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Why will dynamics become more important?
The future power system: A likely guess

‚ more distributed generation /
renewable energy systems

‚ diminishing mechanical inertia

‚ hybrid grid and transmission
topologies (e.g. AC & DC)

‚ more unbalanced faults

(ą 75% of faults already today)

‚ more loosely-coupled &
unbalanced micro-grids

‚ more power electronics

ùñ Faster dynamics/transients, more harmonics & weaker overall grid!

ùñ Stationary models considering fundamental only not sufficient!

ùñ Multi-phase multi-wire state-space models crucial!
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Why will dynamics become more important?
The dynamics of the (future) power system

Coupled, time-varying partial
differential algebraic system
(PDAS):

f
´

B
Btzpt, xq, B

Bxzpt, xq, zpt, xq, . . . , t
¯

“ 0n

where zpt, xq :“

¨

˚

˝

ωptq
δptq

vpt, xq
ipt, xq

˛

‹

‚

Several simplifying assumptions have to be reconsidered, e.g.

‚
B

Bx
zpt, xq “ 0m, i.e. Π- or T -models (?)

‚
B
Bt
zpt, xq “ jωZpxqe

jωt, ω ą 0 (?)

‚ losses (?)

‚ time-variance (?)

‚ detailed low-level models (?)

‚ . . .
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Why will dynamics become more important?
Dynamic models considering unbalanced faults: Rarely investigated

522 IEEE TRANSACTIONS ON POWER SYSTEMS, VOL. 15, NO. 2, MAY 2000

Symmetrical Components in the Time Domain and
Their Application to Power Network Calculations

Gerardus C. Paap, Senior Member, IEEE

Abstract—Although the Symmetrical Component Transforma-
tion has existed for 80 years, its application in the time-depen-
dent form is practically restricted to the electric-machine theory.
In the Power Systems field one uses the transformation applied to
gteady-state ginusoidal phasors in a nonunitary form for fault cal-
culations. For time-domain calculations the real equivalat, 0, , ,
is preferred, usually extended to 0, , -components. In network
calculations, however, the application of time-dependent symmet-
rical components makes sense, since many net-component parame-
ters are already available in this form. In this paper a short histor-
ical overview of the symmetrical-component transformation and
the application of unitary and orthogonal transformations are pre-
sented. From these general transformations logic choices for base

transformations is preferable in electrical-machines theory. This

thesis is still cited by many authors [5]–[7] today and its princi-

ples extended to the calculations of power systems. The main

advantage is that, after transformation, the physical structure

of machines, e.g., the winding turns and flux relationships, are

unchanged. However, in network calculations the intemal rela-

tions of magnetic-field quantities and currents in the separate

machines are of less importance. The proper relations between

terminal voltages, currents and power may prevail. To maintain

these proper relations between power, voltage and current, uni-

tary and orthogonal transformations are used in this paper. Line,

1062 IEEE TRANSACTIONS ON POWER SYSTEMS, VOL. 15, NO. 3, AUGUST 2000

Analysis of Asymmetrical Faults in Power
Systems Using Dynamic Phasors

Aleksandar M. Stanković, Member, IEEE, and Timur Aydin

Abstract—This paper presents application of the dynamic
phasor modeling technique to unbalanced polyphase power sys-
tems. The proposed technique is a polyphase generalization of the
dynamic phasor approach, and it is applicable to nonlinear power
system models. In a steady-state, the dynamic phasors reduce to
standard phasors from AC circuit theory. The technique produces
results that are very close to those obtained from time-domain
simulations. Simulations in terms of dynamic phasors typically
allow larger integration steps than the standard time-domain for-
mulation. We present simulations of unbalanced faults involving
a three-phase synchronous generator connected to an infinite bus
through a transmission line, and we demonstrate that models
based on dynamic phasors provide very accurate descriptions of

steady state, these coefficients become standard phasors from

AC circuit theory, thus allowing analysts to utilize the wealth

of engineering intuition acquired over time in practical fault

studies. In the case of unbalanced polyphase systems, dynamic

phasors turn out to be generalization of the well known positive,

negative and zero sequence components.

Dynamic phasor models offer a number of advantages over

conventional methods in several ares of fault analysis. From

an analytical standpoint, they reveal and quantify dynamical

couplings that are not necessarily apparent from the outset

(e.g., couplings between speed ripple and currents or fluxes
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Dynamic Modeling of Power Systems Experiencing
Faults in Transmission/Distribution Networks

Sajeeb Saha, Member, IEEE, and Mohammad Aldeen, Senior Member, IEEE

Abstract—In this paper we address some shortcomings in ex-
isting nonlinear dynamic models of power system experiencing
symmetrical and unsymmetrical faults in their transmission/dis-
tribution networks. The shortcomings relate to: 1) approximations
relating to stator dynamics, internal voltage of the positive
sequence network and the dynamics of the negative and zero se-
quence networks, and 2) existing models are time -variant, which
may not be suitable for system studies such as stability and fault
detection studies that require time invariant model. The approx-
imations outlined in 1) adversely affect the modeling accuracy,
especially that of the system response during the period immedi-
ately after the occurrence of faults. We present in this paper a full
fault-dependent time-invariant dynamical model of power systems
experiencing symmetrical and unsymmetrical faults in their trans-
mission/distribution networks and verify it through simulation
studies mimicking real life scenarios. IEEE 30 bus power system is
considered as the study case. The simulation results are compared
to Matlab's “SimPower” and PSCAD/EMTDC software packages.

Dynamic modeling, stator dynamics, symmetrical
components, synchronous generator, unsymmetrical faults.

NOMENCLATURE

Quantities (voltage , current , flux
) in rotating frame.

Field winding quantities.
Damper winding quantities.
“ ” sequence quantities. (positive),
2 (negative), 0 (zero).
Per unit resistance of stator winding.
Per unit resistance of field winding.
Per unit resistance of damper windings.
Quantities in rotating frame.
Quantities in (real and imaginary)
co-ordinate.
Load angle and speed deviation,
respectively.
Mechanical power input to the synchronous
machine.
Mechanical torque.
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Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TPWRS.2014.2365809

Electric torque.
Load bus quantities.
Generator bus quantities.

, , , Single line to ground, double line to
ground, line to line, and three phase fault,
respectively.

I. INTRODUCTION

I T is common that when fault-dependent models of power
systems are derived, the stator transients of the synchronous

machine are ignored for simplicity [1]–[5]. As a result, the dy-
namics of the synchronous machine is not fully captured, es-
pecially during the transient periods. In order to overcome this
problem, a decaying DC “offset” current is introduced at the in-
stant of fault in [6], [7]. It is obvious that DC offset approaches
require the time constant to be computed from Thevenin equiv-
alent circuit of the faulted power system, which is a difficult
if not impossible task to achieve for even modest size systems.
This fact is confirmed by the authors' [6] own statement that “the
computation of the DC offset is not straightforward”.

Electromagnetic transient (EMT) type synchronous machine
models which include complete dynamics of the synchronous
machine usually represent stator and rotor flux- voltage dy-
namics by a set of differential equations in co-ordinate.
This representation is commonly known as EMT model
[8]. There are two other EMT type synchronous machine
models available in the literature. They are commonly known
as phase domain (PD) model [9] and voltage behind reactance
(VBR) model [10]. PD and VBR models represent synchronous
machine stator dynamics in -coordinate and rotor dynamics
in co-ordinate. It is shown in [11] and [12] that all three
types of EMT type models are equivalent. Although the
model offers best computational speed, it requires a smaller
time step to maintain the precision and numerical accuracy
of PD and VBR models, especially during transient operating
conditions. In terms of time variance, PD and VBR models
(being derived in the -coordinate) are time-variant under
any operating condition due to time-variant nature of the self
and mutual inductance [1] of the stator circuit. The model,
on the other hand, becomes time variant under unbalanced
operating conditions as stator and rotor quantities (flux, voltage
and current) exhibit second harmonics components during such
condition, as described in detail in Section II.

In order to utilize the properties of each of the three models
above, the dq0 model is combined with each of the other two
models to produce [13] and [14] models
with improved computational efficiency. However, the two
combined models still are time variant as outlined above.

0885-8950 © 2014 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

“[In most power systems simulation tools] . . . full transient behavior is not
captured . . . as they approximate the stator dynamics by a static (alge-
braic) model . . . [or an] exponentially DC decaying term.” [1]
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Why will dynamics become more important?
Build on many assumptions: The swing equation M d

2

dt
2 δ ` Dd

d
dt

δ “ ptptq ´ p̂el sinpδq

200 IEEE TRANSACTIONS ON CIRCUITS AND SYSTEMS—I: REGULAR PAPERS, VOL. 56, NO. 1, JANUARY 2009

Improved Swing Equation and Its Properties in
Synchronous Generators

Jun Zhou and Yasuharu Ohsawa, Member, IEEE

Abstract—Modeling single-machine (synchronous-generator)
infinite-bus (SMIB) systems with what we call the improved swing
equations is considered in this paper. The existence and proper-
ties of local solutions to the improved swing equations are then
examined. Furthermore, the local stability of the SMIB systems
is scrutinized. By interpreting the improved swing equations with
Taylor expansions, approximate linear time-invariant improved
swing equations are derived, with which the dynamics of the SMIB

existence and stability; 2) clarify what dynamic features and to

what degree may have been neglected or ignored when conven-

tional swing equations, or simplified swing equations [1] and

classical swing equations [2], are used; and 3) investigate nu-

meric differences between the improved swing equations and

the conventional ones.

To achieve the aims, the improved swing equation for SMIB

Nonlinear Analysis of an Improved Swing Equation

Pooya Monshizadeh, Claudio De Persis, Nima Monshizadeh, and Arjan J van der Schaft

Abstract— In this paper, we investigate the properties of an
improved swing equation model for synchronous generators.
This model is derived by omitting the main simplifying as-
sumption of the conventional swing equation. We carry out a
nonlinear analysis for the stability and frequency regulation and
provide region of attraction estimates for two scenarios. First
we study the case that a synchronous generator is connected to a
constant load. Second, we inspect the case of the single machine
connected to an infinite bus. Finally, the different behaviors of
the conventional and improved swing equations are depicted

In this paper, we provide a nonlinear analysis for an improved

yet easy-to-use swing equation to fulfill higher accuracy in

analysis and modeling of the synchronous generator that can

also be exploited in small-scale networks. We first explicate

the contradicting assumptions in obtaining the conventional

swing equation and elaborate deriving the improved model.

In Section III, as the first scenario, we look into the properties

of the model when the generator is connected to a constant

2016 IEEE 55th Conference on Decision and Control (CDC)
ARIA Resort & Casino
December 12-14, 2016, Las Vegas, USA

2016 ICSEE International Conference on the Science of Electrical Engineering

A warning about the use of reduced models of

synchronous generators

Elad Venezian

School of EE, Tel Aviv University

Ramat Aviv 69978, Israel

George Weiss

School of EE, Tel Aviv University

Ramat Aviv 69978, Israel

Abstract—Synchronous generators are an essential component
of the electric grid. Recently, the stability of the electric grid
has become an area of high interest and intensive research. We
discuss the stability of a single generator connected to an infinite
bus, and show that certain reduced models fail to predict the

phase difference between it and the grid is constant. Therefore,

it is desirable to know if for a given grid which contains SGs

and a loads, the SGs tend to synchronize (for initial states in a

reasonably large region) and if yes, if the grid frequency and

Uses and Abuses of the Swing Equation Model

Sina Y. Caliskan and Paulo Tabuada

Abstract— The swing equation model is widely used in the
literature to study a large class problems, including stability
analysis of power systems. We show in this paper, by compari-
son with a first principles model, that the swing equation model
may lead to erroneous conclusions when performing stability
analysis of power systems, even under small oscillations.

I. INTRODUCTION

The swing equation model is a perfect example of the

equation for stability analysis under small oscillations we

obtain results contradicting a more detailed FP model.

II. SYNCHRONOUS GENERATOR MODELS

In this section, we review two synchronous generator

models. The first model is derived from first principles while

the second is the traditional swing equation model that is

2015 IEEE 54th Annual Conference on Decision and Control (CDC)
December 15-18, 2015. Osaka, Japan

“. . . the results in this paper call into question the scientific foundations
upon which the current power grid has been built.” [2]
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Scientific background
Interdisciplinary expertise (ą 80 peer-reviewed publications, e.g. one monograph)

Systems & control

(dynamical systems)Electro-active
polymers
[3–5]

Paper
coating
machines
[6–10]

System
identification
[11–15]

junctions

part A

part B

mixed (or partially fluid) lubrication

Dynamic
friction
[16, 17]

ep¨q

ep0q ψp¨q

ψp0q

´ψp0q

eptq

ψptq

´λ
t

funnel

TIME t rss

Non-identifier
based adaptive
control [16, 18–33]

yE
y
ref,E Robotics /

mechatronics
[16, 17, 33–44]

Power electronics
[33, 33, 45–64]

Electrical drives
(machines/generators)
[15, 16, 18, 20, 21, 31,
33, 39, 43, 56, 65–82]

Renewable energy
systems
[15, 30, 32, 33, 46, 47, 50,
54, 55, 57–59, 61, 63, 64,
69–71, 74, 76, 82–92]

Teaching
(EOF Award ’13)
[33, 93–99]
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Scientific background
Head of research group “Control of renewable energy systems (CRES)” (since January 2014)

Team

H. Eldeeb, M.Sc.

(CRES, 09/2015)

C. Dirscherl, M.Sc.

(CRES, 01/2014)

C. Hackl, Dr.-Ing.

(CRES, 01/2014)

J. Kullick, M.Sc.

(CRES, 10/2015)

K. Schechner, M.Sc.

(CRES, 01/2014)

M. Landerer, M.Sc.

(CRES, 06/2016)

External PhD students . . . and PhD collaborations with EAL (R. Kennel)

Z. Zhang, Dr.-Ing.

(CRES/EAL,07/2015)

S. Krüner, M.Sc.

(SINNPower,11/2015)

A. Birda, M.Sc.

(BMW, 04/2016)

F. Bauer, M.Sc.

(EAL)

M. Abdelrahem,

M.Sc. (EAL)

A. Ayad,

M.Sc. (EAL)
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Scientific background
Running projects & third-party funding (ą 2millione; e.g. DAAD, Baveria, BMBF, BMWi, DFG, EU)

Large-scale WTS

Efficiency+Reliability

Small-scale WTS

Reluctance SM

Model predictive
control for RES

Real-time applicability

Airborne Wind Energy

Fault-tolerant control

Geothermal energy

Fault-tolerant control

Wave energy
(SinnPower)

Efficiency+Reliability

Electric vehicles (BMW)

Efficiency+Reliability

Electrical power system

Three-phase four-wire
system dynamics

C. Hackl | 20.04.2017 | The dynamics of the (future) electrical power system: A systems theoretical point of view 9/17



Outline

2 Scientific background
Interdisciplinary expertise
Research group “Control of renewable energy systems (CRES)”
Running projects and third-party funding
Teaching experience

C. Hackl | 20.04.2017 | The dynamics of the (future) electrical power system: A systems theoretical point of view 9/17



Scientific background
Teaching experience (since 2004)
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NIBACIM

RVRE

13

0
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32

0

52

32

140

37

169

Number of enrolled students

2012 2013 2014 2015

2016

‚ Lectures, tutorials, practical courses & student projects, e.g.
˝ “Regelung von regenerativen Energiesystemen” (WS, 3SWS; since 2013)
˝ “Non-identifier based adaptive control in mechatronics” (SS, 4SWS; since 2012)
˝ “Projektstudium Antriebstechnik” [97–99] (EOF Lehrpreis 2013, WS1415)

‚ International / PhD teaching activities
˝ Lecture & Seminar on “Modeling and control of renewable energy systems”

(TUM-CREATE, Singapore; May-July 2017)
˝ EU H2020 ITN Workshop “Electrical Drives and Predictive Control” (2016)
˝ MSE Winter School “Holistic Modeling and Control of Energy Systems” (2015)
˝ Block course on “Modeling and control of wind turbine systems: An introduction”

(South Africa, University of Stellenbosch, 2014)
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Research and teaching concept
Research concept: Bottom-up approach (and, meanwhile, Top-down approach)

Unbalanced multi-phase multi-wire AC & DC power system dynamics

loadslinessources storage actuators

f
´

B
Btzpt, xq, B

Bxzpt, xq, zpt, xq, t
¯

“ 0n where zpt, xq :“

¨

˚

˚

˝

ωptq
δptq

vpt, xq
ipt, xq

˛

‹

‹

‚

optimizationcontrolsimulation monitoring laboratory

(model reduction / model simplification)
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Research and teaching concept
Teaching concept (interactive and up-to-date)

Teaching Research

Integrate students

Update course contents

Possible courses / projects (e.g.):
‚ Introduction to renewable energy systems (BA)

‚ Modeling and control of renewable energy systems (MA)

‚ Electrical power transmission (MA)

‚ Power electronics in electrical power systems (MA)

‚ Unbalanced multi-phase multi-wire systems (MA)
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Research and teaching concept
Current activities: Four-leg modular multi-level power converters
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‚ Goal: Compensation of unbalanced grid conditions

‚ Joint research project with R. Cardenas (Universidad de Chile) and
F. Rojas (Universidad de Santiago de Chile)
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Research and teaching concept
Current activities: Online detection of grid conditions [paper in preparation]
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Research and teaching concept
Current activities: Online detection of grid conditions [paper in preparation]
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Research and teaching concept
Current activities: Refinement of the swing equation [paper in preparation]
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(considering copper losses & anisotropy)

‚ Swing equation considering losses, anisotropy & (nonlinear) flux/current dynamics
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Conclusion
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‚ interdisciplinary background ùñ detailed models (bottom-up approach)
‚ over 10 years of

˝ teaching experience (lectures, tutorial, practical courses, etc.; also international)
˝ research experience (over 80 peer-reviewed publications, e.g. one monograph)
˝ project experience with industry and research institutions (also international)

‚ successful in winning several research grants (currently over 2.5 Mio. EUR)

‚ national/international network
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Why will dynamics become more important?
Example: “Torque-over-slip” trajectory of induction machines
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Why will dynamics become more important?
Expected evolution of installed wind power capacity in Germany
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Why will dynamics become more important?
Line model for sinusoidal signals without harmonics (e.g. upt, xq “ Upxqe
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Scientific background
Current research focus and CRES publications (e.g. electrical components of WTSs)
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Modeling & control WTS (chapter) [50]

Dynamic power flow [50, 90]

Machine topologies
‚ PMSG [50, 59]
‚ DFIG [15, 47, 90]
‚ RSM [31, 72, 77]

Speed control
‚ encoderless [46, 47, 82, 100]
‚ parameter-free [30, 32]

Impacts of non-ideal
torque control [71, 91, 92]

Generator current control
‚ parameter-free [31]
‚ model-based [50, 57, 72, 77]
‚ MTPA, MTPV, MTPF [75, 76, 78, 80, 81]

DC-link control
[50–52, 57, 63, 64, 83]

Grid current control
‚ RL filter [50–52]
‚ LCL filter [49, 53, 57] Grid faults

[49, 53]

Grid synchronization
‚ PLL [50]
‚ sensorless [54, 58]

Power control [50, 54]

Converter topologies
‚ Two-level converters [50–52, 57, 64, 83]
‚ Three-level NPC converters [54, 58, 60, 61]

Online parameter
estimation DFIG [15]

Further contributions
‚ Dynamic friction modeling (chapter) [17]
‚ Non-identifier based adaptive control

in mechatronics (monograph) [33]
‚ Airborne wind energy (chapters) [63, 64, 87, 88]
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Scientific background
Laboratory setup: Some photos

Reluctance and Permanent-magnet SMs Real-time system and VSIs

Electrically-excited SM and doubly-fed IM
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Research and teaching concept
Current activities: Online detection of grid conditions (zoom)
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