energy efficient operation (2], [4]. This tuning can be further
improved by the identification and uilisation of nonlinear flux
linkage maps usually expressed in the synchronously rotating
(d,q)-reference frame [2]. [41. [S]. [6]. (7). [8] which allow
0 compute the differential inductances (in the following. the

ellas
The proposed method is ast and geneic. Bsids the e ma
chine current, voltage and frequency, no prior system knowledge

vequired making t sppleable for the slfcommissoning of any
electrical synchronous machine drive.

Index Terms—Identification, self-commissioning, auto-tuning,
synchronous machine, inverter dead-time, machine characteri-
" i i rtifical

encoderless.

qstands forthe d-or g-axis, fesp.). The automatic

as self-commissioning/auto-tuning and is usually performed
before machine operation via offline identification [1], [2], [9]

Self-commissioning algorithms heavily decrease the time
required to characterise and tune an electrical machine drive
compared to a manual process which, due 10 a lack of ex-
pertise and time of the control engineers might lead to im-
precise results and poor control dyn: as well as an

(eh Relative g flux Finkage e

Cney inclicient opeaton 9] The imporance of an utomatc

Nomation commissioning beapmes obvious if one considers that around ig. 9. ntification results: (a) Time series: (b) & () flux linkages: (¢) & (f) relative flux linkage errors.
. 53 % of the globally generated energy is consumed by electrical . ~ ~
N, R: natural, real numbers; @:=(x1,....0,) " € RInJ:col-  pachines 101 v increased model as for which it is  _49 t0 3% for 4i¢(i¢, i7) and —4% to 6% for ¢ (i, i?). Fig. |
sftan amittad (ench ac in [T&N Tha hise A0 ac chawn in . e e owrer L -
L A generic approach to modern electrical drives
Prof. Dr.-Ing. habil. Christoph M. Hackl 12/158
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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

setling ime by choosing the abserver poles approprie

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

ithout mFLL are illustrated and validated by measurenment

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

and
Fesuls. The results are coenpared
paralsed standard SOGH (SOCH) pors adaptive noteh filters
(ANFS).

ndex Tmu—Ampllmﬂe estimation, frequency estimation,
p (FLL), phase estimation, second-order

genmnm lmegumr Fis0G1),

Notation

R,C,Q: natal, real, complex and rational num-

bers. For the following, let n,m & N. = .

R column vector (where := means “is defined as” and
" means “transposed”). 0, := (0, 0,....,0)" € R™: zero 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 (e.g., flexible ac transmission systems
or d s of

systems) can then be used to implement such

LA Wt

o~
20
01 02 03 0.4 05 0.6
timet /s
Fig. 11 Measurement results for Scenario (S4): Comparison of the estima-

tion performances of parallelized mSOGs (——). sSOGIs (—). and ANFs
) without FLL Signas shown rom 1 0 botton are: Harmonic signals
Y110 910 (- ) estimates 31 10 1 and harmonic estimation errors
ST e = 0 - B

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

HM®

A generic approach to modern electrical drives
Prof. Dr.-Ing. habil. Christoph M. Hackl

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
74 Y1 (- --) and its estimates = 7 and the estimation errors
=y -0 . All three observe fes-
umalma the input signal u. All estimation errors e., — 0 tend to
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Motivation

Emerging applications of electrical drives: Electrical drives are the mechatronic actuators of the future

(c) Autonomous, full-electric tractor (farming). (d) Full-electric aircraft.
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Motivation

Electrical machines — widely-used, compact and efficient actuators

/%

wwwbmw.d www.siemens.com ww.siemens.com www.lilium.com
= household and buildings (e.g. wasching machines, air conditioning or fans)
= industrial applications (e.g. pumps, milling, grinding)
= traction drives (e.g. electric vehicles, trains, etc.)
= power generation (e.g. conventional power plants or wind turbine systems)
= (more) electric aircrafts

H M 9 A generic approach to modern electrical drives
Prof. Dr.-Ing. habil. Christoph M. Hackl 15/158
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Motivation

Core components of mechatronic system

supervisory energy
control source

(e.g., GUl or (e.g., power grid,
Host-PC) battery)

X B [y

physical system :

mechatronic actuator : ;
(current-controlled drive) : {electro-mechanical system)

control Dot power electric : mechanical load
system PR electronics P N machine Pl - coupling _ N machine
(e.g.,PLG,DSP [T 77 (e.g., voltage source [~ (e.g.,IM,EESM, [T 7| (eg., clutch, gear, [~ g (e.g., CNC,
or FPGA) - inverter) PMSM, RSM) : shaft) rolling mill)
A

Sensors
(e.g., encoder, :
voltage & current instrumentation :
measurement) (measurement of actual :
values) :
H M 9 A generic approach to modern electrical drives
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Motivation

Motion control via mechatronic actuators

feedforward
control

W

R

speed

Myef

my (load torque + friction)

l

controller

l :
=Y
()<

Dot »O , position
_ controller

disturbance
observer

implementation (software)

H M 9 A generic approach to modern electrical drives
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mechatronic mechanical v
actuator system w
sensors
physical system (hardware)
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Motivation

m Block diagram of mechatronic actuator
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Motivation

Block diagram of mechatronic actuator (e.g., with electrical three-phase machine)

m (rotor position)

uq. (energy source)

abe
U emf

mechatronic actuator (torque generation)

stator
network

electrical drive (inverter & machine)

electrical three-phase maschine

~abe

electro-
magnetic
conversion

—

i -ab be
et optimal {2t current sl voltage
feedforward ntroller source
torque control . controfle inverter
| I M 9 A generic approach to modern electrical drives
Prof. Dr.-Ing. habil. Christoph M. Hackl

e (noise)
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Motivation

m Overall control system

H M 9 A generic approach to modern electrical drives
Prof. Dr.-Ing. habil. Christoph M. Hackl 18/158



Motivation

Overall control system (e.g., for Reluctance Synchronous Machine (RSM))

optsat

ORCC

inverter ptimal
wonlinearity reference voltage
wpensation (INC) | isaturation (ORVS

input /output (1/0) lir

based current con com

implementation (software)

A generic approach to modern electrical drives

H M Prof. Dr.-Ing. habil. Christoph M. Hackl

vsi
DAC PWM BB
522(8) 1 AR IE5(0)
TITE
11
t
Uge(t)
ADC current sensor

ADC encoder

Ful®) @

energy conversion (hardware)
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m Single-/three-phase alternating current (AC) systems
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Preliminaries

Single-phase alternating current (AC) systems

z:Ryg > R, t— x(t) := Z(t) cos(¢,(t))

with amplitude #(-) € L (R=; R) and phase angle ¢, (-) € C***(R=; R).

4 § z(r)dr [=0]

= Sliding average: Vit=T>0: X(t):= 7
t—T

—_— t P
= Rectified value: VE=>T >0: Xge(t) =% § |o(r)|dr [= 2]
t=T

t P
Ve > T >0: Xems(t) i=4 /% § 2(1)?dr [= 3]
t—T

= Root mean square (RMS):

A generic approach to modern electrical drives Version from 2024/10/08
20/158
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Preliminaries

m Three-phase alternating current (AC) systems
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Preliminaries

Three-phase alternating current (AC) systems

QO QO 0
n 0

(t) cos(a(t)

with amplitudes °(-), 2°(-), #°(-) € L” (Rso; R) and phase angles ¢2(-), 65.(-), #5(-) € C***(Rso; R)
(differentiable a.e.).

2 (t) :z“(t) 0s(¢ (1))
2 Ryg > R?, b a™(t) i= | 2®(t) | = | 2°(t) cos(0)(t))
x°(t °(t) 2(t))

(-

H M L A generic approach to modern electrical drives
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Preliminaries

Interconnection of three-phase (AC) systems

.ia+ib+iC:0 .,L'a'b_,’_ib'C_"_ic-a:
s u U u =0 s ul+u+u =0
s (u' o’ +ul £ 0) = (i*+i" 4+ #£0)

H M % A generic approach to modern electrical drives
Prof. Dr.-Ing. habil. Christoph M. Hackl
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Preliminaries

Interconnection of three-phase (AC) systems (terminal box)

Star connection (symbol v)
A
Al
Ua Za ’L[,b
7;(7,
a2

H M 9 A generic approach to modern electrical drives
Prof. Dr.-Ing. habil. Christoph M. Hackl

B
2

B

Delta connection (symbol A)

A

[

B C
ua Za ’U,b Zb ’U,C Zc
’i(L ’ib i(,:
B2

A2
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m Balanced three-phase (AC) systems
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Preliminaries

Balanced three-phase (AC) systems

T
" Rog — R?, ¢ x™(t) = (:c
x

VES 00 ,(t) = ¢5(t) = 6h(1) + 2m = 95(t) + &7, 6,() € CP*(RsiR).

A1), (A2
Vit=>0: 27 (t) := ma(t)+xb(t)+mc(t)( Ly
H M ° A generic approach to modern electrical drives
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Preliminaries

Balanced three-phase (AC) systems: Examples

Balanced phase voltages:

e cos(s, 1)
Vi=0: u™(t):= | u°@t) | = a(t) | cos E(;Su(t) - %ﬂ;

u’(t) cos (¢, (t) — 37

(o
e

Balanced phase currents:

Vi=0: i)

¢ cos(¢;(t))
(t) | =) | cos gﬁbi(t) - %77;
(t) cos (¢;(t) — 37

Vt>0: @(t) := du(t) — ¢4(t)

H M L A generic approach to modern electrical drives
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Preliminaries

for electrical machines

Induction machine (IM) Synchronous machine (SM)

http://www.automation.siemens.com/bilddb/ http://www.automation.siemens.com/bilddb/
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Preliminaries

Space vector theory: Sectional view of induction machine

www.siemens.com
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Preliminaries

Space vector theory: lllustration for induction machine (IM)

o
a O w, = Lo
'r o fr = @

‘T

Cre.

(o, B)-reference frame
(v, B,)-reference frame
(d, q)-reference frame

H M 9 A generic approach to modern electrical drives
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Preliminaries

Space vector theory: lllustration for permenant-magnet synchronous machine (PMSM)

3 Wp = %d)p
\
d
bp
¢ Pl
/e )

c

(o, B)-reference frame

(d, q)-reference frame

H M 9 A generic approach to modern electrical drives
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Preliminaries

Space vector theory: Clarke transformation (a, b, c) — (o, 3,7)

1 1
z" T I =3 —3 x®
3 3 b
FER SR, [of o [of | = fo@®) = k|0 F | [
z° z” S U T ¢
~—— ~—— V2 V2 V2 !
_ .abc _aBy N
=T - =T eR*® ¥ k#0: det(T))#0
2 V2
3 0 %
—1 _ 1 1 1 V2 . _abc _ =1/ aByy _ *\—1 _afy
11 V2
3 V3 3
k=2 = amplituden-invariant transformation, i.e. |z*| = |z°|.
K= \/g —  power-invariant transformation, i.e. (u*")"#*** = (") 7§77,

H M L A generic approach to modern electrical drives
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Preliminaries

Space vector theory: Simplified Clarke transformation (a, b, ¢) — (o, 8)

For balanced systems, i.e.| z%(t) + z"(t) + z°(t) = 0 |for all t > 0, we have :

a a
. z 1 -3 —3 “
3 2 b abc b
R >R x| — = T =K T
fc ) . xﬂ fc( ) 0 @ 7@ .
x R ) 2 2 xT
__abe =z’ ::TCE]R2><3
=
where
2
N
—1 1 1 : : b —1
(T) "=~ |5 5 |, somitgilt =** = (T,) .
1 1
3 V3
H M 9 A generic approach to modern electrical drives
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Preliminaries

Space vector theory: Park transformation («, 8) — (d, q)

(67 d o @
R R=, () (B)mnEte- [l ] (=)
—— —— < - >
— 2P ——— =T, (¢) " 'eR¥? Y ¢eR: det(T},)#0

Vo, 02 € R Ty(oy + ¢2) = Ty(d1) - Ty (d2)

VoeR: T,(¢) = [COS(¢) _Sin(¢)] =T,(—¢) ' =T,(—¢)"

sin(¢)  cos(¢)
J:=T,(%) = [(1’ _01] and Vo e R: JT,(¢) = Tp(4)J

V() €C(RooiR):  w() i= §6() A HTp((1) = w()IT,($(1)

H M L A generic approach to modern electrical drives
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Preliminaries

Power definitions: Classical power definitions (sinusoidal signals)
PCC

27, L1t abc T :abc T _ 3~
VizT:=2L: Qs (t) := 5 §,_pu™(r) i*(r — L) dr [= 3uTsin(yp)]
H M L A generic approach to modern electrical drives Version from 2024/10/08
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Preliminaries

Power definitions: Instantaenous power theory

u®? = Tcuabc, ||u°‘ﬂ|| =1

i =T, i) =7

H M L A generic approach to modern electrical drives Version from 2024/10/08
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Outline

Nonlinear modelling

m Motivation
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Nonlinear modelling: Motivation

Output of DeepAl Figure Generator (prompted with “Electric vehicle with motor, power electronics & battery”)

H M 9 A generic approach to modern electrical drives
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https://deepai.org/machine-learning-model/text2img

Outline

Nonlinear modelling

m Two-level voltage source inverter (2L-VSI)
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Outline

Nonlinear modelling
m Motivation
m Two-level voltage source inverter (2L-VSI)
= Electrical circuit

m Electrical machine
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Nonlinear modelling: Two-level voltage source inverter (2L-VSI)

Electrical circuit with rectifier

Diode rectifier DC-link Voltage source inverter (VSI)
+
Zg A
iy it
T
A D5 ADs A e 91 9 4 95 4
Ude >
iy —_ s
- i Cac IR
lg Tysi
‘ Ty Te
A Ds A0 AD: 92 % 94 % 96 %
Zg Zysi
I = 915 92, » 955 96)
H M 9 A generic approach to modern electrical drives
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Nonlinear modelling: Two-level voltage source inverter (2L-VSI)

Electrical circuit with rectifier (ideal semi-conductors)

Diode rectifier (ideal) DC-link Voltage source inverter (VSI; ideal)
+ +
Zg Zysi
i S1 S3 Ss
N\ Ds /\ Ds /N D1 e Sy S\b/si v
g Ude [
iy — Tysi
- ° Cac IR
lg Tysi
AN Ds A\ Pa A\ D2 —Susi —she; —Susi
Sa S S
Zg Zusi
T ca b T
Sysi += (Sysis S Svsi)
H M 9 A generic approach to modern electrical drives
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Nonlinear modelling: Two-level voltage source inverter (2L-VSI)

Electrical circuit with split dc-link and mid-point voltages (ideal switches)

DC-link Voltage source inverter (VSI; ideal)
+ +
Zg Zysi
e,
i+ -+
lg Lysi
tdc
u§“ fr— s 51 s 5s e S5
2 vsi vsi vsi
a
Uy
M
O = === -0 ¢ o
p Lysi -c
Uy / Lysi
\
e e 8% — b 84
204, Sa Sq S¢ L—o
e
Zg Zsi \
uCH]
abc a b c
Sysi = (Sysis Svsis Svsi)

HM®
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® Xysi

Reference po-
tential

(e.g., machine-
side)
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Outline

Nonlinear modelling
m Motivation
m Two-level voltage source inverter (2L-VSI)

= Switching model

m Electrical machine
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Nonlinear modelling: Two-level voltage source inverter (2L-VSI)

Switching model (as matrix-vector product)

DC-link

Zg Zei

Voltage source inverter (VSI; ideal)

51 S5 L. \'Ss

Reference po-
tential

side)

a-b-c
vsi
a b c
Uygi T Uysi T Uysi =0 abe
> vsi

A generic approach to modern electrical
Prof. Dr.-Ing. habil. Christoph M. Hackl
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o 1 -1 0
- b
= UZ,_SE = Uqc¢ 0 1 -1 ?zsic
vsi -1 0 1
u 2 -1 -1
=551 2 s = wac (st
-1 -1 2 .
drives =Un

(e.g., machine-

I This model
can easily and
modularly be ex-
tended to include
conduction and
switching losses
as well [164].

- %13) +13U'crn
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Outline

Nonlinear modelling
m Motivation
m Two-level voltage source inverter (2L-VSI)

= Modulation

m Electrical machine

H M 9 A generic approach to modern electrical drives
Prof. Dr.-Ing. habil. Christoph M. Hackl

39/158



Nonlinear modelling: Two-level voltage source inverter (2L-VSI)

Modulation: Voltage hexagon

a0 ()

H M 9 A generic approach to modern electrical drives
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Nonlinear modelling: Two-level voltage source inverter (2L-VSI)
Modulation: Pulse Width Modulation (PWM) and Space Vector Modulation (SVM)

PWM VSI SVM VSI
abe abe T ] abe abe abe T ] abe
Uret Svsi (AR Uysi Uret Svsi Uysi
P _|L — |k [ i —_— — |l ] —
11) 111
Switching signal vector Switching signal vector
u:'e u;le ,svm
a U(udc/fg - ucar) U( u;/g - ucar)
abc ZSI ul abe ub ‘
c _ ] = ref c _ ref,svm
Sysi 2231 g ud§/2 Ucar Sysi = U( ,:dc/g - ucar)
vsi Uref Urof svm
g Uge/2 Ucar (7Udc/2 — ucar)
with Heaviside function with extended reference voltages
1 , T = 0 max(uf&g)-&-min(uf:fc)
o(@) = 0 z <0 b b bey 2 b
abc abc abe i abe
’ uref,svm = uref — ma‘x(uref )+m1n(uref )

max(uf:f)wLmin(uf:fc)

H M 9 A generic approach to modern electrical drives
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Nonlinear modelling: Two-level voltage source inverter (2L-VSI)

Modulation (example): Symmetrical PWM and averaged delay

—
-~
&
—
-~
s,
n
-
~ 05
“n
0
1
-
~ 05|
“n
ol
0

HM®

Zeit t /s
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Outline

Nonlinear modelling
m Motivation
m Two-level voltage source inverter (2L-VSI)

= Dynamics and its approximation
m Electrical machine
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Nonlinear modelling: Two-level voltage source inverter (2L-VSI)

Dynamics and its approximation

PWM VSI SVM VSI
upef st T wet upef sitr [T we
P :bﬁﬁp:} or —p» E’H%E}
1 Tdelay 1 Tdelay

Delay depends on switching frequency % and implementation of PWM or SVM:

0 1
L vsi __—8Tya ~
Tdclay Ty, = Fvsi(s) = T abe =€ o A~ 1+ sT
Uref (S) delay
H M 9 A generic approach to modern electrical drives
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Outline

Nonlinear modelling

m Electrical machine
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Nonlinear modelling: Electrical machine
Exemplary 2D-FEM design of Electrically-Excited Synchronous Machine (EESM) with damper windings

it ol £=5 K. =48 A isg=48 & Surtace: Magnetic fux dancey serm (I

vt
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Outline

Nonlinear modelling
m Motivation
m Two-level voltage source inverter (2L-VSI)
m Electrical machine
= Key equations
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Nonlinear modelling: Electrical machine

Key equations: Dependencies for each winding of an electric machine (holds for transformer or rotatory machine)

Kirchhoff’s voltage equation:
= single-phase: u=Ri+ $¢ <= Ly =u—Ri

d ,jabc abce abc .abe

= three-phase: ul’® = R + %Ip‘;bc — S =u, - R %, ze{s,Fere,...}
where

= applied winding voltage u (arbitrary shape) or w® := (ug,ul,ul)’ € R?

= winding current i (arbitrary shape) or 2" := (il,is, i)' € R®

= winding resistance R := R(i, ¢,w,d,...) or R := RI°(i1*, ¢, w, 92, ... ) e R**®

= flux linkage ¢ := (i, ,w,d,...) or " = (7,0, 95) " = (i, B w, 95, ) € RD

Remark: Resistance R and flux linkage 1) may depend on states « := (i, ¢,w,d,...)" € R"= such as e.g.
current(s) ¢, angle ¢, angular frequency w and temperature(s) ¥ to cover iron losses, magnetic saturation &
cross-coupling, anisotropy, harmonics, proximity & skin effect, slip rings or winding asymmetries, etc.
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Outline

Nonlinear modelling
m Motivation
m Two-level voltage source inverter (2L-VSI)
m Electrical machine

= Reference frames
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Nonlinear modelling: Electrical machine

Reference frames (considering of y-component might be crucial [165])

wp = %% arbitrarily rotating (d, ¢, v)-reference frame

d

= @ %r rotor-fixed (o, 3,,v)-reference frame

stator-fixed (a, 3, v)-reference frame

H M 2 A generic approach to modern electrical drives
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Outline

Nonlinear modelling
m Motivation
m Two-level voltage source inverter (2L-VSI)
m Electrical machine

= Generic machine dynamics
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Nonlinear modelling: Electrical machine

Generic machine dynamics: Three-phase machine model (cross-sectional view; without iron losses)

air gap

Prof. Dr.-Ing. habil. Christoph M. Hackl 47/158
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Nonlinear modelling: Electrical machine

Generic machine dynamics: Three-phase machine model in (a, b, ¢)-reference frame

Stator: dtz/;“ becs = qlebeCs _ RIsDeCsglsbecs
. . agbgcy _ agbsc, -asbgcy
Stator iron: Ed’s,b;e = T RS’Fbe ls,pbe ;
o d r0rCr rOrCr r0rCr 20,0, Cp
Rotor: SYITe = — R
Rotor iron: dqpasbeer — Ripecrdte (1)
Excitor: ifl/)aebece _ uaebec Ra b, cela bece
. dt e €
Mechanical subsystem: Lom = é (mm — Fw, + ml)
d
Egﬁm = Wy

with machine torque my, (827 §05bs%  arbce oxbecr jachece qparbece g =0y

’» s, Fe 1 °r ) Yr pm
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Nonlinear modelling: Electrical machine

Generic machine dynamics: Three-phase machine model in («, 3, v)-reference frame [after Clarke and (selected) Park
transformations]

Stator: Ay = wP — REPVSH c)
Stator iron: dtw:iiz = — RO ? o ;
Rotor: dyptfr = P _ RoP49B7 Fw, J P
Rotor iron: S = CREEN wdel @
Excitor: dpafy _ yefr _ geSride o T2,
Mechanical subsystem: Lom = é (mm — Fw, + ml)
%qsm = Wn J

with machine torque m,, (i¢™7, 057, 407 it 5l 877 4" 6y, ...) and rotation matrix (by /2)

Remark: Please note that consideration of v-component might be crucial to allow for e.g. currents including
third-order harmonics as possibly present in delta-connected or grounded star-point configurations [165].
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Nonlinear modelling: Electrical machine

Generic machine dynamics: Three-phase machine model in (d, ¢, v)-reference frame [after Clarke and (arbitrary) Park
transformation]

Stator: dypdr = @ RITIT —wo Jops,
Stator iron: dtng‘pe = — quFZ} g‘?e —w Joz/;g‘ﬁ,
Rotor: 4 oy _ gty _ qu”zrq'y —(wp — w) ot ?,
Rotor ron: fofe = EmEm )i
Excitor: 4 day  _ ydn _ glavidn —(wp — e)Joi/)fma
Mechanical subsystem: Lom = é (mm — Bw, + ml)
fitm = w
3)
with machine torque m,, (¢ g“’,zg’g,if‘”,ifﬂ,igq”, gfﬁ, ms - - - ) and rotation matrix (by w/2)
0 —1 0
Jo=[i % 3

Remark: Please note that consideration of v-component might be crucial to allow for e.g. currents including
third-order harmonics as possibly present in delta-connected or grounded star-point configurations [165].
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Nonlinear modelling
m Motivation
m Two-level voltage source inverter (2L-VSI)
m Electrical machine

= Equivalent circuit
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Nonlinear modelling: Electrical machine

Equivalent circuit of generic three-phase machine model in (d, ¢, v)-reference frame

air gap
. d d .
il i n L it
- " [ I,

-dgy dqy " dgy -dgy
i R " R T 21 Fe
LI u LI
"

"

d d
b (wp o) Tt | (wp =) Tots .
"
: Ogf| |uin
u
. . " a4 (1,1¢/l l 4 iy
- u at ¥ Fe
Wplﬂl’sg:o l@ @l“’pu’nd’sm " anr e
ul? 03 "
"
"
1 ,dgy d day H
at s.Fclg glmd’s o RI" §dav
" 1 ©
" LI
u
u
d
: | (wp =) Tl
u
H ul
" d apday
: [
"
"
— "
"
"
w
"
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Dynamic simulation
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Outline

Dynamic simulation
m Electrical machine dynamics
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Dynamic simulation: Electrical machine dynamics

Possible implementations of electrical dynamics in (d, ¢, v)-reference frame [for simplicity: only considering stator currents]

= Flux linkage dynamics with inverse interpolation i*" = £ ' (127, ...)

s )

d .d d, d d
E,wsll’Y — uS‘Z"V _ R lI’Y q —w JO";[; dqy (4)

= Current dynamics with differential inductances and flux linkages

_ dgy dgvy
d qu'y _ (LSQ"{) 1 (u:lqw _ qu'y,&dq'y prO,d)dqw 6;/;?“1 9y - 61/;% %19 v ) (5)

d
::55(1’Y

= Current dynamics with differential and apparent inductances and permanent-magnet flux linkages

d sdqy dgy\—1(_ dqvy dqy »dqy L qv dqy dqy
di s = (Lb ) (us - Rs s - prO( s dpp + "1’ ) + 6 ) (6)
dq~ ,.dqy daq~
1q-y 1 1 ) — 03,...)
Remark: Important to note that L7 = © “’(, — £ L3 = % U ) s (030)
7"»
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Dynamic simulation: Electrical machine dynamics

Crucial distinction: lllustration of differential inductance L (tangent) and apparent inductance 7, ,,, (secant)

Y/ Vs

HM®

(o) %

.

B .-'\
(i1, 1)

i/ A
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Dynamic simulation

m Block diagrams
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Dynamic simulation: Block diagrams

Flux Linkage Dynamics with Inverse Interpolation (FLD+II)

Jo

idgy
g
—1 d S
i _1#:(17:»]:‘/) (¢sq7’-~-):':>
S
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Dynamic simulation: Block diagrams

Current Dynamics with Differential Inductances and Flux Linkages (CD+DI&FL)

Jo

wdqv
dgy /d s
wsq’y(lhq,y?') >

5%y
= < <
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Dynamic simulation: Block diagrams
Current Dynamics with Differential/Apparent Inductances & Permanent-Magnet Flux Linkages (CD+DAI&PMFL)

Jo

idqv
S dgy (.dqy
> L0177, ..

5dq'v 1/1qu
s — day ¢ zday b
.......... < —p 1y 1 (377, )
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Dynamic simulation: Required system knowledge

Required system data and execution times for high-fidelity simulation of different dynamics implementations

FLD+II CD+DI&FL CD+DAIXPMFL
RY)(z) | 3(+0) x N,-D—LUTs | 3 (+0) x N,-D—LUTs | 3 (+0) x N,-D—LUTs
LI (z) — 3 (+3) x N,-D—LUTs | 3 (+3) x N,-D—LUTs
Lgiig%(a:) - - 2 (+1) x N,-D—LUTs
P2 () _ - 2 (+1) x N,-D—LUTs

¢¢Siq(v) 2 (+1) x Np-D—LUTs | 2 (+1) x N,-D—LUTs -

fo() yes no no
toxee (iNp.U.) | 1.00* /1077 / 2.55% 1.55 1.83

. = ! o N, . .
Remark: The states  := (42", ¢um, bp> Win, Wy, 9e ", ... ) € RN= comprise currents, machine and/or

transformation angles, machine and/or transformation angular frequencies and temperatures to allow for
proper simulation/emulation of iron losses, magnetic saturation and cross-coupling, anisotropy, proximity
and/or skin effect, slip rings or winding asymmetries, etc.; N, represents the dimension of the considered

I LMRES (HM) is working with several academic/industrial partners on fast, accurate and overall machine iden-
tification approaches in order to allow for even more sophisticated machine simulation and/or emulation.

HM®
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Dynamic simulation: Required system knowledge

Examples of identified stator/permanent-magnet flux linkages, differential/apparent inductances and back-emf harmonics

[wiady | ordal [ el | ni,ai [ e =,

d BIA T 40 jn /A
< >
= o
q 4010 7Ll' /A 2
-2 0 2
angle ¢y, / rad
dq/qd -

Remark: For simplicity, only the dependencies on i’ := (i?,i?)" are shown, i.e. z :

G230 with N, = 2.
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Dynamic simulation: Exemplary implementation results
Open-loop current responses for diff. dynamics implementations (3.8 kW IPMSM @ w,,, g =576 rad):
[=—1 FLD+lI (bil. Inv.), [ ] CD+DI&FL, [ ] CD+DAI&FL, [——] CD+DAI&FL (L4 d" =LY ; wrong implement.!)

s,app?
-20 T T T T T
20 .
40 F i
> < 10 4
~ =60 F 4 —
w e 0 :
-80 1 -10 .
-100 - L L _20 L L
0 50 100 150 200 100 150 200
100 T T T T T 3
80 | .
. < 20 /—
~ ~
T 60 {1 = |
40 L 1 1 1 ] 1 1
0 50 100 150 200 100 150 200
t / ms t / ms
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Dynamic simulation: Exemplary implementation results

Comparison of closed-loop nonlinear electrical drive system (4.0 kW RSM @ w,,, ~ 80 %):
[ ] simulation (CD+DI&FL), [——] measurement

I Current oscillations in measurement are due to an- -
gle dependency and speed oscillations are due to that | «»
as well and a flexible shaft in addition (both effects are | ™|

neither modelled nor simulated here).

a ;
[l / V

rad/s
rad/s
S
I
rad/s
T
I

w,

T
W,
T

time t /s time t /s
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Dynamic simulation: Exemplary implementation results

Flux Linkage Prototype Functions (FLPFs) [25] — Analytic functions for flux linkage representation

@7 of typ. RSM v of typ. IPMSM General FLPF idea

55555
n:,',';,"'

) Vs

Jg (ng Zg) ’lps self( )

/ Vs

TR
RN ST RRY
‘““““\\““\

vl
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Dynamic simulation: Exemplary implementation results
Flux Linkage Prototype Functions (FLPFs) [25] — Observation for self-axis effects (9.6 kW RSM)

1.2 0.6 T
¥5(0, i)
=== $2(0,id)
I (38A,4id)
=q -q
w 0.8 [ » 0.4 Pd (384, i) i
> >
~ ~
= g » - -
& & ~
= o
= 04 |- S 02 |
~d,.d
=== adad 0
d,.d .
— g (ig , 38A)
ICIELIV)
L B
0 0
0 10 20 30 0 10 20 30
il ) A

id /A
(a) d-axis flux linkage v v.s. d-axis current i () g-axis flux linkage ¢¢ v.s. g-axis current i

d, .d .d .d
e'g" ¢s,s%lf(ls)Mtanh(Zs/q) + Zs/q
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Dynamic simulation: Exemplary implementation results
Flux Linkage Prototype Functions (FLPFs) [25] — Observation for cross-coupling effects (9.6 kW RSM)

1.1 0.45

q,.d q,.d q,.d
—— (304, i) vl (204, i) (104, :9) —— (i, 30A) ——d (if, 20A) (i, 104)
IS b s —~q,.d ~q,.d _ ~q,.d
- - - %304, 30) D204, 38)= = = $E(104,37) === 9L ig, 30A) P (ig, 20A) = = = I (ig, 10A)
0
05 T30 —20 10 o 10 20 30 —30 -20 -10 0 10 20 30
. d
il /A is /A

(a) d-axis flux linkage wsd v.s. g-axis current il (b) g-axis flux linkage ¥J v.s. d-axis current ig

e.g., Aggossoc —1In (cosh(i‘si/q)) or ¥4 ocexp (- (ig/q)Q)

S,Cross
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Dynamic simulation: Exemplary implementation results
Flux Linkage Prototype Functions (FLPFs) [25] — Estimation accuracy & properties (9.6 kW RSM)

Flux Imkages approxmated by
FLPFs ¢ (zs, id) & 7 (zs ,id) with
high accuracy (usually > 95%)

Energy conservation assured, i.e.
oddiz,id) _ odd(id,id) (
- .d

Oig

reciprocity)

s

I Flux I|nkage prototype functions (FLPFs) can also be used for = Few parameters to be flctjtec? (only
self-commissioning [166] or in the framework of Artificial Neu- 10 ~ 20 parameters needed)
ronal Networks (ANNSs) to identify inverter and machine simulta- = Differentiability allows to derive

"e°‘fs'y [138]. ) differential inductances analytically

= Inter-/extrapolation capability
due to analytical function
evaluation (no numerical
inaccuracies or oscillations)

= Extensibility ensures applicability
to different SMs (e.g., RSMs,
IPMSMs or even EESMs)

—40 —40 il /A
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Dynamic simulation: Exemplary implementation results

dq~y
Active Harmonics Suppression (AHS) in 2.6 kW BLDC machine (compensating for 5‘:‘” = %wm)

20 = T
1o L= = 0 ——#0) [wjo AHS] — () [(ABS]| | n

O A'«’«!~1a,l,n! A o m it ,W,‘ LN A“,‘,l,.‘ s

-20 &= | | | |

MARA AL\
u‘|",|(" \ B

d current / A
(=]

¢ current / A
(=]

torque / Nm

|
[
(S

500

rad
g
no

speed /
ot ot
o o ©

|
)

(== ) ——wonl) [w/o ATS] — () [ATIS]| ‘ I With AHS, torque ripples are reduced from 28.8% to
0 0.05 ’ 4.4%; to achieve that selected harmonics in reference cur-

|
o
=]
]

rents must be injected (paper in preparation).
(& J
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High-performance control

Overview
VSI
optsat T,() 7' DAC WM 1 .
ol : ullalt) ) ()
heafiipe T
11
ORCC udj(t)
§ g ADC ape CUTTCnt sensor
wlh] AL i DO gy 0
o]

inverter

nonlinearity :
compensation (INC)  isaturation (

input /output (1/0) lin

optimal feedforwarc

orque control (OFT

ADC encoder

implementation (software)
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High-performance control: Nonlinear current control

Controller structure of input/output (I/0O) linearization based nonlinear current control system

dq
'u’s,ff
dgq
s,cc
Nonlinear (vector-valued) Pl controller 4, —y
%5, pi J:”
dq qu dq qu dq ~dg .dq ~dgq qu
uS7CC = P epi + i L +RS [ +prﬂ)S + s
d ..dq ~ dq dq
Ewi = faw (us,maxa us’ref) epi

with feedforward term u{% and integral state "/, gain matrices K3 := diag(k, k) and
K .= diag(k{, k") and anti-windup (“conditional integration”) with

. dq ~
f (a dq _ 07 If ||us,ref|| > us,maxv
aw s,max’ s ref
1, else.
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High-performance control: Nonlinear current control

T . R . . ) d dg 3 dg 7d d ~dq d,
Principle idea of I/O linearization (ideal conditions, i.e., ui%. = ug?, Ry’ = R2?, L’ = L% and 8" = 82%)

J
w,
b —_
X a
dq -d d
us,pi ,lel i ,wsq
Py (- mz/))
d
=g qff
_ dq dq dq dq dq dq dq dq dq dq dq] _ ,.dq
4487 = (L)~ [LS g + BT+ wp JYt + 657 — R — wpJ 1y —65]—us7pi
~-
ugic’\‘udq
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= Closed-loop system with reference current filter

m Inverter nonlinearity compensation
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High-performance control: Nonlinear current control

Closed-loop system with reference current filter (after ideal 1/O-linearization and without anti-windup)

dq dq dq
I, T} K%Y K¢
: 2dq ! dq dq .d
zs,ref epi ’u’s,pi (X a
:}O:b —
.d,
27

Reference current filter (optional; set T1 = diag(Tf}f,f,Tl‘éf) = 0,,, if not used)

id/Q/ 1 , L
_ Us,ref . d/q . kp
Fpe(s) = o 7 with Ty = e
s,ref +s Ipf '
Current closed-loop system (neglecting anti-windup)
L/
P
Fa(s) it kyts kT L
a\S) =" T 2 d - d
.d/q /a d/q ke
Zs,rcf s+ kp s+ kq 1+ d/q s+ d/q 52
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High-performance control: Nonlinear current control

Controller tuning via pole placement

.dg
ZS
M

Pole placement by comparing coefficients (separately for d & ¢ possible!)

Xfe/fq(s) =5+ 2Dd/qw3/q s+1=s+ kg/q s+ kg/q =: Xfl/q(s)
Obtained controller parameters (for given bandwidth wg/q and damping D)

—  kYe—2pY1,30 and K= (w9’
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High-performance control: Nonlinear current control

Vector-valued PI controller with anti-windup (conditional integration)

d
d qu d
d
ep? upq upiq
> L >
R
K™
1
i:1:?(1 :cidq ugq
Ik > ——>
>
fu,ﬂ(')
d d
JTL ||| fe=—=

anti-windup (conditional integration)
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High-performance control

Inverter nonlinearity compensation: Overview

optsat

DAC
: IE ullee(t) W%W

PWM

uf™(t)

inverter

nonlinearity e v
compensation (INC)  isaturation (

optimal feedforwarc input,/output (1/0) lin
based current con

e control (OFT

ORCC
; » ADC - curment sens
= = A i IS0 ey
o]

ADC encoder

implementation (software)
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High-performance control: Inverter nonlinearity compensation

Problem statement: Drawbacks of voltage source inverters

SVM VSI
abc abc abe
Uy ref Sg RN Ug

Tudc

Any voltage source inverter (VSI) suffers from four inevitable drawbacks (D,):
(D)) voltage deterioration due to nonlinear current-dependent voltage drops over semiconductors [167]
1 )

(D,) voltage ripples due to the switching behavior of the power electronic devices [168],

(D,) delayed voltage response due to modulation [169] _and

(D,) output voltage constraints due to a limited dc-link voltage.

= Here we will discuss and solve the first and third problem! For each drawback, several
improvements or compensation strategies exist. This subsection focuses on the first and third
drawback and its impact, in particular, on the output voltage by the inverter nonlinearity which
leads to a deteriorates from the desired VSI voltage. The second drawback can be tackled by
optimal pulse pattern and/or increased switching frequency [117, 128, 129].
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High-performance control: Inverter nonlinearity compensation

Nonlinear voltage drops in a half-bridge

DC-link half-bridge (simplified)
+ +
Zg Zhb
oO—>r—@ > S
i i
‘g hb Sf
) D
Y %dc usw,l
Uge PR [
I == \J% &
d p
¢ ! Uq,1
A

A 1 S
D 1
Ugw,2 : 1
Udc B [ p

2 | | \) . Zi
QCdc Cg ! up 1
0 d,2| |
U 1
; ______ 1

\J 1

O :‘ ___________________________ 1

Zg Zyb
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Mid-point voltage varies with switching
state and current direction (this holds for
any phase p € {a,b,c})

P

P _ :p
— U s =1n4, =0

2 sw,1 I
Ug P P _ -p
uP — 2°+ud71 , 51 =1n1d, <0
M T 5
e, L R =0ni,>0
_ ug P P _ -p
55 T Uy o , 51 =0n1d, <0

Remark: Important to note that voltage drops
P12 andul |, over power switch and power
diodes, respeCt/ve/y, usually depend on currents
and temperatures. Moreover, they may be
different for each upper and/or lower branch

(index 1 & 2) and each phase p € {a, b, c}.

u
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High-performance control: Inverter nonlinearity compensation

Nonlinear voltage drops in a three-phase VSI

Assuming ug,, := uf, ; = ub, , and uf := ufl ; = u}j ,, one obtains (for all p € {a,b, c})

= (v = b + ) (o1 — ) — Bounli) (B + 18,

where

1 ,ifze>1
(@)= 1 .o

For a 2L-VSI, we have three phases p € {a, b, ¢}, switching vector s°¢ = (s{,s5,s¢)" and current

vsi

vector 2% = (ify,, ity i5,) ", which yields the mid-point voltage vector

i = diag [nac 1y — il + "] (5587 — 315) — 4 ding [sgn(ashy)] (we + ™).
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High-performance control: Inverter nonlinearity compensation

Average model
Assuming constant voltages v, 45" and u,. and identical signs sgn (i) of the currents
over one switching period T, = fi the average mid-point voltages at sampling instant % (i.e.,

t = kT,,,) are given by

w k] = g S, w () dr
~ diag [ [115 — wier k] + wg[k]] (226 K] - $15) 7)
— 4 diag | sen(i Tk | (uie T4 + ui* [k])

with the duty cycle vector

abc
dygi [k] := %

vsi
sw

p— abc
JkT SabC(T) dr = ton [k]’ (8)

(k—1)Ty, Tsw
which depends on the on-time vector t22°[k] := (T2 [k], Tou[k], TS.[k]) T (e.9., as consequence of
modulation).

H M 9 A generic approach to modern electrical drives
Prof. Dr.-Ing. habil. Christoph M. Hackl 76/158



Outline

A High-performance control
m Overview
m Nonlinear current control
m Inverter nonlinearity compensation

m Dead-time effects

m Optimal reference voltage saturation

H M 9 A generic approach to modern electrical drives
Prof. Dr.-Ing. habil. Christoph M. Hackl

76/158



High-performance control: Inverter nonlinearity compensation

Dead-time effects in a half-bridge

p P p P
515 51 ref Tgead + Tr’;se Tfill 51s él,rcf ,Tfill Té’ead + Trli)se
W K K_—)‘ K—
Tc’i),rcf thn,rcf
‘ P p ! b P p !
Uﬁ : Ton # Tl)n,ref : uﬁ I Ton # Ton,ref I
g~ L ‘ ‘ S S
s e
1 p ! — lu + P e— -
—3Ude — Uy T~~~ -~~~ ----~- — 2 Ydc sw 1
kTSW (k: + 1)Tsw kTsw (kj + 1)TSW
positive current (i.e., i, » > 0) negative current (i.e., i, < 0)

Hence, for each half-bridge / each phase p € {a, b, ¢}, one obtains
o = o res = (Theaa + Theo — T ) sen(i8y)-

H M 9 A generic approach to modern electrical drives
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High-performance control: Inverter nonlinearity compensation
Dead-time effects in a three-phase 2L-VSI

.abc | .a b .c \T jabc  __ a b c\T gabc _ a b c T
F(zr Tysi = (Zhbv hb> Zhb) ’ ton T (Torn Tonv Ton) ’ tdead T (Tdead7 Tdead7 Tdead) '
abe |

trise = (Tr?sev Trbisev Trcise)T and t(flabl? = (Tfalla Tfl;lh Tfi}ll)—ra the three'phase 2L-VSl result is
be be . .ab b b be
tone = taer — diag | sgn (505 | (ke + tike — ¢8%). ©)

be
abc o

Inserting d22¢[k] = 2% (i.e., (8)) with (9) into (7) and recalling that

sw

abc abc —abc
—abc _ ton,ref [k] 1 ton,ref [k] _ uM,ref [k] 1
Uy rot[K] = (Tsw — 313 Jugclk] = T, — wuulk] T2 13

yields (details omitted and argument [k] neglected)

i OO diag 15— L (ul - ud") T
=[Cr7

. .ab . b b tabc ta.bc 7tabc b b
— diag [sgn(zﬁsic)] (dlag [Udclg — ugy + ug C] fdoadPrise=Prall 4 L (9 20¢ 4 437)

sw

_
abc

=:Cysi
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High-performance control: Inverter nonlinearity compensation

Transformation to (d, q)-reference frame (# 1)

DC-link Voltage source inverter (VSI; ideal)

o
|

Reference po:
tential
(e.g., machine-

2C0c]
ac side)

Clearly, the following holds

abc abc
Uysi = Uy + ucm13 or Uy = U ref + ucm,ref137

abe abe

which implies
af abe abc af abc abc
uvsi - Tcuvsi - TCU'M + Tcucm13 or uref - Tcu‘ref - Tcu’M,ref + Tcucm,ref137
—— Y ——— N— —
—uy” =02 = e I
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Prof. Dr.-Ing. habil. Christoph M. Hackl 79/158



High-performance control: Inverter nonlinearity compensation

Transformation to (d, q)-reference frame (# 2)

dq dq
usyff Cysi

dq dq

iy eﬁ? ugii
:}O:b """" ——>

Us cc s,inc

u(si,qcc ; uva] - (¢p) c 32:: = ((bp) c ﬁbc + T ((bp) ! Tcucm]-S
=0,
= T (0,) " O T T (0,) it — T(0) Tl
—_——
=¢[ngi]7l =3C$§i
= ugl=uph = Cifull + e

A generic approach to modern electrical drives
Prof. Dr.-Ing. habil. Christoph M. Hackl
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High-performance control: Inverter nonlinearity compensation
Validation: Measured voltage response of SEMIKRON SKiiP 83 AC 12 in SEW MDX61B0220 at +10 A

T )
1 i i
" i
s i ]
@ " ]
f 1
O " "
[T L
275 T -
' i
> i it
~ i ip
= 0 1
) " ]
—275 -
20
« 15
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%
5
1
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i 0
- 275 B
~ 0 | -
S= .
® 27 e R
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High-performance control: Inverter nonlinearity compensation
Validation: Measured voltage response of SEMIKRON SKiiP 83 AC 12 in SEW MDX61B0220 at +20 A

HM®

/A uj / vV 5@
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High-performance control: Inverter nonlinearity compensation

Validation: Measurement results [——] without INC and [ ] with INC

Low-voltage measurements

50% | 1
S < - 50% |-
T oout N Tt ’
< e o

—50% |- 4 2
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———————— ~ 0%
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High- voltage measurements
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High-performance control

Optimal reference voltage saturation: Overview

optsat

DAC
et K] @ ullee(t)

PWM

8"(0)

uf™(t)

i

optimal feedforwarc

OFT

rque control

implementation (software)

A generic approach to modern electrical drives
Prof. Dr.-Ing. habil. Christoph M. Hackl

HM®

ORCC ol
: Loy ADC - current sensor
T b (K] N PO} |_|‘§‘ i (1)
‘ e
input /output (I/0) lin nor \”m‘;‘\ % renc ™ ADC encoder
compensation (INC) | ‘saturatior 9plk] ’—‘C Sl o] . #ul®) ,@_

energy conversion (hardware)
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High-performance control: Optimal reference voltage saturation

Problem statement: Drawbacks of converters

~dq , .q
Plw/ AW  Ls (i",2y) optsat SVM VSC
igicf ugz)i — u(si,qcc u;lg.gt S:bc I 'Uzgq
:>O;> ........ "l [ :}O:b —p| | - Hﬁﬁ:}
nlgq ﬂuiqﬁ Tu’dc

Any voltage source converter (VSC) suffers from four inevitable drawbacks (D,):

(D,) voltage deterioration due to nonlinear current-dependent voltage drops over semiconductors [167],
(D,) voltage ripples due to the switching behavior of the power electronic devices [168],

(D;) delayed voltage response due to modulation [169], and

(D.) output voltage constraints due to a limited dc-link voltage.
4

= Now we will discuss and solve the last problem in an optimal way (“optsat”) in order to reduce
its impact, in particular, on proportional-integral (P1) based control methods which still represent
the vast majority in industrial applications. For more advanced control methods like model
predictive control, the voltage constraints can directly be considered during controller design

and/or the optimization stage [135, 170, 171].
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High-performance control: Optimal reference voltage saturation

Proposed solution Optimal Reference Voltage Saturation (ORVS)

Goal of ORVS:
Minimization of the deviation between the desired current dynamics - %9 (u? 1:) (time derivative

of the currents) obtained for the control action u? 1 computed by the Pl control system if the

voltage constraints were not present and the feasible current dynamics - q(ui‘ggt, U max) dU€
to the active voltage constraint i ., i.e.

dq O max . d ~
s,qcc”uS ccH If ||uq H = us,max7
dq,* d dq dq d dq/, dqg ~ _ ~dq
ug sat = ari?nn” (us’pl) dtz (us 7us’maX)H N uiqff (1 - C )Ls u(si:;i? if ”us cc” = us max)
) uld,, else
In contrast to no saturation or conventional saturation
dq  Ug max ~
dq . us,qcc Hudq H If Hus CCH U’s,max:
us,sat = dq °c
'U's,cca else,

| | M 9 A generic approach to modern electrical drives

Prof. Dr.-Ing. habil. Christoph M. Hackl 86/158



High-performance control: Optimal reference voltage saturation

Proposed solution lllustration of the idea of Optimal Reference Voltage Saturation (ORVS)

q ) :
Us A I Consideration of voltage hexagon
i as constraint is possible! (another pa-
per in preparation)
-, for PWM,
< for SVM.
H M 9 A generic approach to modern electrical drives
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High-performance control: Optimal reference voltage saturation

Block diagram of nonlinear current dynamics with current/angle-dependent differential inductances and flux linkages

.dq

dq-d
qu(l ¢ 7wp)

H Ivl 9 A generic approach to modern electrical drives
Prof. Dr.-Ing. habil. Christoph M. Hackl

17[)?(1('7:131/))

dq
S
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High-performance control: Optimal reference voltage saturation

Block diagram: Nonlinear flux linkage maps (¢,, = 0°) of synchronous machine

>
22 253>
22 253
22 oo

oo
$25825
5%

v/ Vs
¥/ Vs

(b) g-axis flux linkage map.

(a) d-axis flux linkage map.
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High-performance control: Optimal reference voltage saturation

Input/ouput (I/O) linearization (recap)

=~dq , .qq
Plw AW  Ls (", zy) optsat SVM VSC
.d d d dq,
zsgfef 'u’s:i)i —_— us,qcc usia*t Ssbc I qu
........ :. FLLTTTTTT T T
T
igq Uf(lff dc

I/0 linearization approach

ul? ~ ull = L da ull, + R + w, Jpld + 829, (12)
=l

gives simple integral current dynamics %qu =% and allows for simple PLL-like tuning by

S,p1
pole placement (recall last slides).
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High-performance control: Optimal reference voltage saturation

PI controller design with anti-windup (recap)

~dq, .4
Plw AW Ls (3% ) optsat SVM VSC
igicf ugﬁ)i —_— Us cc ugz‘.gt S:bc RN Ug
—O)—> t """" = 5|, ——-(O)—> % —— % —— EHE —

n.d
l‘q

s us,ﬁ
Current control system
dg dq ( +dq -dgq dq_,dq
Ushi = KP (zs,ref — 1 ) + Ki Z;,
d _dq ~ dgq .dgq .d (13)
&wi - fa,w us,maxa u’s,cc ('Ls,ref — )

with integral state z{'?, gain matrices K¢ & K and anti-windup (“conditional integration”) with

. d ~
f <’[/j\, udq ) _ 07 if ||ub,?:CH > us,maxv
aw | Ys,max» Ys,cc 1 else.

)
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High-performance control: Optimal reference voltage saturation

Reference voltage saturation: Comparison of different approaches

~dq
Plw/ AW Ls (%, zy) optsat SVM VSC
dq,x

. d d
’l’s,ref usz)i p— us,qcc u’s,sat Sgbc ugq
—O—| —.......... ——-(O—>| — — I }’Pﬁ —

s us,ff
= optimal reference voltage saturation [—] with

dq as max

8,ce if ”u H ui max)
dg,* E dq( dq ) i,dq( dg ~ Il = . g’ o da
us sat +— arg{lgllln ‘ us,Pi - dt'lls Ug, Ug ,max | - usch + (1 — C ) Ls us,‘i’;i? if ||us ccH > Us, max
U,
] u;i,qcc7 else
dg s max ~
Usico T a if [[uste|| > @
= conventional saturation [ ] with u{?,, := ZCC T s,cc s,max>
usqcc7 else,

= no saturation (and no anti-windup) [—]
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High-performance control: Optimal reference voltage saturation

Validation: Simulation results at standstill (w,,, = 0): Control system with ORVS [——], with conventional saturation [ ]
and without saturation and anti-windup [—]

. 1.04 [
oK) -
< _) 1.02 |-
e 1
0.98 &
1 -
o |
n < 08|
T 8
w L | | ! | | 0.6 -
Pt o
(= 1.05 |~
& t L
0l l l l il
o & [ [
ﬁiw 0 ==t ~ ! ~ I 0.95 -
- 0 0.05 0.1 0.25 0.26 0.27 0.28
Time / s
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High-performance control: Optimal reference voltage saturation

Validation: Simulation results at rated speed (w,, = wy, r): Control system with ORVS [——], with conventional saturation
[ ] and without saturation and anti-windup [—]

/iR

s,R

q

1/Tmas 8/

dq
s,ref

[l
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Optimal operation: Motivation

Examples of anisotropic synchronous machines [172] with “saliency ratio” LY /LY # 1 (< L‘S’l,mD/L‘S’,app #1)

[ ]:Magnettorque [ ]: Reluctance torque

1
1
1
(1) Pure PM Machine (2) PM/Reluctance Hybrid Machine

1l
<Increasing magnet flux

Reluctance Torque Assisted PMSM PM Torque Assisted SynRM
Inset SPMSM IPMSM PMASynRM
—

(3) Pure Reluctance

Machine
Increasing saliency
mn v

d . 2 .dg\T d 2 d . .d d d - d .g\2 .d\2
My (Zsa Zg) = % (qu) J’ltbsq = 3”?;; [ ng - w};}stJ +£ s,app Lg,app)ZsZg +{’s,qapp((lg) - (Zs) Z:I

-
magnetic torque reluctance torque cross-coupling torque
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Optimal operation: Motivation

Optimal Feedforward Torque Control (OFTC) problem: Isotropic, linear PMSM (without iron losses)

2 T
! .d .q 2n. . .d .d . T 3k m
- _ “l'p q N q . q _ Ok Mm ref
My ref = Mm (ZS ’ ZS) T 32 ,()bpmls 7's,ref T (ZS,Tef’ Zs,ref) - 07 2n,Y5m
H M 2 A generic approach to modern electrical drives
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Optimal operation: Motivation

Optimal Feedforward Torque Control (OFTC) problem: Anisotropic, affine PMSM (without iron losses)

12 d . .d d .d . d .
mm,ref = 3_:5)' [wpmlg - #mls + (Ls,app - Lg,app)zs ’Lg + Ls,qapp ((’Lg
o

)~

~-
.d .
mm(zs 712)

H M 9 A generic approach to modern electrical drives
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s,ref *
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Optimal operation: Motivation

Optimal Feedforward Torque Control (OFTC) problem: Identical for all nonlinear machines
Nonlinear IPMSM (3.9 kW@5 500 rpm) Nonlinear IM (3 kW@1 445 rpm)

510 15 -5
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Optimal operation: Problem statement and proposed solution

Optimal Feedforward Torque Control (OFTC) within the control system

d
Us comp
PL, Pl
" . P Inv. Park N Inv. Clarke B Inverter
. ,L S
Wiy ref Wi M, vef Ls vef Us pi U ref U ref Ug ref IPMSM
; - - dq af = ug
~ . b
Ts,max id U comp Ug ref ul T
—
" PLs w
Us, max| el o s
/5 OFTC i ud u? B c H
) s.ref s,pi s ref af | Usrer abe | User ~ !
w'p |
) B I
|
LN " bp—1 !
1,
s o ] !
s s I
I
dq aff !
|
it !
I
|
p I
af il abe i !
. S |
Park Clarke
| | M 9 A generic approach to modern electrical drives
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Optimal operation: Problem statement and proposed solution

Optimal Feedforward Torque Control (OFTC) problem: Optimal reference current computation (ORCC)

Jas,max J/fs,max JWP J e
-d .d
Zs,rcf (Or Zr,rcf)
. >
Mo ref OFTC = optimal
— reference current
computation (ORCC) 4sref>(°r 0 vet)
qu ( 0 D w )= ig,ref( mrefa/\smax,z\,maxawpw")
s,ref Mm refs Us,max> ¥s,max>» Wp» ig,ref(mm,ref, s mae> s mass Wpn - - -

v~ Numerical solutions and/or look-up tables
(but: limited storage, accuracy, real-time applicability)

? Analytical solutions

(some do exist but impose simplifying assumptions such as Ry = 0, R, g =

H M 9 A generic approach to modern electrical drives
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Optimal operation: Problem statement and proposed solution

Considered anisotropic synchronous machines with iron losses: Nonlinear transformer model

dq dq d
.d R .dq
,qu R s, Fe ,LS,Fe

o> ] <-0—
wp I w S Jple
ud 0,
Lopdd Yot
O

with wfq = wé e (single assumption!) and (possibly) nonlinear

1

= current, angle, speed and temperature dependent stator resistance, i.e. R := R (%%, ¢, wp, 9s)

= current, angle, speed and temperature dependent iron resistance, i.e. RS Fe = Rs Fe( i, by, Wy, Us)

= current, angle, speed and temperature dependent flux linkages, i.e. ¥ := 2% (i2%, ¢, wp, 9;)

H Ivl 9 A generic approach to modern electrical drives
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Optimal operation: Problem statement and proposed solution

Considered anisotropic synchronous machines with iron losses: Nonlinear machine dynamics (= steady-state model)

HM®

.dq

@

Stator:

m.@m& (:

Iron:

/\\/_\

Losses: P 1oss

d .
=ZRSq :_1’dq

oty

e
RY  RY) (4
R R1| \ul
.d
<Zs,Fe)
-q
Zs,Fe
—

—

.dq
=15 Fo

d dq
RS Fe Rs Fe
Rs Fe Rs Fe

.pde
=-Rs,Fe

~(ri%)7|
@i (mm + ml)

2 ( iy + Zs Fe) J¢gq

w
]

K
2 (.dg\T pdq.dq
?(’Ls ) Rs T
[ ——
='Ps,Cu
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=:J ::"pgq

f___/\_

0 —1] /0
wll o) () e

d
+w, Jp 2 + T
d
+up T2 + |
with  w, = n,wp,
2 -dq T
+?( sF‘e) RsFe sFe
- ps,Fe
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Optimal operation: Problem statement and proposed solution

Optimal Reference Current Computation (ORCC): Optimization problem(s) with multiple constraints

/A

is

AT AN
(A(/\,nmx)

—

A generic approach to modern electrical drives
Prof. Dr.-Ing. habil. Christoph M. Hackl

HM®

max —f(ig?) subject to
‘ (/(/H ~2

\ ,max?

(current circular area)

< (voltage elliptical area)

d
‘mm(lsqawpv s )| = |mm rcf|
and sign(my, yef) =

| sign(m, (i21)).

= e.g. minimize copper losses,

.d, .dq 2
e., _f(”’sq) = _”qu” .

— % SMTPC at %, i.e., MTPC

s,ref
With 1, pep = M (2 da ) feasible.
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= Sequential Quadratic Programming (SQP)
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Optimal operation: OFTC with analytical ORCC

Sequential Quadratic Programming (SQP): Linearization, implicit formulation, optimization & intersection points

Step 1: Online linearization of flux linkages, machine torque, iron resistance, etc.: for example:
= flux linkages (first-order Taylor approximation around operating point ?:q [=])
= machine torque (second-order Taylor approximation around operating point 2:‘1 [=])

Lsstax
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Optimal operation: OFTC with analytical ORCC

Sequential Quadratic Programming (SQP): Linearization, implicit formulation, optimization & intersection points

Step 2: Derivation of quadrics Q 4 (%) := (424)" A% + 2a "4 + o

= Current circular area: (i) + (i7)? <72 max <= [[i%9))% = (4%) " 10427 <72 ax

and ]I(L\s,max) = { "';iq € R2 ‘ (igq)TI2igq _ﬁ,max <0 }

~2 .d 2 A~
! )” =.. < ug,max

= (Linearized) Voltage elliptical area: (uf)? + (uf)® < Ul o = [|ud? (i s Wpy -

= V(lgmax) i= { 107 € R? | (509 V(@,) id? + 29(@,) 427 + D(@y, Us,max) < 0}

= (Linearized) Reference torque hyperbola: m, (i2%,wy, . ..) = 2n, (889 + i8%.) T TPt = My s = ...

S

= T(Munrer) = { 39 € R? | (329 T48% 4 28 4% — 1y por = 0 }
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Optimal operation: OFTC with analytical ORCC

Sequential Quadratic Programming (SQP): Linearization, implicit formulation, optimization & intersection points

Step 3: Optimization problem with equality constraint

max u, — ( (12T A% + 24738 4 a) st (49T B3 + 267499 + g = 0

~—

=:Qa (359 =:Qp (i)
= Hyperbolas for e.9. MTPC, MTPL or MTPV (with R, R g, # 0 & Ly ,,, # 0, etc.)
Step 4: Intersection of two quadrics (e.g. voltage ellipse and current circle)
ii‘icf = argminl\i?u { igq e R? ‘ QA(i‘jq) =0 A QB(igq) =0 }
— Optimal operation point % (reference current; iteration possibly necessary)

Both lead to subproblem of solving a fourth-order (quartic) polynomial

YO = e A+ AN e N e A+ 20
= Analytical solutions exist (e.g. Euler’s solution, see [173])

H Ivl 9 A generic approach to modern electrical drives
Prof. Dr.-Ing. habil. Christoph M. Hackl

106/158



Outline

Optimal operation
m Motivation
m Problem statement and proposed solution
m OFTC with analytical ORCC

= Operation strategies

m OFTC with ANN-based ORCC

H M 9 A generic approach to modern electrical drives
Prof. Dr.-Ing. habil. Christoph M. Hackl

106/158



Optimal operation: OFTC with analytical ORCC

Operation strategies: Overview

-35 -30 -25 -20 -15 -10 -5 0
N / 10°min~! il | A

= Maximum Torque per Losses (MTPL) [lll] (or Maximum Torque per Current (MTPC) [llll])
= Maximum Current (MC) [E8] and Maximum Current extended (MCo¢) [ ]

= Maximum Torque per Voltage (MTPV) [E5] (or Maximum Torque per Flux (MTPF)))

= Field Weakening (FW) ["]

H M 9 A generic approach to modern electrical drives
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Optimal operation: OFTC with analytical ORCC

Operation strategies: Maximum Torque per Current (MTPC @ 0 - wy,, g ; My, rof feasible)
[ [ [ [ [

N I
35 MTPC

Optimization problem

.d
max —p, cu(is?)  S:t.

1, €

30

;.m,l\)

25 (qu)TT'qu + 2£T1/;1q —My ref = 0
~ Y.dq
f 90 Ame, (i57)
i Solution set
15 Tyl .dg 2
MTPC (s , @, ...) = { is? e R* |
10 (29 M i + 2mgid? = 0}
5 .
(4 _— ) Optimal reference currents (%)
S, max - S, max ,dq .
0 ‘ ‘ ‘ ‘ ‘ ‘ 2 = MTPC n T(my,, ,
—35 —30 —25 —-20 —15 —10 -5 O sMTPC (7, ret)
il 1A
9 A generic approach to modern electrical drives
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Optimal operation: OFTC with analytical ORCC

Operation strategies: Maximum Torque per Losses (MTPL @ 1 - wy, g; My, ot f€@SIbIE)

35

30 [ (ﬂﬂ(?;.m:\\)

25
< 2

15

10

Fi=V( D)

s,max )] N

- (/\.nm\' )

. —
MTPC

-d

ig | A
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| | | | |
-35 =30 -25 —-20 -15 —-10 -5 0

Optimization problem

1c
.dg

(2 el

.d .d
a‘% _ps,Cu(qu) - ps,Fe(qu) s.t.

.da\T 75 -d =T .d,
(37) Tig? + 2t zsz — My ror = 0

A (9)

Solution set
MTPL (7", @, ... ) i= { 1% € R? |

AT d __T.dg , —
(3s7) My, 3% + 2mras? + o, = 0}

Optimal reference currents (%)

i(si,%\/[TPL = MTPL n T(mm,ref)
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Optimal operation: OFTC with analytical ORCC

Operation strategies: Maximum Current (MC @ 2 - wy,, R; M ref NOt feasible)
I I I

N I
35 MTPC

Optimization problem

30 (F\n (/[\S,IIIL\X‘)

max | (my, (i59))]  s.t.

(2

25
sign(my,) = sign(muy ref)
< 20 .
or Feasible set
— —dc A PN
15 I/HC(Z\ [‘ ‘/Z‘p """ Us maxs ]\‘.nmx) =
V(as,max) N aH(’Z\s,max)
10
5 Optimal current reference (%)
= =\ N N N .d T/ ~
= \/(\“\.nmx) N "(/\.HMI\') ,LS,%\/[C = aV(“’S,max) N @]I(Zs’max)
0 | | | | | |
-35 —-30 —-25 —-20 —-15 —-10 -5 0
il /A
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Optimal operation: OFTC with analytical ORCC

@ 1wy R My et fE@sible)

Operation strategies: Maximum Current extended (

35

30 7T(mm,rcf)

(—\‘(/\.mnx)

N I
MTPC.—|

< 20
-
T
15
10 |
5 -
F = /( [A/\.HM\' ) N | (/A\.nmw\' )
0 | | | | | |
-35 —-30 —-25 —-20 —-15 —-10 -5
il /A
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Optimization problem

max |y (i97))] st

1

sign(my, ) = sign(mu ret)

Solution set

v(a’s,max) N aH(/’L\&max)

Optimal current reference (%)

-d o ~
ng\/ICext = T(mm,ref) N a]I('Ls,max)

L d d
with ig virpr, < s Mmc

ext
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Optimal operation: OFTC with analytical ORCC

Operation strategies: Field Weakening (

MTPL

35 -

30 - e

;.m:\\)

/A

is

\.nm\') M1 (/\.nm\')

| | | | |
—35 —30 —25 —20 —15 —10
il 1A
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@ 1.40 - Wy, R; My, et Te@sible)

Optimization problem

.d .d
m?}f _ps,Cu(qu) — Ds,Fe (zsq) s.t.

1

dg\T rpm+d T .d
(37) Tig? + 2t ’Ls(i — My et = 0

=My (zgq)
Feasible set

F(as,max ) is,max) N T(mm,ref)

Optimal reference currents (%)

.d =HIA =
zs,‘lF‘W = aR’(us,max) N T(mm,ref)

112/158



Optimal operation: OFTC with analytical ORCC

Operation strategies: Maximum Torque per Voltage (MTPV @ 3.50 - wy, R

35
30
25
< 20

[

15

10

5
= ](ﬁ.\.m:\\’) A I(
0 | | |
=35 =30 —-25 —-20 715
il /A
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|
—10

-5

My, rer NOt feasible)

Optimization problem

max — o (i) st
(89 Til" + 27 %~y o = 0
= (i27)
Solution set
WPV 3,,) = { 0 e |

AT e — T ity . —
(1¢?) M zsq + 2y ig ! + iy = 0}

Optimal reference currents (%)
i rpy = MTPV A 0V (il o)
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Optimal operation: OFTC with analytical ORCC

Operation management: Decision tree

Input vanables (operatlng point, linearized quantities, ...)
qu —dq q
7« , w,.,, R Cus L

R re, ¥

Moy refs Is;maxs Us,maxs Dps ”3;: Dy e

v
Computation of parameters (at actual operating point)
T, 8, T (M et)s Vi B, Pl ama)s -+ -2 Mo mins Manmax
‘ Saturation of reference torque (to min/max feasible torque) ‘

Mref = st

i (M )

15 I\HPL< ls MC,
eF

ot

s.M(,th

yes

FW MC MTPV MC..
dg  _ sdg sdg _ adg jda  _ ;da % — %
U5 ref = s FW s ref = s, MC 5 ref = % MTPV T ref = ¥5,MC,,
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Optimal operation: OFTC with analytical ORCC

Implementation results: Exemplary laboratory setup

(Reluctance SM (RSM) and Permanent-magnet SM (Real-time system and VSls )

)~ 8
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Optimal operation: OFTC with analytical ORCC

Implementation results: Nonlinear maps of torque, flux linkages and differential inductances of RSM (9.6 kW@1 500 rpm)

o
0 - =
£ 20 fo Mot
0 )
=20 :
g —40
40 40
9 40 40 @A
ja=]
= = 0.06 ey
. . EE
-’g"%ﬁ 35 0.0 ?QJLJ
I o 0.02 —cH'U
@ S
: ; f
~
20 0 i " 20 40
240 —4020
) q
id /A il /A iq /A id /A
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Optimal operation: OFTC with analytical ORCC

Implementation results: Comparison of numerical and analytical solutions for MTPC of RSM (9.6 kW@1 500 rpm)

& ™Mm ——numerical —— analytical & Mm —— numerical —— analytical

5
O02468101214 0051015202530
et | A lighecll / A
Cartesian coordinates polar coordinates
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Optimal operation: OFTC with analytical ORCC

Implementation results: Comparison of computational load (Euler’s solution for fourth-order polynomials)

107
2 T T T il T ‘.
—— numerical ! —— numerical

» i 0.4+ —— analytical ||
< 1s5h analytical || analy |
OJ |
£
[ '_E,Z
2 0.2] |
>
(&}
(0]
x
(0]

O 0 | |

0 0.2 0.4 0.6 0.8 1 0 10 20 30 40

run execution time / us

10°
= Execution times for N = 10° runs (downsampled by factor 100)
= Standard deviations o, = 1.61-10 °sand o, = 0.73- 10 °%s

= Average execution times s, = 43.4-10 ®sand p, = 7.23- 10" °s (>6x faster)

H M 9 A generic approach to modern electrical drives
Prof. Dr.-Ing. habil. Christoph M. Hackl 118/158



Optimal operation: OFTC with analytical ORCC

Implementation results: Implementation by colleagues for PME-RSM (4.5 kW@1 500 rpm)

[max (L2 (i8%)/L2(i8)) = 1.43] [174]

I *  Measured current Optimal reference current |

Current in dq plane
H T '
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Optimal operation: OFTC with analytical ORCC

Implementation results: Efficiency enhancements considering iron losses for IPMSM (generator mode) [15]

il /A

-3,5 -3 -2,5 -2 -1,5 -1 -0,5 ()0
T T T T T T T

—10 Nm

—15Nm / / —2

—20 Nm / ]

»58m /[ 1
/

| | M 9 A generic approach to modern electrical drives

Prof. Dr.-Ing. habil. Christoph M. Hackl 120/158



Optimal operation: OFTC with analytical ORCC

Implementation results: Nonlinear maps of torque, flux linkages, differential inductances and iron resistance of IPMSM
(3.9 KW@5 500 rpm)

1072

/i

R SN
QXRS5 ARRKRR
TIHIXGRERS SONN
RS AR
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Optimal operation: OFTC with analytical ORCC

Implementation results: Animation of optimal operation of IPMSM (3.9 kW@5 500 rpm)

T T T T
120k i) &
b
M
B0
-
=
MTPL [W]
MCeur [ ]
) _.'J..,_._I.-' ][ijiu ° z MC [-]
2
MTPV []
g FW []
2
, &
| \
i v Y G PO Y .
-35 -30 -25 -20 -15 -10 -6 0
/A t/s
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Optimal operation: OFTC with analytical ORCC

Implementation results: Comparison of MTPL [llll] & MTPC [l] for four operating points (OPs) of IPMSM
(3.9 kW@5 500 rpm)

300 300 93
89
= 200 = 200 xo
= ~ ~ 85
S 100 = 100 2
& S = 81
0 0 7
B11B12Ba1 Boy B11B12Ba1 Boy B11 B12 By By
OP | Speed | Torque = Copper losses increase with torque

Bll 30% anR 30% mva
Biy | 30% iy | 100%my, r
B21 100% nm,R 30% mm’R

= Iron losses increase with speed and torque

= MTPL outperforms MTPC for three OPs (equal for B;5)
Boy | 100% 1, g | 100% m,, r highest efficiency enhancement for high speeds and low(er)
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Optimal operation: OFTC with ANN-based ORCC

Overview: OFTC with Artificial Neural Network (ANN)-based ORCC within the control system

u

s,comp
>
Pl,,, Pl . .
i ot ANN . p Inv. Park Inv. Clarke Inverter
s.ref, U
Wiy ref Wi M ref Us pi U ref U ref U vef
; - - dq af = ug
- . b
Ts,max id ud comp Uy rof ul
Pl -
T . e s
£ 1
sref, ANN a a q c
) . j Ug bi Us rof aff || Ug et abe | USrer ~ !
wp I
I
- I
I
q c’)P‘)‘ :
i !
i ia
i i !
I
f I
dq af !
I
b
ig !
Prepro- '
I
cessing I
I
af il abe i !
P |
Park Clarke
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Optimal operation: OFTC with ANN-based ORCC

Artificial Neural Network Design: Used ANN topology

Input Hidden Hidden Output
layer layer 1 layer 2 layer
H,y H,
Mmsrel M)

= (jjiizg) = @, (W1, (W, (Wody (W | 7 | +0)) +5y)) +b3) +b,).

| | M 9 A generic approach to modern electrical drives
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Optimal operation: OFTC with ANN-based ORCC

Artificial Neural Network Design: Possible and used ANN activation function(s)

P
P
72 | | I 72 | | T
-2 -1 0 1 2 -2 -1 0 1 2
(a) Sigmoid. (b) Tangens hyperbolicus
2 T T T 2 T T T
e 7 (| 1+ L A, —
o . 0 .
~1 — o) || -1 —d(x) ||
----- @'(z) - (2)
72 | | I 72 | | T
-2 -1 0 1 2 -2 -1 0 1 2
(d) Identity. (e) Rectified Linear Unit (ReLU). (f) Saturation.
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Optimal operation: OFTC with ANN-based ORCC

Artificial Neural Network Design: ANN training and validation

Input Preprocessing

Artificial Neural Network

Training Set
(Y3 X1)

1
Prepro-

cessing
? 2

Validation Set
(Yy; Xv)

H M 9 A generic approach to modern electrical drives
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ANN Architecture
(Aq) or (Ay)

Output

_ ;dq
y= Zs,ref,ANN
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Optimal operation: OFTC with ANN-based ORCC

Artificial Neural Network Design: Estimation accuracy (norm of estimation error) versus floating point operations

I I I I I
0.4 u @ 11,000
°
°
= o] 1800
0.3 L ] u ..- °* n
n u s
~« . ) 5 mg -
~ T = m (000 &
) 0.2} ° e . =
°
) 1400
ot
0.1} o® i
N ° PS oFLOPs 1200
o
O | | | | | 0
0 5 10 15 20 25 30

Neurons per hidden layer
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Optimal operation: OFTC with ANN-based ORCC

Implementation results: Time series

Current / A

Torque / Nm Speed

(a) OFTC with analytical ORCC (OFTC sna)-

A generic approach to modern electrical drives
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Current /| A

-10

201

301

301

20

10

0

0.4

Current /

Current / A

Torque / Nm Speed / 10°min~! Voltage / V

Current / A

0 0.1 0.2 0.3 0.4
t/s

(b) ANN-based OFTC (OFTCann)-
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Optimal operation: OFTC with ANN-based ORCC

Implementation results: Speed-torque map

My / Nm

0 4 8
Ty / 10°min~! Ty / 10°min~!

(a) Speed-torque map (OFTCna)-  (b) Speed-torque map (OFTC snn)-

8

35 35

25 i 25
< <

15 15

5 5 /
-35 25 -15 5 -35 25 -15 5
N il /A
(c) Current locus (OFTC ona)- (d) Current locus (OFTC snn)-
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Optimal operation: OFTC with ANN-based ORCC

Implementation results: Performance comparison and execution times

Performance measure X=OFTC,yr X=OFTCyyy X=OFTC,nn X=OFTC,\y
§10¢ vt 0FTCy p — iorerx|dt 0.176 As 0.186 As 0.384 As 0.227 As

§18d o 0FTOy,  — T er.x|dE 0195 As 0.207 As 0.256 As 0.213 As

§|Mrer x — My |de 0.018 Nms 0.017 Nms 0.026 Nms 0.020 Nms

§ T — 11l e x [t 0.445 Vs 0.446 Vs 0.454 Vs 0.459 Vs

§ 2 max — 1327 ¢ cl[1 0.010 As 0.000 As 0.000 As 0.059 As

§ nrer — Mn x|dE 752.4 5 750.9 -5 752.6 5 T57.8 5

Texeo X 2734.782us  448.745 s 439.671 s 5.855 s
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Conclusion

Summary and future work

interlk]
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To take home

= Generic approach to modern electrical drive
systems

o Nonlinear modelling

o Dynamic simulation

o High-performance control
o Optimal operation
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Future work
= more extensive experimental validation

= impact of (parameter/modelling/alignment)
uncertainties

= new book series “Moderne elektrische
Antriebe” with Springer in preparation

(first volume to appear in 2025) 132/158
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Abstract: A novel Artificial Neural Network (ANN) Based Optimal Feedforward Torque Control
(OFTQ) strategy is proposed which, after proper ANN design, training and validation, allows
to analytically compute the optimal reference currents (minimizing copper and iron losses) for
Interior Permanent Magnet Synchronous Machines (IPMSMs) with highly operating point dependent
nonlinear electric and magnetic characteristics. In contrast to conventional OFTC, which either utilizes
large look-up tables (LUTs; with more than three input parameters) or computes the optimal reference
currents numerically or analytically but iteratively (due to the necessary online linearization), the
proposed ANN-based OFTC strategy does not require iterations nor a decision tree to find the
optimal operation strategy such as e.g., Maximum Torque per Losses (MTPL), Maximum Current
(MCQ) or Field Weakening (FW). Therefore, it is (much) faster and easier to implement while (i) still
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A unified theory for optimal feedforward torque control of anisotropic

synchronous machines
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ABSTRACT

A unified theory for optimal feedforward torque control of anisotropic synchronous machines with
non-negligible stator resistance and mutual inductance is presented which allows to analytically com-
pute (1) the optimal direct and quadrature reference currents for all operating strategies, such as max-
imum torque per current (MTPC), maximum current, field weakening, maximum torque per voltage
(MTPV) or maximum torque per flux (MTPF), and (2) the transition points indicating when to switch
between the operating strategies due to speed, voltage or current constraints. The analytical solu-
tions allow for an (almost) instantaneous selection and computation of actual operation strategy
and corresponding reference currents. Numerical methods (approximating these solutions only) are
no longer required. The unified theory is based on one simple idea: all optimisation problems, their
respective constraints and the computation of the intersection point(s) of voltage ellipse, current cir-
cle or torque, MTPC, MTPV, MTPF hyperbolas are reformulated implicitly as quadrics which allows to
invoke the Lagrangian formalism and to find the roots of fourth-order polynomials analytically. The
proposed theory is suitable for any anisotropic synchronous machine. Implementation and measure-
ment results illustrate effectiveness and applicability of the theoretical findings in real world.
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Generic loss minimization for nonlinear synchronous
machines by analytical computation of optimal
reference currents considering copper and iron losses
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Abstract—The unified theory introduced in [1] allows to solve
analytically the optimal feedforward torque control (OFTC)
problem of anisotropic synchronous machines (SMs). In this
paper, the theory is ded by considering relevant hi
nonlinearities and incorporating copper and iron losses, thus
minimizing the overall (steady-state) losses in the machine.
Instead of the well known maximum torque per current (MTPC)
operation strategy, maximum torque per losses (MTPL) is realized.
The unified theory for the derivation of the analytical solution is
briefly recapitulated. Moreover, current and speed dependent iron
losses, as well as magnetic saturation and cross-coupling effects
are idered. The resulti li optimization problem
fn calend e anlen 1 fotinem af ¢ha wal :

A generic approach to modern electrical drives
Prof. Dr.-Ing. habil. Christoph M. Hackl

for synchronous machines (SMs) with anisotropic rotor de-
signs, e.g. interior permanent magnet synchronous machines
(IPMSMs), reluctance synchronous machines (RSMs) or PM-
assisted RMSs (PMA-RSMs), efficiency can be increased by
optimal feedforward torque control (OFTC) [3, 4].

The main idea of OFTC is to exploit the ambiguity in the
selection of the stator current’s direct and quadrature compo-
nents (producing the same amount of torque), such that losses
are minimized while physical constraints are satisfied (e.g.
current or voltage limits). Depending on the actual operating
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Abstract—In order to analytically solve the optimal feed-
forward torque control (OFTC) problem of induction machines
(IMs), the unified theory for synchronous machine introduced
in [1] is extended by considering relevant IM nonlinearities and
incorporating stator and rotor copper losses. Instead of the well
known Maximum Torque per (stator) Current (MTPC) operation
strategy, Maximum Torque per (copper) Losses (MTPL(,) is
realized and extended by the Maximum (rotor) Current (MC, ...)
strategy due to stator and rotor current limitations. Modeling
magnetic saturation and cross-coupling effects leads to a con-
strained nonlinear optlmlzatlon problem which is solved based
on the idea of seq q ic progr (SQP) The
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generic approach can also be applied to other types of inverter-
fed IMs, such as squirrel-cage induction machines (SCIMs).
The highest priority of the OFTC is to provide the reference
torque while minimizing losses. In a wide operating range,
there usually exist (infinitely many) different combinations of
reference currents resulting in the same torque. Thus, an opti-
mal reference current computation (ORCC) is desirable which
minimizes the current-dependent IM losses while reaching the
reference torque and taking into account operating (e.g. current

& voltage) limits. To do so, this paper proposes a physics-
noad nanlinans A mmndal fae analutinal NDOCY
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Der folgende Abschnitt basiert auf den Publikationen [HH16: Eld+16; EHK16;
Eld+17b; Hac+17; Eld+17a]. Darin wurde die erste allgemeine Theorie zur analy-
tischen Berechnung der optimalen (verlustminimierenden) Sollstréme fiir anisotro-

pe mit Erregung vorgestellt. Die weithin verbrei-
teten und hmen wie z.B. die des Stator-
i oder der magnetischen konnten werden.

Zusiitzlich erlaubt die Theorie die Beriicksichtigung von Eisenverlusten und Nicht-
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