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HM — Munich University of Applied Sciences
* 14 departmens

« >18.000 students

* ~480 professors

* 3 campuses

ISES - Institute for Sustainable Energy Systems
* 6 research labs (6 professors)
* 27 PhD candidates

LMRES - Laboratory for Mechatronic and Renewable Energy
Systems

* International team

+ 13 PhD candidates (status 2023)

« >150 publications / >5.4 Mio. € raised
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Introduction

LMRES — Research projects and research goals

Wind
turbine systems

b

Small-scale WTS

(N)MPC for RES

Geothermal
energy systems

Wave
energy converters

Multilevel converters

Electrical drives

Airborne wind
energy systems

Power systems

Motion control

HM®

Additional
functionality

Specification, design
& (construction)

(generic, easy, fast, optimal, multi-
criteria optimization)

Modelling
(nonlinear, switching, hybrid,

dynamic, physics-based state
space modelling)

y A

System identification
& self-commissioning

(real-time applicable, robust, fault-
aware, self-learning)

Generic development
framework (tool chain)
for:

e.g. active noise
cancellation/suppression)

* Mechatronics

Operation - Renewables
management .

%iﬁmplllgsm. optimal, « (Grids)
efficient self-learning) - (Digital twins of

\ systems of systems)

Control

(linear, nonlinear, adaptive,
fault-tolerant, self-learning,
optimal, predictive)

« Power electronics
« Electrical machines
« Filters
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Introduction

LMRES - Interdisciplinary expertise & publications
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machines [157-163] [27, 28, 40, 46-58]
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renewable energy

37 Electro-active
polymers
[1-3]

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

systems
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’ Wind energy, renewables Electrical machines )
~_ /[ & smart grid [13-15, 44, 46, & drives [13, 15, 17,
- ’ 57, 58, 60, 61, 67, 68, 70-72, 23-27, 30, 32, 33, 45,
74,79, 87, 93-95, 98, 100, 107, 46, 51, 55, 57, 69, 77,
112, 120, 132, 136, 139-156] 78, 80, 89-138] )
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Introduction

LMRES - Selected research results: Electrical/industrial/traction drives (reliability) [115]

o746 IEEE

ELECTRONICS, VOL 66, NO. 9.

leo

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

Hisham M. Eldeeb

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
akes mio account simultaneously the voltage and current
constraints during postiauit operstion and o simple hard-
ware a that modifies the neutral points configura-
tion to either isolatede (1N) or connected (2N) based on
the operating torque andlor speed. Compared to the lter-
ature, the sed study considers the field-w
operation, ‘extonding the permisalble achievable speeds,

W ADT-IPMSM prototype validates the theoretical

ﬁndlnqs

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  Numberof rows and colums.
(eR Real scalar.
Cerr Real vector (bold), expressed as ¢ =
)T
ST
[1¢11 an norm of .

, Ayman S. Abdel-Khalik
and Christoph Michael Hack!

Subscripts and suy

General
Tysp € R&C

T,(¢) € R¥
T, € R%?
Kk

JeR?

Mo max

Toad

, Senior Membel IEEE,
, Senior Member, IE!

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
I € {X, Y} coordinate.

Rotation matrix.

Electrical volage (V)

Electrical current (A).

Flux linkage (Wb).

Stator space vector expressed in the (a; byc -
asbacy ) 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).

0.6 - t%" B

3
& 04 [ N (g, ) (7]

— N (m, w0) (7]
2N (e, we) Proposed
—e— 2N QNP o

o N (me, o) Proposed
0.2 | —am INONTPA ot

—e— IN O loci 2 —— 2N OV laci
0 | | 0 |
0 02 04 06 08 1 1.2 0 02 04 06 08 12
we (pu.) we (pu.)
@ ®
ostfault (m. between the presented algorithm in (7] and proposed optim

we)
 with rospact fo the. (a) IR and (b) 2N neuiral configurations, showing he enhancement in erms of extending the permies

0 0.2 0.4 0.6 0.8 1 12 0 0.2 0.4 0.6 08 12
we (pu.) we (p.)
(a) (b)

ostfault efficiency maps of (a) 1N and (b) 2N connections within the (.., w.) range of the proposed optimization in Section IlI-
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Introduction

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

2966

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

Abstract—The mathematical modeling of open-switch faults in
trorere machine-side 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 measure-

i
ment results.

Terms—Antiwindup (AW), current control, d-current
injecton, Tault olerance, fd-oriented conteol (FOC), flat-top
modulation, open-switch fault, permanent-magnet synchronous
generator (PMSG), wind turbine systems.

Notation: N,R: natral and real numbers.
) ER": column vector, n €N where

mean “transposed” an

diag(l,....1) € R"*": identity matrix. O,.,, € R"*7: zero

matrix, n,p € N. & € R" (in X)": physical quantity 2 where

each of the n elements has ST unit X. mod (z,): remai

der of the division #/y, = € R, y € R\{0}. atan2: R —
7)., (2,y) — atan2(y,x): extension of the inverse tan-

2t x 2]

sent finction to whale circle T, == 2[' £ L] ana 7

. Senior Member, IEEE, Urs Pecha @, and Korbinian Schechner

Ty () Parktransformation

‘matrix. J

_ -1
=Ty(-¢)™":
rotation matrix.

L. INTRODUCTION

PEN-SWITCH faults in converters for electric drives have

gained increasing atention in the last years. An open-
switch fault can be caused by thermic cycling, driver failures, o
by a rupture of the insulated-gate bipolar transistor (IGBT) that
isinduced by a short-circuit fault[1]. Unlike a short-circuit fault,
an open-switch fault does usually not rigger a system shutdown,
but degrades the system performance and can cause—without
proper 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 research. Various detection methods have already been pre-
sented [1]-19]. Therefore, fault detection is ot 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

AN
V R

X L S X L R Y I
Time o/«

L I S U EE R Y N EE
Timet /s

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

M (flat-top modulation), and optimally injected d~current. (a) Experiment (E): Comparison of simulation and measurement results for standard cont
em: THD,s = 41.8 % (simulation) versus THD, s ¢y = 45.4% (measurement). (b) Experiment (Ex ): Comparison of simulation and measurement resu

HM®

Advanced optimal feedforward torque control and operation management of electrical drives
Prof. Dr.-Ing. habil. Christoph M. Hackl

7175




Introduction

LMRES - Selected research results: Traction drives & power electronics (efficiency; Cooperation with BMW) [128]

760 IEEE ELECTRONICS, VOL. 68, NO. 5, MAY 2021

Synchronous Optimal Pulsewidth Modulation

Operating Point Dependent Magnetic Anisotropy -
Athina Birda @, Joerg Reuss ©, and Christoph M. Hackl ©, Senior Member, IEEE
20
The optimal g the motor current quality. To this end, the opti- 15
pulsewidth modulation is -nvesnua«ea for the control of  mized inverer pulse patterns are dtermined, which minimice 5
&n sutomolive low voltage electrical the harmonic distortion of the phase currents. The opi
consists of a two-level vnllage source inverter and an
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
ing point. The main objective of this article is to investigate  sutor frequency f,. the pulse number 5
the influence of the varying magnetic anisotropy on the <
optimized half-wave symmelric inverter pulse patterns. For , o
this purpose, the optimized inverlr switching angles aro 4= foulfr — | 0.69
derived by mi g the current harmonic distortion of an % - O y - .
Isotropic and anisolropic permanent magnt synchronous s aways an nteger (1], 4000 6000 8000 10000 12000 4000 6000 8000 10000 12000
motor. Their performance is evaluated and compared by SOPWM is primarily employed in medium voltage high Ty / tpm Ny / tpm
experimental results. power induction motor drive applications, where the reduction
Index Terms—Electric vehicle, magnetic anisotropy, per-  of switching losses is of utmost importance [1], [2]. Moreover, (a) (b)
manent magnet synchronous motor (PMSM), synchronous i is a common modulation strategy for operating electric rail
optimal pulsewidth modulation (SOPWM). traction converters adopted by GE [3] and STEMENS [4]. On the
L contrary, little research has been conducted when the SOPWM " . . Py .
INTRODUCTION gy 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, [5I-113]. Especially, SOPWM has not yet been explored . o
I e et v ot e vt oot ool o e e | (@) L5, THD (Qaniso)/%- (0) Ls, tHD, dev /%
focused on the concept of electric mobility. Sti

the limited op-  chronous motor (IPMSM) drives with highly operating point
erating range and increased price of electric vehicles remain the T

most important obstacles for their wide spread. The ef
of the electrical drive system and, by that, the operating
of electric vehicles can be improved by optimizing the inverter  permanent magnet

2

iency  of this article.
In [5]-{7], the current harmonic content of an isotropic

hronous motor (PMSM) dri

kS

is min-

H M ° Advanced optimal feedforward torque control and operation management of electrical drives
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Introduction

LMRES — Selected research results: Electrical drives & renewables (operation management; Geothermal Energy) [23]

- - MTPL (1,,)

—— MTPC () = === MTPC (i)

-o-ee VHZ

JW IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS, VOL. 70, NO. 1, JANUARY 2023 21

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

Julian Kullick © and Christoph M. Hackl @, Senior Member, IEEE

Absiract—A novel but simple machine map-based mod-
eling,

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 (LUT) for optimal current reference
generation depending on refere 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 control, efficiency can be
increased particularly in part-load operation by up to 7 % by
Maximum Torque Per Losses minimizing copper and iron
losses.

hines (IMs) s f presented

Index. Terms—Efficiency, flu linkages, induction ma-
rhina (M ivan sasictanna iiimatinn

| = VT + 84 a7 Euclidean nom of @; X
R<n malnx (n rows & columns); X7, X" inverse, in-
verse transpose of X (f exist), resps Iy i=diag(l, .., 1) €
R™*": identity matrix; 0,, := (0,4 0) T € R": zero vector; 2
(x?,2%)" € R%: stator or rotor (iron) current, voliage, flux
Wl it sy Xl

linkage vectors, ie., @ € {ilf o ulf wl 5} Xi=
Xt xda

Xut xa

i Ryros Uyt Statorrotor temperature; Tyt reference
value of, e.g.. temperature, electrical frequency, and currents,
107 € {Dy et W et i i $1: Tyt rotorffiler time con-
stant; n,,: pole pair number: m,, 1: machine/load torque: ©),,:
machine inertia; w,,: mechanical angular velocity; ¢, and

o= 6p: Park transformation angle and angular velocity;

£

I. MOTIVATION AND CONTRIBUTIONS

€ R2*2 statorfrotor (iron) resistance matrix,

otation matrix (by ).

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

‘ —— MTPL ()

- 70
= =
H =
i max 8
80
= =®
s =75
- 0
06w n
65
%0
. 8
= S
< £ 80
5
wp = L0wyr
! 70

02 04 06

Ty in pa

@
G rer in P,

12, Efficiency comparison for w, &

08

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

ized area over 1)

normalized area over 1

normalized area over 1

0.95 -
09
085

0.95 |-
09

0.85

control strategy

02,06,1] -, (from top o bottom), with efficiency contour plots in current locus (left columi
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Introduction

LMRES - Selected research results: Electrical/industrial/traction drives (self-commissioning) [25]
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Analytical Prototype Functions for
Flux Linkage Approximation
in Synchronous Machines

SHIH-WEI SU ©", CHRISTOPH M. HACKL ©? (Senior Member, IEEE),
AND RALPH KENNEL ©' (Senior Member, IEEE)

" nsiuteof sl Drve ystem snd Poer Eletonis, Tecnical University of Munich, 80333 Munich, Germany
* Deparment of Techmolos ol Appled 50335 Maich, Germany

ABSTRACT  Physically motivated and analytical prototype functions are proposed to approximate the
ear flux linkages of nonlinear synchronous machines (SMs) in general: and reluctance synchronous
‘machines (RSMs) and interior permanent magnet synchronous machines (IPMSMs) in particular. Such
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 are
capable of mimicking the nonlinear self-axis and cross-coupling saturation effects of SMs. Moreover, the
rototype functi xpressions 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 appr ather 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 SM: permanent
. “ ®) ®

(or electrical) excitation with flux linkages due to the excitation offset. All proposed flux

IS TT 04-2 Electrical Machines and Drives (Y405)
Monday, 19 June 2023 @ 17:20-17:40 (ISIE23-000129)
B. Pfeifer et al, “A simple disturbance observer for stator flux linkage estimation of nonlinear synchronous machines”

| I M ° Advanced optimal feedforward torque control and operation management of electrical drives
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Introduction

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

s

Abstract—This article proposes modified second-order general-

ized integrators (mSOGIS) for a fast estimation of all ha

components of arbitrarily distorted single-phase signals, such as

Voltages or currents in power systems. The estimation is based

on the internal model principle leading (o an overall observer
nsist

semmg time by choosing the observer boles appropriatel

combined with a nodified frequency locked loop (mFLL) with gain
normalization, sign-correct antiwindup, and rate limitation. The

and without mFLL are lustrated and validated by messurement
results. The results are com)

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

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

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

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
voltages and currents can degrade power quality and lead to

poralsed standard SOGH (SOCH) i adaptive noteh filters
(ANFS).

Index Tormes—Amplitude eximtion, trquency estimlon,
frequency-locked loop (FLL), phase estimation, second-order
gmmmn integrator (SOGI).

Notation

R,C.Q: nawnal, real, complex and rational num-
bers. For the following, let n,m € N. @ i= (x1,...,,)" €
R column vector (where = means “is defined as™ and
0.0,....0)" € R"™: zero vec-
tor. |z == VaT: Euclidean norm of z. A € R"™™: real
(non-square) matrix. diag(a) € R"*": diagonal matrix with

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

quantities in real time as fast and accurate as possible. Modern
power electronic devices (c.g.. flexible ac transmission systems
i S of

o
systems) can then be used to implement such

PV

f/Hz

20
01 02 03 0.1 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. Signals shown from top to bottom are: Harmonic signals

estimates 31 10 1 and harmonic estimation errors
1= 1~ 1 10 e10 = Y10 ~ 0.

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

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®

time t /5

ver| The ignal y
undergoes step-like changes in amp]llude, phase and amplnude
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
y Y- )and its estimates § = §; and the estimation errors

=y . Allthree observe fes-
||malma (he mnul signal u. All estimation errors e.. — 0 tend to

Advanced optimal feedforward torque control and operation management of electrical drives
Prof. Dr.-Ing. habil. Christoph M. Hackl
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Motivation

Electrical machines: Widely-used, compact and efficient actuators

I TT 05-2 Power Electronics & Energy Conversion (C Hall)

Monday, 19 June 2023 @ 11:00-11:20 (ISIE23-000045)

L. Testa et al, “A generic Lyapunov-based Observer for Double-Star-Chopper-Cell/Bridge-Cell Modular-Multilevel-
Cascade-Converters”

IS TT 05-5 Power Electronics (C Hall)
Tuesday, 20 June 2023 @ 09:00-09:20 (ISIE23-000108)
O. Kalmbach et al, “I/O-Linearization Based Current Decoupling Control of Modular Multilevel Cascade Converters”

M ° Advanced optimal feedforward torque control and operation management of electrical drives
| I Prof. Dr.-Ing. habil. Christoph M. Hackl 12/75




Motivation
Examples of anisotropic synchronous machines [164] with “saliency ratio” L’,fL:’ #1

[ ]:Magnettorque [ |: Reluctance torque

1

1

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

Machine
Increasing saliency
| 1} v

[}
<Increasing magnet flux

Reluctance Torque Assisted PMSM PM Torque Assisted SynRM

:
1
1
1
1
1
1
1
|
1
SPMSM ! Inset SPMSM IPMSM PMASynRM
1
1
1
:
1
1
1
1
1

d . 2 .da\T dg (const. Para.) 2 0 . ~d ~a\ -d - > . .d
(32, 89) = 25 (680) Tt CLT 2 [ g+ (B8 - DD)idid + Lo (697 - 62)) |

“

magnetic torque reluctance torque cross-coupling torque

H M ° Advanced optimal feedforward torque control and operation management of electrical drives
Prof. Dr.-Ing. habil. Christoph M. Hackl 13/75



Motivation

Optimal feedforward torque control problem: Isotropic, linear PMSM (without iron losses)

T
! .d . 2n. g .d .d g T 3" m
- q\ _ P q N q o q _ m,ref
mm,ref = Mmn (7’57 Zs) - 2 7v[}pmzs Zs,ref T (Zs,refazs7ref) - (0’ 21, pm )

M ° Advanced optimal feedforward torque control and operation management of electrical drives
| I Prof. Dr.-Ing. habil. Christoph M. Hackl 14/75



Motivation

Optimal feedforward torque control problem: Anisotropic, affine PMSM (without iron losses)

! .d, 2 o~ Td Tq\ d . T .q\2 .d\2 .d T
My ref = mm(zsq) = ﬁg I:"/]pmlg + (Ls - L(sl)zslg + Ls,m((Zg) - (zs) )] = Zs,?ref = (?7?)

| I M ° Advanced optimal feedforward torque control and operation management of electrical drives
Prof. Dr.-Ing. habil. Christoph M. Hackl 15/75



Motivation

Optimal feedforward torque control problem: Identical for all nonlinear machines

Nonlinear IPMSM (3.9 kW@5 500 rpm) Nonlinear IM (3 kW@1 445 rpm)

I TT 04-2 Electrical Machines and Drives (Y405)
Monday, 19 June 2023 @ 16:20-16:40 (ISIE23-000071)
J. Rossmann et al, “Nonlinear Three-Phase Reluctance Synchronous Machine Modeling With Extended Torque Equa-

tion”

o _SsSSsSsssSsse — 0] | SrrEZESSSSSEssSsSsSsS.

I TT 03-2 Power Systems and the Smart Grid, Renewable Energy Systems and Smart Grid (D Hall)
Monday, 19 June 2023 @ 16:40-17:00 (ISIE23-000035)
A. Thommessen et al, “Combining virtual synchronous machine and feedforward torque control for doubly-fed induction

machine based wind energy conversion systems”
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Outline

Advanced optimal feedforward torque control (OFTC) and operation
management of electrical drives

m Problem statement and proposed solution
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Problem statement and proposed solution

Optimal feedforward torque control (OFTC) within the control system

IPMSM

d
Us comp
PL,, PlLa
_d . Inv. Park Inv. Clarke Inverter
Wiy ref Wi M, vef Ls ref U ref Ug ref
; - - dq af = ug
~ . b
To,max id ud comp U et u? Tn
—
_ ue
Us,max] n—— s
OFTC P 5 | f e N ;
s ref af s ref abe s ref '
wp I
P _ I
|
] . !
ls jo ja i
i i !
I
dq aff !
b |
iy !
I
|
a : e !
af if abe i !
Park Clarke
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Problem statement and proposed solution

Optimal feedforward torque control (OFTC) problem: Optimal reference current computation (ORCC)

J“s,max J 7/s,max pr J e
.d .d
7’s,rcf (Or Zr,rcf)
. —>
M ref OFTC = optimal
— > reference current r
computation (ORCC) i ot (OF 7 o)
,qu ( ¢ m ’Z\ w ) — ig,ref( mrefa/\s max: ,Z\,maxawpv"')>
9 9000 . o
s,ref Mhm,ref s, maz bs,max: @p zg,ref(mm,refa s,maxs ts,max) Wps - -+

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 =
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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 zs,Fe

| |
(on o 1 [ 40—
wy I w T
dq 0
Ug 2

g dq
dt s Fe

O

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

1

= current, angle, speed and temperature dependent stator resistance, i.e. RZ? := R (%, ¢y, wy, ;)

= current, angle, speed and temperature dependent iron resistance, i.e. Rs Fo 1= Rs Fe( i, Pp, Wy, Us)

= current, angle, speed and temperature dependent flux linkages, i.e. ¥ := 92 (i, ¢, wy, V)
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Problem statement and proposed solution

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

:_udq =:R:q ::idq . ::wdq
—— —— ——
T\ R R (id fo -1 (¢
stator: (%) = |om | (G +wp [ G) et
Ug Rs Rs g 0 ws
d dq .d

Iron: 0 _ |& Fe Bope| (isre) 4o g Pl + T

0 RY,. R! ig peTe

s,Fe s,Fe s,Fe
~—~— - -——
=02 =:Rgg:e = "'gch
dg dg \—1 dg q
Zs7Fe - _(Rs,Fe) [ —H"JPJwS +M]
. d 1 i
Mech.: TWm = oo (mm + ml) with  w, = n,w,
— 2_ (44 dq
my = (i i ) T
. _ 2 (:dg\T pdq-dq 2 -dq T
Losses:  p1 = $=(4") R + 577 (% fe) RS Fols Fe
\ J .
=:Ps,Cu =:Ps,Fe
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Problem statement and proposed solution

Optimal reference current computation (ORCC): Optimization problem(s) with multiple constraints

/A

id

HM®

I~

(ﬂﬂ(/‘\.m;\_\)
]

max —f(i?) subject to

(/(/H < ~2
s, max>

|2
(current circular area)

< (voltage elliptical area)

d
|mm(lsqawp7 s >| = |mm ref|
and sign(my, yef) =

| sign(my (659)).

= e.g. minimize copper losses,
.d -dq |12
e, _f(”’sq) = _”qu” :
— % SMTPC at %, i.e., MTPC

s, ref —

With 1, pep = M (2] da ) feasible.
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Outline

Advanced optimal feedforward torque control (OFTC) and operation
management of electrical drives

m OFTC with analytical ORCC
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OFTC with analytical ORCC: Analytical computation

Sequential Quadratic Programming (SCP): 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 z:q [=])

M ° Advanced optimal feedforward torque control and operation management of electrical drives
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OFTC with analytical ORCC: Analytical computation

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

Step 2: Derivation of quadrics Q 4(i29) := (i) " A% + 2a"i% + a:

= Current circular area: (if)* + (if)* < 2 max <= [88Y1> = (429) 1,487 <72 ax

= ]I@\s,max) = { "'lsiq € R2 ‘ (igq)TI2igq _ﬁ,max <0 }

= (Linearized) Voltage elliptical area: (ug)? + (uf)® < 02 max == ul? (5% wp, .. )|° = o < 02 max

T/~ .d 2 dg\T X7 /— .d —/— T .d S
= V(U max) i= { 8" €R" | (57) V(@) i + 2T(Wp) 5" + V(@) Us max) < 0}
= (Linearized) Reference torque hyperbola: m,, (i, wy, ... ) = 3n, (597 + i%%,) T TP = My rer = ...

= T(Munrer) = { 309 € R? | (829 T30 4+ 28 4% — iy por = 0 }
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OFTC with analytical ORCC: Analytical computation

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

Step 3: Optimization problem with equality constraint

max,a, — ( (@97 A" + 207" + gy) st (@) Bil" + 267 + f =0

~—

=:QA(3") =:Qp(4")
= Hyperbolas for e.g. 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)
i(si,(icf ‘= arg min”igqu { qu € R2 ‘ QA('l’lsiq) =0 A QB('l’gq) =0 }
— Optimal operation point % (reference current; iteration possibly necessary)

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

XA = e M+ e X+ e X+ A+ ¢ 0
= Analytical solutions exist (e.g. Euler’s solution, see [165])
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OFTC with analytical ORCC: Operation strategies

Overview

-35 -30 -25 -20 -15 -10 -5 0
il | A

= Maximum Torque per Losses (MTPL) [lll] (or Maximum Torque per Current (MTPC) [lll])
= Maximum Current (MC) [#] and Maximum Current extended (MCox() [ ]

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

= Field Weakening (FW) []
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OFTC with analytical ORCC: Operation strategies

Maximum Torque per Current (MTPC @ 0 - w,,, r): Reference torque feasible
[ [ [ [ [

N
35 MTPC

Optimization problem

30 : \ S,l\l«l\)

5 = =T.
25 gng)Tngq +2t zgq My ref = 0

e .dq
Ay (i57)
< 20
-
v Solution set
15 ————— il -dq 2
MTPC(z, ,w,,...) = { i e R* |
10 (1 Mol + 2mpid? = 0}
° i *
Fle T4 {16 ) Optimal reference currents (%)
- [ S,max - S,max _dq _
0 w w w | w w i = MTPC ~ T(my, ;o
—35 —30 —25 —20 —15 —10 -5 0 S (m.ret)
il /A
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OFTC with analytical ORCC: Operation strategies

Maximum Torque per Losses (MTPL @ 1 - w,,, r): Reference torque feasible
[ [ [ [

N
35 MTPC

Optimization problem

.d .d
30 (ﬂ‘ﬂ(?\"m’l\) H,I/E“E 7ps,Cu(zsq) 7ps,Fe(qu) s.t.

1

0 —n =T .
25 stdq)TTzsdq +2t qu —My ref = 0
.dq
Ay (357)

< 20
-
wE Solution set

15 T (399 — -dq 2

MTPL(%, ,@,,...) = { is? e R? |
dg\T7vr :d —T .d —
10 (ig?) My, i + 2myig? + g, = 0}
) .
Fle V@b 1 AI6 ) Optimal reference currents (%)
= V{(Us max M \Uimax
.dq T =
0 | N | | | i = MTPL A T(myy rof
—35 —30 —25 —20 —15 —10 -5 0 bl (m.zet)
il /A
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OFTC with analytical ORCC: Operation strategies

Maximum Current (MC @ 2 - w,,, r): Reference torque not feasible
[ [ [

35

30 . ) Optimization problem
\“$,max Ir/la)E |(mm(isdq))| S-t-

(2 €

25
Sign(mm) = Sign(mm,ref)
< 20 .
o Feasible set
—— —dq _ ~ ~
15 I/ﬂu‘/“;\ ";"‘]) """ Us max [\i.lll‘(lX,) =
V(“s,max) N a]l(ls,max)
10
. Optimal current reference (%)
= A N N N .dq T/~ ~
4 (”\,th\' ) N ]( /\.HMI\') ,LS,MC = aV(UsymaX) n a]I(ZsamaX)
0 | | | | | |
-35 =30 -25 —-20 —-15 —-10 -5 0
il /A
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OFTC with analytical ORCC: Operation strategies

Maximum Current extended ( @ 1 - wy, r): Reference torque feasible

35
30T

25

MTPC.
[ Optimization problem
max | (my, (1))

1, €

MTPY G

OL( \.m;lx)

< 20 Solution set
15 —~ ~
V(us,max) N aH(Zs,max)
10
Optimal current reference (¥)
— .d ™ ~
° F =V (1 \ A I(G ) Zs:{\/ICext = T(mm,ref) N a]I(Zs,max)
=1V ”\.m(n\' Ml /\.m(n\'
0 | | | | | | with i‘iMTPL < iiMcext
-35 -30 —-25 —-20 —-15 —10 -5 0

HM®

-d

ig | A
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OFTC with analytical ORCC: Operation strategies

Field Weakening ( @ 1.40 - wy, r): Reference torque feasible
[ [ [

35 - MTPL

Optimization problem
30 | e

S,l\l«l\)

.d .d
max —pscu(ts’) = Psre(ts’) St

1, €l

25 (4 T30 + 28747~y o = 0
<C 20 =mm(":sdq)
-
?‘(Q’IJ .
Feasible set
15
10 F(as,maxft\s,max) N T(mm,ref)
5 T Optimal reference currents (%)
Fi= “/('ﬁ/\.nm'\') ‘(7\.\”@\” -dq NI/ Gl
0 | | | | | 7’57FW = a“/(us,maux) N T(mm,ref)
-35 =30 -25 —-20 —-15 —-10 -5 0
il /A
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OFTC with analytical ORCC: Operation strategies

Maximum Torque per Voltage (MTPV @ 3.50 - w,, r): Reference torque not feasible

N E—
35 MTPC S
Optimization problem
30 Hllafouj‘/(if")Hg s.t.
i %eF
o =5 = o
25 Ezgq)TTz‘Siq +28 4 —my =0
< 90 =, (i27)
= Solution set
15 ——— —dq
MTPV (i, @, ) == { i e R? |
10 (&) My ig? + 2myif" + iy = 0}
5 Optimal reference currents (%)
; | ‘ MGt | i rpy = MTPV A 0V (0 pax)
-35 =30 -25 —-20 —-15 —-10 -5 0
il /A
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OFTC with analytical ORCC: Operation management

Decision tree

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

R re, ¥

Mg refs T,maxs Us,maxs Opo ﬁsy Dry oo

v
Computation of parameters (at actual operating point)
T, t, T(Munret)s Vs 0, Dl max)s -+ Monmins Man,max

M max

‘ Saturation of reference torque (to min/max feasible torque) ‘

T ef 7= Sabm (M ref)

s, I\HPL< l; MC,

ot

yes
s.Mcth eF
yes
no
yes
no
FW MC MTPV MC.;
:dg  _ sdg g _ adg jda  _ da % — ;%
U5 ref = s FW s ref = s, MC 5 ref = ¥ MTPV s ref = U5,MC,,
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OFTC with analytical ORCC: Implementation results

Exemplary laboratory setup

HM®

Reluctance SM (RSM) and Permanent-magnet SM

= =

Real-time system and VSls
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OFTC with analytical ORCC: Implementation results

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

N =
10 g Sy
£ 20 fMimer T -
z.
) =
EE —20 =
—40
40 40
aa ~40  —40 PR
jas]
== = e
. ~0.06 e
“y e 0.04 iR
.';';’ﬁ% 3 5 . R o1
I i 002 3°
Ty oe 0 ]
40 <
20 0 i 20 40
D40 40720
) q
id /A il /A iq /A /A
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OFTC with analytical ORCC: Implementation results

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

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

5)
0 0
0 2 4 6 8 10 12 14 0 5 10 15 20 25 30
.d -dg
,Ls,ref / A H 7’s,ref“ / A
Cartesian coordinates polar coordinates
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OFTC with analytical ORCC: Implementation results

RSM (9.6 kW@1 500 rpm): Comparison of computational load (Euler’s solution for fourth-order polynomials)

107"
2 ‘ : : : : =
— numerical ; — numerical

2 i 0.4 —— analytical ||
< 1s5h analytical || a aytlc?
[}
E ‘
S 5=
= 0.2 .
]
[S]
Q
x
o

O O | |

0 02 04 06 08 1 0 10 20 30 40

run execution time / s

108

= 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)
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OFTC with analytical ORCC: Implementation results

PME-RSM (4.5 kW@1 500 rpm): Implementation by colleagues [max (ij(i;?q)/Lg (7:;1‘1)) = 1.43] [166]

l *  Measured current . Optimal reference current|

Current in dq plane
H o

Measured current ========" Reference current

20

15

101
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OFTC with analytical ORCC: Implementation results

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

i/ A

-3,5 -3 -2,5 -2 -1,5 -1 -0,5 00
T T T T T T T

—10 Nm

—15Nm / / -2

—20 Nm / ]

5\m /. /) 1
/
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OFTC with analytical ORCC: Implementation results

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

£
7R -
Z 3 S
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il | A
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OFTC with analytical ORCC: Implementation results

IPMSM (3.9 kW@5 500 rpm): Animation

T T T T
_ 120f L ]
=
~ 9oL o
i
2 60 1
=
MTPL [m]
T
5 MCext [ ]
<
10%min~! Z
N / min E MC [ ]
2,
)
MTPV [F]
z
- FW ]
@
=1
g
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0
-35-30 -25 -20 -15 -10 -5 0
il /A
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OFTC with analytical ORCC: Implementation results

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

300 300 93
89
= 200 = 200 S
— ~ ~ 85
S 100 =100 2
£ £ =81
0 0 77
B11B12B21 By B11B12B91 By B11 By Bay By
OP | Speed | Torque = Copper losses increase with torque

Biy | 30% nmn | 30% mmn
By | 30% 1y, g | 100% my, g
By, | 100% 0y, g | 30% My, r
By | 100%ny g | 100%may 1

= Iron losses increase with speed and torque
MTPL outperforms MTPC for three OPs (equal for B,,)

highest efficiency enhancement for high speeds and low(er)
torque (i.e., By; with An,, > 2%)
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Outline

Advanced optimal feedforward torque control (OFTC) and operation
management of electrical drives

m OFTC with ANN-based ORCC
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OFTC with ANN-based ORCC: Overview

Optimal feedforward torque control (OFTC) with ANN-based ORCC within the control system

PL,
Inv. Park " Inv. Clarke Inverter
a ISM
Wiy ref Wi M ref U ref Ug ref IPMSM
’: - dq aff =
- . b
T, max il U comp Us ref
] axn i )
4 s ref ANN c
. Ug ref abce | USrer ~
wp
i
15 jo sa
2S 7‘5
dg aff
b
ts
Prepro-
cessing
af il abe i
|

IS TT 04-2 Electrical Machines and Drives (Y405)

Monday, 19 June 2023 @ 17:40-18:00 (ISIE23-000130)
N. Monzen et al, “Artificial neural network based optimal feedforward torque control of electrically excited synchronous

machines”
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OFTC with ANN-based ORCC: Artificial Neural Network Design

Used ANN topology

Input Hidden Hidden Output
layer layer 1 layer 2 layer
H, H,
Mmyrel M)

d mm,ref
~ 1 w
5= ( .gevaNN) -3, (W4<I>3 (W3¢-2 <W2<I>1 (W1 e +b1) + bg) ) + bg) + b4) .
Zref,ANN ,Z\s,max
Us, max
—_——
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OFTC with ANN-based ORCC: Artificial Neural Network Design

Possible and used ANN activation function

B(; B(:
@ @
72 | | I 72 | | I 72 Il Il T
-2 -1 0 1 2 -2 -1 0 1 2 -2 -1 0 1 2
(a) Sigmoid. (b) Tangens hyperbolicus. (c) Signum (sign).
2 T T T 2 T T T 2 T T T
e (| 1+ e —
o i 0 i
- —®() || - —®() ||
----- @'(z) - P(2)
72 | | I 72 | Il T
-2 -1 0 1 2 -2 -1 0 1 2
(d) Identity. (e) Rectified Linear Unit (ReLU). (f) Saturation.
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OFTC with ANN-based ORCC: Artificial Neural Network Design

ANN training and validation

Input Preprocessing Artificial Neural Network Output

Training Set
(Y3 X1)

1 _—
Prepro- ANN Architecture S'reiANN

cessing (Aq) or (As) M
ik =

Validation Set
(Yy; Xv)
_ zdq
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OFTC with ANN-based ORCC: Artificial Neural Network Design

Estimation accuracy (norm of estimation error) versus floating point operations

llell / A

HM®
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0.1

Neurons per hidden layer
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OFTC with ANN-based ORCC: Implementation results

Time series

Current / A

Current / A

Current / A

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

0 0.1 0.2 0.3 0.1 0 0.1 0.2 03 0.1
t/s t/s

(a) OFTC with analytical ORCC (OFTCana).  (b) ANN-based OFTC (OFTCsxn).
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OFTC with ANN-based ORCC: Implementation results

Speed-torque map

My, / Nm

0 4 8 8
Ty / 10°min~! Ty / 10°min~!

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

35 35
25 i 25
< <

15 15

5 5 /

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

Performance comparison and execution times

Implementation results

Performance measure X=OFTC,yr X=OFTCyyy X=OFTC,ya X=OFTC,\y
§10¢ et 0FTCy p — ihrer x|t 0.176 As 0.186 As 0.384 As 0.227 As

§132 et orrog, — it rerx|dt  0.195As 0.207 As 0.256 As 0.213 As

§ 1Mot x — My |de 0.018 Nms 0.017 Nms 0.026 Nms 0.020 Nms

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

§ [2u e — 1529 ¢ <[t 0.010 As 0.000 As 0.000 As 0.059 As

§ |Pmref — T x|dE 752.4 5 750.9 - 752.6 - 757.8 -
Foxeo,X 2734.782s  448.745 s 439.671 s 5.855 s

HM®
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Outline

Conclusion
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Conclusion

Summary and future work

To take home

= Unified framework for OFTC with analytical ORCC for MTPL (MTPC), FW, MC .,y & MTPV (MTPF)
based on [102, 105, 106, 131, 167] and [168, Chapt. 6.9]

o Sequential quadratic optimization problem (online linearization, iteration, etc.),
o Finding intersection point of two quadrics (ellipses, hyperbolas, etc.)

= Novel OFTC with analytical but ANN-based ORCC (no decision tree required) [24]
= Performance aspects for both approaches:

o Consideration of Ry # 0, Ry g # 0 and Ly ,, # 0 and current, speed, angle & temperature dependency (all
feasible and simultaneously)

o fast(er) and more accurate computation (ANN the fastest)

o applicable in real-world (e.g. nonlinear RSM, PME-RSM or IPMSM; also IMs or DFIMs or EESM)

Future work
= more extensive experimental validation
= impact of (parameter/modelling/alignment) uncertainties
= consideration of rotoriron losses (e.g. for IMs), current transients and multi-phase machines
= combination with minimization of conduction and switching losses [169]
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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
(MQ) or Field Weakening (FW). Therefore, it is (much) faster and easier to implement while (i) still
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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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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 ptimi: problem
fn calend e anlen 1 ftine € tln wal :

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 optimization problem which is solved based
on the idea of ial quadratic 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-
hacad nanlinans TAM mndal 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 konstanter Erregung vorgestellt. Die weithin verbrei-
teten und I wie z.B. die issiy des Stator-
i oder der magnetischen konnten werden.

Zusiitzlich erlaubt die Theorie die Beriicksichtigung von Eisenverlusten und Nicht-
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