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

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 2022)

• >150 publications / >4.3 Mio. € raised
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Introduction
LMRES – Research projects and research goals (funding: ą 4.3 million e; e.g. DAAD, Bavaria, BMBF, BMWi, DFG, EU)

Intelligent components 
& systems

(efficient, fault-tolerant, reliable, 
resilient, robust)

Modelling
(nonlinear, switching, hybrid, 
dynamic, physics-based state 

space modelling)

System 
identification

(real-time applicable, self-
learning)

Control
(linear, nonlinear, adaptive, 
fault-tolerant, self-learning, 

optimal, predictive)

Operation 
management

(intelligent, optimal / efficient 
self-learning)

Specification,  
design & 

(construction) • Power electronics
• Electrical machines

• Filters

• Mechatronics

• Renewables

• Grids
• Digital twins of  

systems of systems  

• …
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Introduction
LMRES – Interdisciplinary expertise & publications (ą 150 peer-reviewed contributions)

Mechatronic and
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systems

Electro-active
polymers
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Paper
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System
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[9–24]

junctions

part A
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tion
[25–27]
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Non-identifier
based adaptive
control [14, 25, 28–44]

yE
y
ref,E Mechatronics &

robotics
[25, 26, 38, 44–56]

Power electronics
[19–21, 44, 56–86]

Electrical machines
& drives [13, 15, 17,
23–25, 28, 30, 31, 43,
44, 49, 53, 55, 67, 75,
76, 78, 87–135]

Wind energy, renewables
& smart grid [13–15, 42, 44, 55,
56, 58, 59, 65, 66, 68–70, 72,
77, 85, 91–93, 96, 98, 105, 110,
118, 130, 134, 136–153]

Supervision &
teaching (Award)
[154–160]
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Introduction
LMRES – Selected research results: Electrical/industrial/traction drives (reliability) [113]

6746 IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS, VOL. 66, NO. 9, SEPTEMBER 2019

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

Hisham M. Eldeeb , Ayman S. Abdel-Khalik , Senior Member, IEEE,
and Christoph Michael Hackl , Senior Member, IEEE

Abstract—This paper exploits the torque–speed operat-
ing limits of a dual three-phase interior permanent magnet
synchronous machine (ADT-IPMSM) 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-tolerant techniques using: an offline optimization that
takes into account simultaneously the voltage and current
constraints during postfault operation and a simple hard-
ware addition that modifies the neutral points configura-
tion to either isolatede (1N) or connected (2N) based on
the operating torque and/or speed. Compared to the liter-
ature, the proposed study considers the field-weakening
operation, extending the permissible achievable speeds.
A 2.5-kW ADT-IPMSM prototype validates the theoretical
findings.

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

NOMENCLATURE

Notation

R, N Set of real and natural numbers.

n, m ∈ N Number of rows and columns.

ζ ∈ R Real scalar.

ζ ∈ R
n Real vector (bold), expressed as ζ =

(ζ1 , ζ2 , . . . , ζn )
⊤.

||ζ|| Euclidean norm of ζ.

||ζ||∞ The maximum norm of ζ, i.e., ||ζ||∞ =

Subscripts and superscripts

�
⊤ Transpose operator applied to vector or matrix.

�̄ Phasor description of a variable at steady state.

�s Subscript “s” denotes referencing to the stator.

�
Λλ

s Superscripts “Λ” and “λ” are arbitrary

variables representing the coordinates of

a subspace (Λ ∈ {dq, XY, 0+0−}, λ ∈
{dq, XY, 0+0−}, and Λ �= λ).

General

T VSD ∈ R
6×6 Vector space decomposition matrix.

T p(φ) ∈ R
2×2 Park’s transformation with angle φ ∈ R.

T k ∈ R
6×2 Optimization matrix.

kαΓ , k
β
Γ Scalar optimization parameters in T k of the

Γ ∈ {X, Y } coordinate.

J ∈ R
2×2 Rotation matrix.

u Electrical voltage (V).

i Electrical current (A).

ψ Flux linkage (Wb).

ζa1→c2
s ∈ R

6 Stator space vector expressed in the (a1b1c1-

a2b2c2) frame, where ζ ∈ {u,ψ, i}).

udc DC-link voltage (V).

me Electromechanical torque (N·m).

me,max Maximum torque for a given neutral point con-

figuration (N·m).

mload Load torque (N·m).

np Pole-pair number.

Postfault comparison of the permissible (me , ωe ) characteristics between the presented algorithm in [7] and proposed optimization
III-C with respect to the (a) 1N and (b) 2N neutral configurations, showing the enhancement in terms of extending the permissib

Postfault efficiency maps of (a) 1N and (b) 2N connections within the (me , ωe ) range of the proposed optimization in Section III-C.

Nonlinear modeling, identification and OFTC of IMs
Prof. Dr.-Ing. habil. Christoph M. Hackl

Version from 2022/09/20
6/51



Introduction
LMRES – Selected research results: Wind energy systems & power electronics (reliability; VDE Award) [76]

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

Abstract—The mathematical modeling of open-switch faults in
two-level machine-side converters and the fault-tolerant current
control of isotropic permanent-magnet synchronous generators are
discussed in this paper. The proposed converter model is generic
for any open-switch fault and independent of the operation mode of
the electrical machine. The proposed fault-tolerant current control
system gives improved control performance and reduced torque
ripple under open-switch faults by modifying the antiwindup strat-
egy, adapting the space-vector modulation scheme, and by injecting
additional reference currents. The theoretical derivations of model
and control are validated by comparative simulation and measure-
ment results.

Index Terms—Antiwindup (AW), current control, d-current
injection, fault tolerance, field-oriented control (FOC), flat-top
modulation, open-switch fault, permanent-magnet synchronous
generator (PMSG), wind turbine systems.

Notation: N,R: natural and real numbers. x :=
(x1 , . . . , xn )

⊤ ∈ R
n : column vector, n ∈ N where “⊤”

and “:=” mean “transposed” and “is defined as.” In :=
diag(1, . . . , 1) ∈ R

n×n : identity matrix. On×p ∈ R
n×p : zero

matrix, n, p ∈ N. x ∈ R
n (in X)n : physical quantity x where

each of the n elements has SI unit X. mod (x, y): remain-

der of the division x/y, x ∈ R, y ∈ R\{0}. atan2: R
2 →

[−π, π), (x, y) → atan2(y, x): extension of the inverse tan-

gent function to whole circle. T c :=
2
3

[

1 − 1
2

− 1
2

0

√
3 −

√
3

]

and T
−1
c :=

T p(φ) :=
[

c o s (φ ) − s in (φ )
s in (φ ) c o s (φ )

]

=: T p(−φ)−1 : Park transformation

matrix. J =
[

0 −1
1 0

]

: rotation matrix.

I. INTRODUCTION

O
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

is induced by a short-circuit fault [1]. Unlike a short-circuit fault,

an open-switch fault does usually not trigger 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]–[9]. Therefore, fault detection is not 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

operation of the turbine is feasible. This is of particular interest

Fig. 13. Comparison of simulation and measurement results for standard control system and fault-tolerant control system with extended AW, modified
SVM (flat-top modulation), and optimally injected d-current. (a) Experiment (E1 ): Comparison of simulation and measurement results for standard control
system: THDias

= 41.8 % (simulation) versus THDias ,meas = 45.4% (measurement). (b) Experiment (E2 ): Comparison of simulation and measurement results

for fault-tolerant control system: (simulation) versus (measurement).
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Introduction
LMRES – Selected research results: Traction drives & power electronics (efficiency; Cooperation with BMW) [126]

3760 IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS, VOL. 68, NO. 5, MAY 2021

Synchronous Optimal Pulsewidth Modulation
for Synchronous Machines With Highly

Operating Point Dependent Magnetic Anisotropy
Athina Birda , Joerg Reuss , and Christoph M. Hackl , Senior Member, IEEE

Abstract—The performance of synchronous optimal
pulsewidth modulation is investigated for the control of
an automotive low voltage electrical drive system, which
consists of a two-level voltage source inverter and an in-
terior permanent magnet synchronous motor. The machine
magnetic anisotropy varies due to magnetic saturation and
cross-saturation effects and depends on the motor operat-
ing point. The main objective of this article is to investigate
the influence of the varying magnetic anisotropy on the
optimized half-wave symmetric inverter pulse patterns. For
this purpose, the optimized inverter switching angles are
derived by minimizing the current harmonic distortion of an
isotropic and anisotropic permanent magnet synchronous
motor. Their performance is evaluated and compared by
experimental results.

Index Terms—Electric vehicle, magnetic anisotropy, per-
manent magnet synchronous motor (PMSM), synchronous
optimal pulsewidth modulation (SOPWM).

I. INTRODUCTION

A
S PART of the global effort to reduce the CO2 emissions,

the interest of the automotive industry over the last years

focused on the concept of electric mobility. Still, the limited op-

erating range and increased price of electric vehicles remain the

most important obstacles for their wide spread. The efficiency

of the electrical drive system and, by that, the operating range

of electric vehicles can be improved by optimizing the inverter

and motor power losses.

compromising the motor current quality. To this end, the opti-

mized inverter pulse patterns are determined, which minimize

the harmonic distortion of the phase currents. The optimiza-

tion procedure is conducted offline and the resulting optimized

switching angles are stored in lookup tables (LUTs). Since the

switching frequency fsw is synchronized with the fundamental

stator frequency fr, the pulse number

q := fsw/fr (1)

is always an integer [1].

SOPWM is primarily employed in medium voltage high

power induction motor drive applications, where the reduction

of switching losses is of utmost importance [1], [2]. Moreover,

it is a common modulation strategy for operating electric rail

traction converters adopted by GE [3] and SIEMENS [4]. On the

contrary, little research has been conducted when the SOPWM

strategy is employed for the control of synchronous motor

drives [5]–[13]. Especially, SOPWM has not yet been explored

for automotive low-voltage interior permanent magnet syn-

chronous motor (IPMSM) drives with highly operating point

(OP) dependent magnetic anisotropy. This is the main motivation

of this article.

In [5]–[7], the current harmonic content of an isotropic

permanent magnet synchronous motor (PMSM) drive is min-

imized. The same objective function is adopted in [8] for a

Fig. 9. Numerical performance evaluation of the optimization results.
(a) Is,THD(αaniso)/%. (b) Is,THD,dev/%.
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Introduction
LMRES – Selected research results: Efficiency & operation management [103, 121]
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A unified theory for optimal feedforward torque control of anisotropic
synchronous machines

Hisham Eldeeba, Christoph M. Hackla,*, Lorenz Horlbeckb and Julian Kullicka

aResearch Group ‘Control of Renewable Energy Systems (CRES)’, Munich School of Engineering (MSE), Technical University of Munich (TUM),
Munich, Germany; bInstitute of Automotive Technology (FTM), Technical University of Munich (TUM), Munich, Germany
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KEYWORDS

Maximum torque per ampere
(MTPA); maximum torque per
current (MTPC); maximum
torque per voltage (MTPV);
maximum torque per flux
(MTPF); maximum current
(MC); field weakening (FW);
analytical solution; optimal
feedforward torque control;
efficiency; copper losses;
anisotropy; synchronous
machine; interior
permanent-magnet
synchronous machine;
reluctance synchronous
machine;
permanent-magnet-assisted
or enhanced synchronous
machine; quadrics; quartics;
Lagrangian optimisation;
operation management

ABSTRACT

A uni�ed theory for optimal feedforward torque control of anisotropic synchronous machines with
non-negligible stator resistance andmutual inductance is presented which allows to analytically com-
pute (1) the optimal direct and quadrature reference currents for all operating strategies, such asmax-
imum torque per current (MTPC), maximum current, �eld weakening, maximum torque per voltage
(MTPV) or maximum torque per �ux (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 uni�ed 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 �nd the roots of fourth-order polynomials analytically. The
proposed theory is suitable for any anisotropic synchronousmachine. Implementation andmeasure-
ment results illustrate e�ectiveness and applicability of the theoretical �ndings in real world.

Notation

N,R,C: natural, real, complex numbers. x :=

see e.g. Dirscherl, Hackl, & Schechner, 2015; Teodorescu,

Liserre, & Rodríguez, 2011). ‘s.t.’: subject to (optimisa-

tion with constraints). j: imaginary unit with j2 =
√

−1,

(a)

(b) (c)
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Introduction
LMRES – Selected research results: Electrical/industrial/traction drives (self-commissioning) [135]

Received 26 February 2022; revised 17 March 2022; accepted 22 March 2022. Date of publication 25 March 2022;
date of current version 12 May 2022. The review of this paper was arranged by Associate Editor Haitham Abu-Rub.

Digital Object Identifier 10.1109/OJIES.2022.3162336

Analytical Prototype Functions for
Flux Linkage Approximation
in Synchronous Machines

SHIH-WEI SU 1, CHRISTOPH M. HACKL 2 (Senior Member, IEEE),

AND RALPH KENNEL 1 (Senior Member, IEEE)
1 Institute of Electrical Drive System and Power Electronics, Technical University of Munich, 80333 Munich, Germany

2 Department of Electrical Engineering and Information Technology, Hochschule München University of Applied Sciences, 80335 Munich, Germany

CORRESPONDING AUTHOR: SHIH-WEI SU (e-mail: shihwei.su@tum.de).

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. 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

differentiable prototype functions allow to easily derive analytical expressions for the differential 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 to achieve approximation 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 continuously differentiable, obey the energy conservation rule and, as fitting

results show, achieve a (very) high approximation accuracy over the whole operation range.

INDEX TERMS Analytical flux linkage prototype functions, interior permanent magnet synchronous ma-

GURE 10. Approximation results of the proposed analytical flux linkage
prototype functions (40), (41), (46) and (47): (a) fitted d-axis flux linkages

; (b) fitted q-axis flux linkages xxψ
q
s ; zero locus L

dq
s (L=0) [ ] is

FIGURE 11. Approximation errors of the proposed analytical flux linkage
prototype functions (40), (41), (46) and (47) compared to the real flux
maps: (a) normalized d-axis error εd

s
; (b) normalized q-axis error ε

q
s .
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Introduction
LMRES – Selected research results: Smart grid/renewables/power systems (grid synchronisation) [22]

3298 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

Abstract—This article proposes modified second-order general-
ized integrators (mSOGIs) for a fast estimation of all harmonic
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 to an overall observer
consisting of parallelized mSOGIs. The observer is tuned by pole
placement. For a constant fundamental frequency, the observer is
capable of estimating all harmonic components with prescribed
settling time by choosing the observer poles appropriately. For
time-varying fundamental frequencies, the harmonic estimation is
combined with a modified frequency locked loop (mFLL) with gain
normalization, sign-correct antiwindup, and rate limitation. The
estimation performances of the proposed parallelized mSOGIs with
and without mFLL are illustrated and validated by measurement
results. The results are compared to standard approaches such as
parallelized standard SOGIs (sSOGIs) and adaptive notch filters
(ANFs).

Index Terms—Amplitude estimation, frequency estimation,
frequency-locked loop (FLL), phase estimation, second-order
generalized integrator (SOGI).

Notation

N,R,C,Q: natural, real, complex and rational num-

bers. For the following, let n,m ∈ N. x := (x1, . . . , xn)
⊤ ∈

Rn: column vector (where := means “is defined as” and
⊤ means “transposed”). 0n := (0, 0, . . . , 0)⊤ ∈ Rn: zero vec-

tor. ‖x‖ :=
√
x⊤x: Euclidean norm of x. A ∈ Rn×m: real

(non-square) matrix. diag(a) ∈ Rn×n: diagonal matrix with

I. INTRODUCTION

A. Motivation and Literature Review

I
N VIEW of the increasing number of decentralized gen-

eration 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

damage or even destruction of grid components. To be capable of

taking appropriate countermeasures such as 1) improving system

stability and power quality and 2) compensating for such dete-

riorated operation conditions, it is crucial to detect and estimate

fundamental and higher harmonic components of the considered

quantities in real time as fast and accurate as possible. Modern

power electronic devices (e.g., flexible ac transmission systems

or grid-connected converters of decentralized renewable energy

systems) can then be used to implement such countermeasures.

That is why, grid state estimation became of particular interest

to the research community in the past years and has been studied

extensively (see e.g., [2]–[24] to name a few).

It is well known that a signal with significant harmonic

distortion can be decomposed and analyzed by the fast fourier

Fig. 11. Measurement results for Scenario (S4): Comparison of the estima-
tion performances of parallelized mSOGIs ( ), sSOGIs ( ), and ANFs
( ) without FLL. Signals shown from top to bottom are: Harmonic signals
y1 to y10 ( ) and their estimates ŷ1 to ŷ10 and harmonic estimation errors
e1 = y1 − ŷ1 to e10 = y10 − ŷ10.

frequency are identical for this scenario. Therefore, the esti-

mation performances purely can be compared according to the

respective observer tunings only. The fundamental signal y = y1
undergoes step-like changes in amplitude, phase and amplitude

and phase as described above.

The estimation performances of fundamental mSOGI ( ),

fundamental sSOGI ( ), and fundamental ANF ( ) are

shown in Fig. 7. The first and second subplots show input signal

y = y1 ( ) and its estimates ŷ = ŷ1 and the estimation errors

ey = y1 − ŷ1, respectively. All three observers are capable of es-

timating the input signal y. All estimation errors ey → 0 tend to
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Motivation
Conventional field-oriented control (FOC) of induction machines (IMs)
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Motivation
Illustration of optimal feedforward torque control (OFTC) problem for IMs
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Motivation
Proposed field-oriented control (FOC) with OFTC of IMs in unique & reproducable reference frame

unique & reproducible transformation angle: φp :“

ż
ωp dt :“

ż ˆ
npωm ` 1

Tf

i
q
s

i
d
s,lpf

˙
dt (8)

low-pass filtered stator currents: d
dt
i
dq

s,lpf “ 1
Tf

`
i
dq
s ´ idqs,lpf

˘
(9)
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Nonlinear modelling
Equivalent electrical circuit diagram and governing equations
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Dynamical system:

u
dq
s “ R

dq
s i

dq
s ` ωpJψ

dq
s ` d

dt
ψ

dq
s ,

02 “ R
dq
s,Fei

dq
s,Fe ` ωpJψ

dq
s ` d

dt
ψ

dq
s ,

u
dq
r “ R

dq
r i

dq
r ` pωp ´ npωmqJψdq

r ` d
dt
ψ

dq
r ,

d
dt
ωm “ 1

Θm

`
mm ´ ml

˘
,

d
dt
φm “ ωm

,
///////.
///////-

Machine torque:

mm “ ´
2np

3κ
2 pidqr qJ

Jψ
dq
m “

2np

3κ
2 pidqs ` idqs,FeqJ

Jψ
dq
s

“
2np

3κ
2

”
pidqs qJ

`
I2 `Rdq

s,Fepϑsq
´1
R

dq
s pϑsq

˘J
Jψ

dq
s

´ pRdq
s,Fepϑsq

´1
u
dq
s qJ

Jψ
dq
s

ı
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Machine identification
Identification goals

Goals:

‚ Stator flux linkage maps ψdq

s pi
dq
s , ϑs, ωp, pφpqq

‚ Machine torque maps mmpi
dq
s , ϑs, ωp, pφpqq

‚ Iron resistance maps Rdq

s,Fepi
dq
s , ϑs, ωp, pφpqq

‚ Efficiency maps ηpi
dq
s , ϑs, ωp, pφpqq

‚ OFTC look-up tables (LUTs) LM

i
d
s,ref

pi
dq
s , ϑs, ωp, pφpqq and L

M

i
q

s,ref
pi

dq
s , ϑs, ωp, pφpqq

(for e.g. M P tMTPC, MTPL, . . . u to be able to compare the different strategies)
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Machine identification
Identification procedure

i
d
s

i
q
s

i
q
s,max −i

q
s,max

0

I
s

I IV
ī
d
s

ī
q
s

i
d
s,min

i
d
s,max

1
1n

m

while guaranteeing with prime mover a constant asynchronous electrical frequency, i.e.

ωm,ref “ 1
np

ˆ
ωp,ref ´ 1

Tf

i
q

s,ref

i
d
s,ref

˙
ùñ ωp “ npωm ` 1

Tf

i
q
s

i
d
s,lpf

“ const.
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Machine identification
Temperature control guaranteeing an almost constant ϑs ùñ Rspϑsq “ Rs,0

“
1 ` αpϑs ´ ϑs,0q

‰
“ const.

test data ϑ-control

-i
q
s,max

i
d
s,min

i
d
s,max

i
q
s,max

t

i
d
s,ref i

q

s,ref

ωp,ref

t

ωp,ref ωm,ref

ϑs,ref − ϑε

ϑs,ref

ϑs,ref + ϑε

t

ϑs

stop heating

stop cooling
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Machine identification
Flux linkage maps at ωp “ 0.5ωp,R

i
d
s,min

i
d
s,max

−i
q
s,max

i
q
s,max

0

0.5

1

i
d
s

in p.u.
i q
s in p.u.

ψ
d
s

in p.u.

i
d
s,min

i
d
s,max

−i
q
s,max

i
q
s,max

−0.5

0

0.5

i
d
s

in p.u.
i q
s in p.u.

ψ
q
s

in p.u.
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Machine identification
Torque maps at ωp “ 0.5ωp,R using pmp1q

m “
2np

3κ
2 pi

dq
s q

J
Jψ

dq

s (avg.) and pmp2q
m “

2np

3κ
2 pi

dq
s q

J
Jψ

dq
s (w/o iron current)

i
d
s,min

i
d
s,max

−i
q
s,max

i
q
s,max

−1

0

1

i
d
s

in p.u.
i
q
s in p.u.

mm
in p.u.

i
d
s,min

i
d
s,max

−i
q
s,max

i
q
s,max

0

0.05

0.1

i
d
s

in p.u.
i
q
s in p.u.

-∆mm
in p.u.
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Machine identification
Iron resistance maps at ωp P t0.5, 0.6, 0.7u ¨ ωp,R

i
d
s,min

i
d
s,max

−i
q
s,max

i
q
s,max

0

10

20

i
d
s

in p.u.
i q
s in p.u.

Rs,Fe
in p.u.
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Machine identification
Efficiency maps η “

pm
ps

“
mmωm

pu
dq
s q

J
i
dq
s

at ωp “ 0.5ωp,R

i
d
s,min

i
d
s,max

−i
q
s,max

i
q
s,max

0

50

100

i
d
s

in p.u.
i q
s in p.u.

η in %

i
d
s,min

i
d
s,max

−i
q
s,max

i
q
s,max

0

50

100

i
d
s

in p.u.
i q
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(using measured mm) (using estimated pmm)
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Machine identification
OFTC LUTs L

M

i
d
s,ref

and L
M

i
q

s,ref
for M P tMTPL, MTPC, CF, V/Hzu, ωp P r0.1, 1.5s ¨ ωp,R and mm,ref P r0, 1s ¨ mm,R
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Implementation results
Comparison of different OFTC strategies
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Implementation results
Comparison of different OFTC strategies
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Conclusion
Summary and future work

To take home
‚ Nonlinear transformer-like IM model

˝ in unique & reproducible reference (no parameter uncertainties),
˝ iron losses (in stator) considered,
˝ current, temperature, angle and speed dependencies in flux, resistance(s), etc. admissible

‚ Generic machine identification

˝ Stator flux linkage maps ψdq
s pi

dq
s , ϑs, ωp, pφpqq

˝ Machine torque maps mmpi
dq
s , ϑs, ωp, pφpqq

˝ Iron resistance maps Rdq

s,Fepi
dq
s , ϑs, ωp, pφpqq

˝ Efficiency maps ηpi
dq
s , ϑs, ωp, pφpqq

˝ OFTC look-up tables (LUTs) LM

i
d
s,ref

pi
dq
s , ϑs, ωp, pφpqq and L

M

i
q

s,ref
pi

dq
s , ϑs, ωp, pφpqq

(for e.g. M P tMTPC, MTPL, CF, V/Hzu to be able to compare the different strategies)

Future work

‚ dynamic machine identification (e.g. also rotor flux linkages)

‚ consideration of rotor iron losses

‚ combination with minimization of conduction and switching losses
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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

Abstract—A novel but simple machine map based modeling,
identification and optimal feedforward torque control (OFTC)
approach for induction machines (IMs) is presented. It is based on
(i) a generic, nonlinear transformer-like machine model consider-
ing nonlinear flux linkages (with magnetic saturation and cross-
coupling) and iron losses in the stator laminations in a novel,
arbitrarily rotating but unique, robust & reproducible (d, q)-
reference frame; (ii) a holistic machine identification procedure
which evaluates steady-state measurements over a grid of (d, q)
stator currents and produces temperature and frequency depen-
dent machine maps for e.g. flux linkages, torque, iron resistance
and efficiency; and (iii) a numerical offline optimization and
extraction of different OFTC look-up tables (LUTs) for optimal
current reference generation depending on reference torque and
electrical frequency (and temperature). During the identification,
stator winding temperature and electrical stator frequency of the
IM are kept constant by an intelligent temperature and speed

φp & ωp = d
dtφp: Park transformation angle and angular

velocity; J :=
[

0 −1

1 0

]

: rotation matrix (by π
2 ).

I. MOTIVATION AND CONTRIBUTIONS

Maximum efficiency operation (or loss minimizing control)

of induction machines has been subject to extensive research

in the past. In contrast to LUT-based direct torque control (see

e.g. [1]), for vector control, two main approaches are typically

distinguished: (i) Offline calculation of optimal references

(e.g. [2–4]) or (ii) search-based online techniques (e.g. [5–8]).

The objective is to compute optimal reference currents

(set points) for a given reference torque while complying

with physical constraints (e.g. current & voltage limits) and

minimizing losses. This problem is known as the optimal feed-
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Abstract: A novel Artificial Neural Network (ANN) Based Optimal Feedforward Torque Control

(OFTC) 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

(MC) or Field Weakening (FW). Therefore, it is (much) faster and easier to implement while (i) still
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ABSTRACT

A uni�ed theory for optimal feedforward torque control of anisotropic synchronous machines with
non-negligible stator resistance andmutual inductance is presented which allows to analytically com-
pute (1) the optimal direct and quadrature reference currents for all operating strategies, such asmax-
imum torque per current (MTPC), maximum current, �eld weakening, maximum torque per voltage
(MTPV) or maximum torque per �ux (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 uni�ed 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 �nd the roots of fourth-order polynomials analytically. The
proposed theory is suitable for any anisotropic synchronousmachine. Implementation andmeasure-
ment results illustrate e�ectiveness and applicability of the theoretical �ndings in real world.

j j
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Generic loss minimization for nonlinear synchronous

machines by analytical computation of optimal

reference currents considering copper and iron losses

Christoph Hackl, Julian Kullick and Niklas Monzen
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Munich University of Applied Sciences (MUAS)

Munich, Germany

{christoph.hackl, julian.kullick, niklas.monzen}@hm.edu

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 extended by considering relevant machine
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 considered. The resulting nonlinear optimization problem
is solved via online linearization of the relevant expressions.

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

conditions, different optimization problems may be formulated
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induction machines considering stator & rotor

copper losses and current & voltage limits
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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 (MTPLCu) is
realized and extended by the Maximum (rotor) Current (MCr, ext)
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 sequential quadratic programming (SQP). The
second order Taylor approximations are formulated in implicit

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-

based nonlinear IM model for analytical ORCC.
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Abb. 6.101 Wirkungsweise der Feldschwächregelung mit Spannungsrückkopplung

6.9 Optimale Betriebsführung von nichtlinearen
Synchronmaschinen
C. M. Hackl, J. Kullick, N. Monzen

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) Sollströme für anisotro-
pe Synchronmaschinen mit konstanter Erregung vorgestellt. Die weithin verbrei-
teten und vereinfachenden Annahmen wie z. B. die Vernachlässigung des Stator-
widerstandes oder der magnetischen Kreuzkopplung konnten aufgehoben werden.
Zusätzlich erlaubt die Theorie die Berücksichtigung von Eisenverlusten und Nicht-
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