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Abstract

This thesis discusses the modelling and control of large-scale direct-drive wind turbine systems
(WTSs) under open-switch faults in the machine-side converter. The two machine types used in
direct-drive WTSs are the permanent magnet synchronous machine (PMSM) and the electrically
excited synchronous machine (EESM). For the EESM, a nonlinear dynamic model including
damper windings is derived. A method is developed to measure the nonlinear flux linkage maps
of the EESM. Current and torque controllers are designed based on the nonlinear flux linkage
maps. For linear PMSMs and nonlinear EESMs, post-fault control strategies are developed. Such
strategies cover an improved anti-windup strategy, a modified space-vector modulation, and an
optimal d-axis current injection for PMSMs and a fault-optimal current reference generation
for EESMs. The impacts of the post-fault control strategies on W'TSs are investigated in the
laboratory. For that, the dynamics of large-scale wind turbine systems are down-scaled for real-
time emulation to small-scale laboratory setups based on the ratios of physical SI-units. The
measurement results show that it is possible for both machines to produce almost the same
amount of energy as in the fault-free case, when the proposed post-fault strategies are applied
to WTSs with open-switch converter faults.

Kurzzusammenfassung

Diese Arbeit befasst sich mit der Modellierung und Regelung von Windkraftanlagen (WKAn)
mit Schalterfehlern im maschinenseitigen Umrichter. Die in diesen WKAn eingesetzten elek-
trischen Maschinen sind die Permanentmagnet-Synchronmaschine (PMSM) und die elektrisch
erregte Synchronmaschine (EESM). Fiir die EESM wird ein nichtlineares dynamisches Modell
hergeleitet welches auch die Dampferwicklungen beriicksichtigt. Fiir diese Modellierung der
EESM werden Flusskarten benétigt. Hierfiir wird eine Methode zur Messung der Flusskarten
von EESMn entwickelt. Mittels dieser Flusskarten werden die Stromregler ausgelegt und eine
Momentensteuerung entworfen. Sowohl fiir lineare PMSMn als auch fiir nichtlineare EESMn
werden Regelstrategien fiir den Fehlerfall entwickelt. Diese beinhalten ein angepasstes “Anti-
windup” in der Stromregelung, eine modifizierte Raumzeigermodulation und fiir PMSMn eine
fehleroptimale d-Stromeinpréagung, bzw. fiir EESMn eine fehleroptimale Stromreferenzgenerie-
rung. Die Auswirkungen der Regelstrategien fiir den Fehlerfall auf WKAn werden im Labor
untersucht. Dafiir wird die Dynamik von WKAn grofler Leistung auf Laborpriifstande kleiner
Leistung skaliert. Diese Skalierung basiert auf den Verhéltnissen physikalischer SI-Einheiten.
Die Messergebnisse zeigen, dass es, unter Verwendung der fiir diesen Fall angepassten Regelstra-
tegien, fiir beide Maschinentypen moglich ist, auch im Fehlerfall ann&hernd die gleiche Energie-
menge wie im fehlerfreien Fall zu erzeugen.

xvii
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Chapter 1

Introduction

Wind turbine systems (WTSs) generate renewable electric energy at competitive costs. Accor-
ding to [10], onshore WTSs are already today one of the most cost-efficient renewable energy
sources to produce electric energy in Germany. Also, the costs are expected to decrease furt-
her [10]. In Germany in 2017, a total capacity of 56 356 MW of wind power was installed [11]
(worldwide: 513547 MW [12]). The WTSs in Germany produced 107.5 TW h of electric energy,
which corresponds to 16.4 % of the total energy generation or 49.7% of the renewable energy
generation in 2017 [11]. Therefore, wind energy already today plays a crucial role in the electric
power system [13]. As it is planed to further increase the total capacity of wind power [11], the
importance of wind power for the overall power system will increase in the future. Hence, the
reliability of WT'Ss would directly influence the reliability of the overall power system.

This chapter is divided as follows: Section 1.1 illustrates the motivation for this work. In
Sect. 1.2 the state-of-the-art is depicted and Sect. 1.3 highlights the contributions of this thesis.
The following sections are partially based on [1,2] in which parts have already been published.

1.1 Motivation

Direct-drive WTSs using a permanent magnet synchronous machine (PMSM) or an electrically
excited synchronous machine (EESM) as generator account for about 40 % of the totally in-
stalled onshore WTSs in Germany [10]. Figure 1.1 shows an overview of the components of
a direct-drive WTS. In the direct-drive configuration, the gear box is waived between turbine
and the generator (PMSM/EESM). The stator of both machines is connected to a back-to-back

dc-source

turbine <”< :f::::::::::::::::::f

W k|| kS

PMSM/ back-to-back filter PCC grid
EESM converter

[ coo |

Figure 1.1: Overview of the components of a direct-drive wind turbine system with PMSM or EESM.




CHAPTER 1. INTRODUCTION

converter. Additionally, for the EESM, the exciter is connected to a dc-source for powering the
electromagnets. The back-to-back converter feeds the power via a filter at the point of common
coupling (PCC) into the grid.

As these direct-drive systems do not have a gear box between turbine and generator (see Fig. 1.1),
a subsystem that causes long downtimes and high maintenance costs is already absent in this
type of WT'Ss [14-16]. According to [14], the electric subsystems of WTSs cause 25 % of the total
failures and 14 % of the total down time of WTSs. For power converters—the heart of the electric
subsystem—the power semiconductors are within the top three reasons for failures. In the survey
[17], the power semiconductors were named as the most fragile components. Capacitors and gate
drivers followed on rank two and three, respectively.

A typical fault of a power semiconductor is the open-switch fault. Open-switch faults in conver-
ters 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 [18-20]. Unlike short-circuit faults,
open-switch faults do usually not trigger a system shutdown, but degrades the system perfor-
mance and can cause—without proper countermeasures—secondary faults in other components
(see [21,22]). Without adequate fault-tolerant modifications, the faulty converter will cause in-
creased losses and large torque ripples/oscillations which will harm the mechanical components
and the generator of the wind turbine [23]. Open-switch faults are therefore a crucial type of
faults in converters and should be considered in the design of a robust and fault-tolerant (hence
more reliable) electric 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 repor-
ted [18,21-35]. Therefore, fault detection will not be discussed in this thesis.

After the detection of an open-switch fault, the WTS is usually shut down—to avoid secondary
faults—until maintenance is carried-out. Especially for offshore WTSs, the maintenance is
challenging. Depending on the weather conditions and reachability such fault might cause long
downtimes of the WTS. Hence, a huge portion of energy production is lost and the revenue is
significantly decreased due to an open-switch fault [36]. Developing a post-fault control strategy
without the need of additional hardware equips the WTS operator with a simple option to
reliably produce electric energy and gain earnings even in the faulty case. It is shown at the
end of this thesis that it is possible to produce (almost) the same amount of energy as in the
fault-free case when the proposed post-fault control strategies are used. Hence, with simple
control strategy manipulations (no changes in the hardware necessary), the WTS is still able to
produce energy instead of being shut down.

1.2 State-of-the-art

In this section, a brief overview on the state-of-the-art of this thesis’s topics are provided and
the corresponding contributions of this work are highlighted. First, a literature review on the
post-fault control of electric machines for open-switch converter faults is given'. Afterwards,
the state-of-the-art for modelling and control of electrically excited synchronous machines is
discussed. Finally, the scaling approaches of wind turbine systems for laboratory setups found
in literature are reviewed?. The following sections describe the strengths and weaknesses of the
existing approaches.

!This review (for PMSMs) was already published in [2] and was extended for this thesis.
2This review was already published in [1] and was extended for this thesis.




1.2. STATE-OF-THE-ART

1.2.1 Post-fault control of electric machines for open-switch converter faults

To ensure a safe and uninterrupted operation of electric drives for open-switch converter faults,
a fault-tolerant control strategy has to be implemented. In [37-40], a modified space-vector
modulation (SVM) is proposed for two-level converters. These publications adapt the switching
patterns and replace those space-vectors which cannot be applied due to the open-switch fault.
However, these papers neither consider optimal phase shift angles between applied voltage and
current vector nor adapt their current controllers to the post-fault operation, although—as will
be shown later—these measures additionally and significantly improve the overall post-fault
control performance.

For three-level converters using neutral-point clamped (NPC) or T-type configurations, the
redundancy in the switching states can be used to compensate for the infeasible switching states
and to generate the desired voltage output, see [24,26,41,42]. In addition, [42] proposes to inject
an additional d-axis current to shift the phase angle between reference voltage and current to 0° if
an open-switch fault occurs in one of the outer switches. This helps to avoid infeasible switching
states, and therefore reduces the current distortion in the faulty phase of the generator. However,
the use of redundant switching vectors can not be used for two-level converters, since there is no
sufficient redundancy within the available switching states. The impact of an open-switch fault
reduces the feasible voltage area in the voltage hexagon of a two-level converter significantly.
Moreover, in [24,26,41,42], the current control system and its impact on the control performance
during faults are not discussed in detail.

In [43], it is proposed to consider converters with open-switch faults as three-switch three-phase
rectifiers (all upper or lower switches are assumed to be simply diodes). This publication investi-
gates the possible avoidance of infeasible zero switching vectors in space-vector modulation. To
achieve a minimal current distortion, a phase shift of 180° between current and voltage vector is
proposed. This phase shift is achieved by injecting an appropriate d-current. Further investiga-
tions in this thesis will show that, for the considered permanent magnet synchronous machine,
180° is not the optimal phase shift angle to guarantee a minimal current distortion. Moreover,
in [43], the impact of the open-switch fault on the control performance of the current controller
(such as windup effects) is neither addressed nor tackled, and a generic converter model covering
open-switch faults e.g. for simulation purposes is not provided.

Another possibility to ensure a continued operation of the generator is the use of fault-tolerant
converter configurations. Different topologies and methods to control faulty converters are des-
cribed in [43-48]. For example, in case of open-switch faults, a fourth converter leg can be used,
or the neutral point of the machine can be connected to the midpoint of the de-bus. Both solu-
tions can compensate for the loss of the phase with the faulty switch. However, additional and
costly hardware components or reconfigurations are required in contrast to standard converter
configurations.

As shown above, there exist publications on the post-fault control of PMSMs. In [49], the post-
fault control of an induction machine is discussed. But to the best knowledge of the author, there
are no publications tackling the issue of post-fault control of EESMs for open-switch converter
faults.

Investigations in [50] show that the machine-side converter of WTSs fails more often than the
grid-side converter. Hence, this thesis will focus on post-fault control of the machine-side con-
verter of a WTS under an open-switch fault.

1.2.2 Modelling and control of electrically excited synchronous machines

While the dynamic modelling and control of a PMSM including saturation effects and magnetic
cross-couplings can be found in literature (see [51, Sect. 14.3.2], [52]), obtaining such a model
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CHAPTER 1. INTRODUCTION

for EESMs is more complex. The modelling approaches for EESMs found in textbooks usually
assume linear magnetization, neglecting iron-core saturation and cross-coupling (mutual) induc-
tances [53, Chap. 6], [54, Chap. 6], [55, Chap. 2,5], [56, Chap. 16], [57, Chap. 6,7]. The modelling
is performed in field orientation. It is a well known fact that, especially for high torques, EESMs
are affected by magnetic saturation [58]. Hence, some books do consider saturation effects but
only for steady state operation, or for direct connection to the power grid, or only in d-direction
of the stator [59], [60, Chap. 5], [61, Chap. 4], [62, Chap. 5].

Papers focusing on the dynamics of the EESM usually do not model damper windings [63-74].
Also in these papers, the modelling in most cases assumes linear magnetization (no satura-
tion) and neglects cross-coupling inductances. But some approaches in literature try to include
saturation effects in the modelling. The authors in [67] consider the impact of saturation on
the machine torque by measuring the torque for different stator and rotor currents and storing
this information in a torque lookup table. In [58], finite element analysis (FEA) data of the
nonlinear flux linkage maps is approximated by polynomials and used for online computation
of a maximum torque per current (MTPC) trajectory. FEA flux linkage maps are used in [68]
for the online computation of the MTPC trajectory and to switch the control strategy when
reaching the voltage limit. In [72], also FEA flux linkage maps are used for the computation of
the MTPC trajectory and additionally the cross-coupling (mutual) inductances are considered
for the stator. But the excitation current, its dynamics, the (coupling) inductances and its flux
linkage is not taken into account. The authors in [73] derive a dynamic model of an EESM allo-
wing for saturation. Therefore, current dependent secant/absolute and differential inductances
(including cross-coupling) are used for the model. A model for the damper windings is missing
and no information on obtaining these inductances is given. In most cases, the excitation resis-
tance is assumed to be constant or only depending on temperature. A model considering the
dependency of this resistance on the excitation current was not found. To the best knowledge of
the author, a nonlinear dynamic model of the EESM with damper windings, excitation current
dependent excitation resistance, measured flux linkage maps and current dependent differential
inductances including cross-coupling (mutual) inductances does not exist in literature.

For the current controller, usually field-oriented control using PI-controllers (see [53, Chap. 6],
[54, Chap. 6], [55, Chap. 2,5], [68], [71]), sliding mode controllers (see [64,66]), passivity based
controllers (see [63]) or state-feedback controllers (see [65]) are used. However these controllers
do not consider the cross-coupling inductances and the stator-exciter coupling inductances.

As described above, nonlinear machine modelling is usually only used to compute better current
references for feedforward torque control. This is done offline and numerically. Using a linear
model for the magnetization of the machine, analytical solutions for the MTPC trajectory and
field weakening (FW) can be calculated (see [68,69,71]). As these models do not consider
saturation effects, the resulting torque might differ from the demanded torque for large regions
of operation.

Some publications use FEA data of EESMs to consider saturation in machines as described
above (see [68,69,72,75]). Unfortunately, in many cases it is not clear for how many operation
points these flux linkage maps are available and whether they cover the whole operation range
for the stator currents and the excitation current [74,76]. Obtaining FEA data is only possible
with precise knowledge of the machine geometry, material properties, winding diagram, etc. This
information is usually not available. Hence, measuring flux linkage maps is a more convenient
approach. To the best knowledge of the author, the measurement of EESM flux linkage maps
covering both stator flux linkages and the excitation flux linkage has not been reported in
literature.
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1.2.3 Scaling of wind turbine systems for laboratory setups

To be able to quantify the effects of a post-fault control strategy on the overall WTS, mea-
surements are necessary. Measurements at a large-scale WTS or at a full-size wind turbine
test-bench [77] were not possible. Hence, the dynamics of the large-scale WTS have to be scaled
to a small-scale laboratory test-bench with reduced power rating. The test-bench comprises one
electric machine, which emulates the wind turbine coupled to a second machine emulating the
generator (see Fig. 1.2).

Figure 1.2: Laboratory test-bench for emulation of the WTS by using a scaled WTS model.

Using the model of a small-scale WT'S is not suitable for modelling the behaviour of a large-scale
WTS. The relations governing the interaction between the wind speed, torque and rotational
speed of WT'Ss for small power ratings are different to the relations of multi-mega-watt turbines.
Hence, a realistic emulation of large-scale WT'S by a well-founded and structured down-scaling
method is crucial. A few guidelines for a proper scaling of the WT'S dynamics exist in literature
to achieve a realistic behaviour emulated by the small-scale test-bench. While the scaling of
the turbine aerodynamics (e.g. for wind tunnel tests) is well known and proven guidelines do
exist [78-83], the scaling of the turbine power and its drive train for drive train emulation with
small-scale electric drive test-benches is not that mature. Most papers which conduct small-
scale laboratory experiments (i) do not explain on what basis the scaling has been performed,
e.g. [84,85]. Others (ii) scale only the turbine output torque by a scaling factor [86], (iii) scale
the active and reactive power output [87] (for setups without electric machines), (iv) achieve
scaling based on the transfer function of the flexible shaft [88,89], or (v) simply use data from
small-scale WTSs [90].

Some of the proposed models used for small-scale WTS emulation in the laboratory take into
account (a) friction of the test-bench, [88,89], (b) inertia emulation [86,90] and (c) a flexible
shaft [88,89]. But the respective models do not consider («) the scaling of the wind turbine [88],
(B) inertia emulation [88,89], or (vy) friction [86,90], or simply do not scale (4) the overall wind
turbine drive-train system based on the ratios of physical SI-units [86,88-90]. Summarizing, all
available models this far do either neglect some crucial physical aspects or use simplified scaling
methods.

1.3 Contributions

After reviewing the state-of-the-art, the contributions of this thesis can be stated as follows:

(i) Dynamic modelling of an EESM with damper windings including magnetic saturation by
using nonlinear flux linkage maps, differential inductances (including cross-coupling (mu-
tual) inductances) and excitation current dependent excitation resistance (see Sect. 2.3.3);

(ii) Development of a method for measuring EESM flux linkage maps for stator and exciter and
providing step-by-step instructions (due to readability reasons, this is placed in Appendix B
of this thesis);
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(iii) EESM controller design including saturation effects, by using the obtained flux linkage
maps for current control and torque control (see Sect. 3.2.3);

(iv) Derivation of a mathematical model for a converter with open-switch fault (see Sect. 2.4.3);

(v) Development of a post-fault control strategy for open-switch converter faults in WTSs
with PMSM (see Sect. 3.3.1);

(vi) Development of a post-fault control strategy for open-switch converter faults in WTSs
with EESM (see Sect. 3.3.2);

(vii) Deriving a scaling method of the drive train dynamics of large-scale WTS for real-time
emulation by small-scale laboratory setups based on the ratios of physical SI-units (see
Sect. 4.2);

(viii) Experimental investigation of the impact of the post-fault control strategy on the overall
performance of WT'Ss with PMSM (see Sect. 4.3.1); and

(ix) Experimental investigation of the impact of the post-fault control strategy on the overall
performance of WT'Ss with EESM (see Sect. 4.3.2).

The focus of this thesis is on a fault-tolerant modification of the WTS control system such that,
even in presence of an open-switch fault in the machine-side converter, a continuous operation
of the turbine is feasible. This is of particular interest for offshore wind turbine systems, where
maintenance is expensive and depends on the weather conditions (e.g. whether ships can access
the turbine or not). It will be shown that with the proposed fault-tolerant control system, the
wind turbine can still be used until regular maintenance is planned and weather conditions are
suitable. Consequently, instead of shutting down the W'TS, continuous operation and energy
production are ensured, limiting the corresponding financial losses.

This thesis is structured as follows. Chapter 2 introduces the mathematical models for all
relevant components of the WTS. For the considered two-level converters, also the model for
open-switch faults is presented. Chapter 3 explains the controller design for the turbine and the
drive. Modifications of the control system for the post-fault control are derived for PMSM and
EESM. In Chapter 4, the impact of the post-fault control strategy on WTS will be investigated.
The scaling of a large-scale WT'S to the laboratory setup is derived and the experimental results
are discussed. Chapter 5 concludes this thesis by summarizing the results and providing an
outlook.




Chapter 2

Modelling of large-scale direct-drive
wind turbine systems

Modelling of the wind turbine system—including the mechanics—is necessary to fully understand
the impacts of open-switch faults. For the investigation (in Chap. 4) of the usability of the
post-fault control strategy—that will be proposed in Sect. 3.3—for wind turbine systems, a
WTS model including the fundamental mechanical components is indispensable. This chapter
is partially based on [2-4] were parts have already been published. The fundamental components
of a wind turbine system, as depicted in Fig. 2.1, are

 turbine (see Sect. 2.1),
o drive train (see Sect. 2.2),
o electric machine/generator (see Sect. 2.3),

o power converter (see Sect. 2.4.2 without open-switch fault and Sect. 2.4.3 with open-switch
fault),

o filter (for further information see e.g. [3,4,8,91]),
o grid (for further information see e.g. [3,4,92]).

In the following, only the modelling of turbine, drive train, electric machine and power converter
will be explained in detail. For all other components details can be found in the references above.

dc-source

turbine <”< :f::::::::::::::::::?‘

[ coo |

=R SRS

PMSM/ back-to-back filter PCC grid
EESM converter

Figure 2.1: Ouverview of the components of a direct-drive wind turbine system with PMSM or EESM.
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2.1 Turbine

The modelling of the fault-free components of a WTS starts with the turbine/rotor itself. There
are different ways of modelling a turbine (see [93-96]). As the focus of this thesis is on the electric
components of a WTS, the approach using a power coefficient is used. Hence, the turbine torque
can be calculated based on the wind power. The wind turbine extracts from the wind power

pw(vw) = Sprrivg,  (in W), (2.1)
the turbine power
pr(vw,wr, B) = cp(ow,wr, B)pw(vw)  (in W), (2.2)
related by the power coefficient

1 0.003
A B) == 0.73[151 _
cp(A. ) [ </\—0.02B 31

1 0.003
—13.2]- —184 — .
? } eXp( s (A—O.O%’ 53+1>>

The wind power depends on air density p (in Il;gg ), turbine radius r7 (in m) and (time-varying)

wind speed vy (in ). The power coefficient cp(A, ) = cp(vw,wr, B) is a function of the

tip speed ratio A\ := % (depending on turbine radius rp, turbine rotational speed wp (in
rad)
S

) —0.585—0.0023%1
(2.3)

and wind speed vy ) and the pitch angle 5 (in °). It is a mathematical approximation of
the aerodynamical behaviour of the wind turbine. For more details and limitations of this way
of modelling of the turbine (aerodynamics), see [3,4,94,96-99]. For this thesis, the model is

sufficient.
¥t /m

041
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Figure 2.2: Graph of the power coefficient for a 2 MW wind turbine.

The graph of a power coefficient® cp(), 3), as in (2.3), for a 2 MW turbine [4] is shown in Fig. 2.2.
The curve has its maximum value cpopt at Aopy and Bopt. cp decreases for increasing pitch angle

151 -1
3For Bopt = 0° cp (-, Bopt) has its maximum at Aeps := (18-41;113'2 +().()O3) ~ 6.91 with cpopt =

cp(Xopt, Bopt) = 0.441.




2.2. DRIVE TRAIN
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Figure 2.3: Approximation of pitch system.

B and tip speed ratios A veering away from Ao in positive and negative A-direction.
In view of (2.1) and (2.2), the turbine torque 77 (in Nm) can be expressed as

pr(vw,wr, B) (2.1) cp(vw,wr, B

pr =Ttrwr = Tr(ow,wr,B) = Q = %PTW%UI%V¥~ (2.4)
wr (2.2) wr

The pitch system allows to control the pitch angle 5 to its reference value Syer (in °). The

nonlinear dynamics of the pitch control system are approximated by [3]*

B = sat” (A(= B+ Bur)),

2.5

6 = sat89° (BQ), (2:5)
with unsaturated pitch angle f, (in °) and initial value 8 (0) = By > 0 (in °), where fpax > 0
(in g) and Tp (in s) are the maximally feasible change rate of the pitch angle and the (approx-
imated) pitch control system time constant, respectively. Figure 2.3 shows the block diagram
of approximation (2.5) of the pitch system. The underlying current, speed and position control
dynamics are neglected (for details see e.g. [51, Sec. 11.2]). The overall approximated dyna-
mics show the dynamic behaviour of a first-order lag system where output and change rate are
saturated.

2.2 Drive train

turbine machine /

generator
PT,WT,
Tr,TM

Figure 2.4: Drive train of a direct-drive wind turbine system.

The shaft of a direct-drive wind turbine system connects the turbine to the generator without
gear box (see Fig. 2.4). As the focus of this thesis is on the electric components of the wind
turbine system, the following assumption is imposed:

Assumption (AS.1) The shaft of the wind turbine system is assumed to be rigid. Hence,
turbine speed wr and machine speed wyy are equal, i.e. wp = wyr (both in %) The same holds
for turbine angle pp and machine angle oy, i.e. pr = war (both in rad).

4A simplification of the pitch system dynamics given in [94, Sect. 2.3, 5.5].
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SYSTEMS
Then, the drive train dynamics are given by
Swr = gt (tr + T — vrwr — fr(wr)) (2.6)
for = wr

depending on turbine torque 77, machine torque 73 (both in Nm), turbine inertia ©7, machine
inertia® @ (both in kg m?), linear friction coefficient vz (in l\igﬁs) and nonlinear friction torque®
fr (in Nm). wr(0) = wro and ¢7(0) = @7 are the initial values of the turbine speed and
turbine angle, respectively.

Remark 2.2.1. To obtain a more precise approxrimation of the drive train dynamics, many
publications recommend to model the drive train of a wind turbine system at least as two-mass-
system’ (TMS) (see [100]). As the drive train dynamics are not the focus of this work, modelling
with rigid shafts is sufficient. For details on the modelling of a wind turbine system with TMS,

see [1].

2.3 Electric machines

After modelling turbine and shaft, the two relevant types of electric machines for direct-drive
wind turbine systems—PMSM and EESM—are modelled. The models are chosen to be simple,
but to still cover all the relevant physical effects. Using these models, the physics can be emulated
in simulations and the mathematical models are used for the controller design. Hence, precise
modelling is indispensable for a good overall result.

2.3.1 General assumptions for machine modelling

For the analytical modelling of the overall electric machine (instead of modelling the electro-
magnetic processes in each finite element of the machine) some assumptions are necessary.
These assumptions are reasonable for the investigated electric machines (this can be seen by the
matching of simulation results and experimental results, e.g. see Sect. 3.2.3.3 or Appendix B.3).
Hence, following assumptions are imposed:

Assumption (AS.2) The machine is designed symmetrically. The windings of three-phase
winding systems are sinusoidally distributed over the surface with a electric shift of 120° and the
number of windings for each phase is equal. Harmonics are not considered.

Assumption (AS.3) The three-phase windings are star-connected. Hence, the sum of the phase
currents is zero.

Assumption (AS.4) Stator and rotor of the machine are laminated. Hence, eddy currents are
negligible.
Assumption (AS.5) Hysteresis effects are not considered.

Assumption (AS.6) Changes of the electric machine parameters with temperature, like resis-
tances and inductances are not considered®.

5Machine and turbine inertia may also comprise the respective inertias of shaft, etc.

5Not only the turbine, but also the electric machine and all elements of the drive train are affected by friction.
Here, all friction effects are summarized in v and fr. For details on modelling friction see [51, Chap. 11].

"For the modelling of a TMS see e.g. [51, Chap. 12].

8This assumption is reasonable, as WTS usually work for a longer period of time and are usually equipped
with a cooling system to regulate the temperature.
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2.3.2 Permanent magnet synchronous machine (PMSM)

In this section two analytical models of a PMSM will be derived. The nonlinear model is valid
for all types of PMSMs. The linear model is only valid for PMSMs especially designed to behave
linear?. The modelling of the PMSM is based on the ideas given in [51, Sect. 14.3.2]. For further
modelling approaches see e.g. [56,101,102].

Figure 2.5: FElectric equivalent circuit of the stator of a PMSM.

2.3.2.1 Nonlinear machine model

Figure 2.5 shows the electric equivalent circuit of the stator of a PMSM. The stator phase'® volta-

ges u® := (u2,ul,uS) " (in V)? depend on the stator resistance matrix R%¢:= diag(R?, R, RS)
(in Q)3*3, the stator currents 9% := (i%,4%,i¢)T (in A)3, the stator flux linkages ¥ :=

(2,42, )T (in Vs)? and the electric angle ¢p, (in rad) of the permanent magnet (see Fig. 2.6).
The stator voltage equation is given by

uabc _ Rgbciabc + %wabc (igbc7 QOpm) . (27)

S S S

The derivative of the flux linkage can be expressed as

be (zab be (zab ~ipm
d ,abe (zab 0 (zf; C’%m> be | VST (zfj i %m) T
Lapate (42, o) = digbe 4 4 Gom
ac¥s \'s ¥p 07 dits OPpm de 7P (2.8)
:ZLgbC(i?bcﬁOpm) :Tgbc(i?bcv‘Ppm)

9This implies higher production costs, due to e.g. usage of more expensive materials. As the PMSM in the
laboratory behaves linear throughout its whole operation range, the linear model will be used for this machine.

10T he stator line-to-line voltages are denoted by @ := (v, ubc, v T (in V)3.
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¥pm

C

Figure 2.6: Cross section of an isotropic PMSM (for one pole pair, i.e. n, = 1) with:
o stator windings (a,b,c)
o stator-fized coordinate system («,f3)

o permanent magnet oriented k-coordinate system (d,q)

by using directional differentiation with differential stator inductance matrix Lf;bc (in %)3“’,
permanent magnet induced voltages I'* (in V)? and angular velocity wpm (in %) of the
permanent magnet in the rotor.

The machine torque 7,,, (in Nm) calculates to (see [51])

. 1 1—+v3 1+43
S 1HVE 11— VB, ppm)
1—vV3 1+V3 1

(,l:abc ) _ sabc T
Tm\ls s Ppm) = TNp |

depending on stator currents %%, pole pair number np, flux linkage amplitude @@pm (in Vs) of

the permanent magnet and electric permanent magnet angle @pm.

Figure 2.6 shows the cross section of an isotropic PMSM with one pole pair. It shows the (three-
phase) stator windings (a,b,c) and the permanent magnet. The stator-fixed abc-coordinate
system is aligned with the three stator windings. The a-axis of the stator-fixed (orthogonal)
af-coordinate system is aligned with the a-axis of the abc-coordinate system. The d-axis of
the rotor-fixed (orthogonal) k = dg-coordinate system is aligned with the permanent magnet.
Hence, the dg-coordinate system is rotating.

Transforming equations (2.7)-(2.9) into permanent magnet flux linkage orientation (commonly

12
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known as field orientation), the k = dg-reference frame (see Fig. 2.6), using the reduced Clarke
transformation and the reduced Park transformation (with reduced Clarke transformation ma-
trix T, and reduced Park transformation matrix T}, see Appendix A) and choosing the transfor-
mation angle to ¢ = ppm with its derivative wy = %g@k = wpm leads to (see [51, Example 14.24])

ult = RU(py)id0 + Spdt (i) + wpJypde (09 (210)

with transformed stator voltages ud? := (u?,u?)T (in V)2, stator currents i := (i¢,i?)" (in
A)?, flux linkages 9% := (y¢, 497 (in Vs)?, rotation matrix'’ J and stator resistance matrix
qu (in ©)2*2, which depends for different line resistances R, RZ, R¢ on the transformation
angle @y (see [103]).

Assumption (AS.7) The stator resistances in each phase are equal and constant, i.e.

Ry:=R*=R‘=R°>0 (inQ)

Expressing
dq (;dq . .
dgpda(da) = M dgdg _ Laf(dy)  Le(a) 4 jda (2.11)
WIS g At ity pgo(adn ] a0
N———
=:L39(id7)

in terms of differential inductances and invoking (AS.7), (2.10) simplifies to
ull = R, + L%(399) L4399 4wy Jp?(399). (2.12)
The machine torque 7,,, (in Nm) in dg-reference frame is given by
2 T
d, d, dq (zd
Tn(i47) = 5 mp (i7) TP (2.13)
and depends on the scaling factor x of the Clarke transformation, see Appendix A.

2.3.2.2 Linear machine model

For an isotropic PMSM with linear flux linkages (neglecting saturation), the stator flux linkages
% simplify to (see [51, Example 14.24])

wn(it) =[G |

=L%=[,I,

1% 4 Pom (é) : (2.14)

with constant stator inductance L (in %) Solving (2.10) for the derivative of the current 5%

and invoking Assumption (AS.7) leads to the current dynamics

. 2.10 . . A 0
%'qu (210) % ugq — Rszgq — kaSngq — WrVpm
(2.14) s 1 215
(2.15)
(2&3) 2 2 -q
Tm (234) 32 npwpmlga

HEor details on the Park transformation see Appendix A; J = [(1) _01:| .
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sabc

of an isotropic PMSM with linear flux linkages with initial currents i49(0) = Tp_1 (pr(0)Teis g =
i% (in A)2
s,0 .

2.3.3 Electrically excited synchronous machine (EESM)

The second machine type typically used in direct-drive W'TS is the electrically excited synchro-
nous machine. The modelling will at first be conducted for the most general case, an anisotropic
(salient-pole) nonlinear EESM with damper windings. Afterwards the model will be reduced
for an anisotropic nonlinear EESM without damper windings, usually used for speed-variable
drives. The modelling of the EESM will be conducted in a similar manner as the modelling of
the PMSM.

15}

a o

Cr

Figure 2.7: Cross section of an anisotropic (salient-pole) EESM (for one pole pair, i.e. n, =1) with:
o stator windings (a,b,c)
o rotor windings (ar,b,,c;,)
o excitation winding (e)
o stator-fized coordinate system («, f3)
o rotor-fized coordinate system (o, 3,)

o excitation-oriented coordinate system (d,q)

2.3.3.1 Nonlinear machine model with damper windings

Figure 2.7 shows the cross section for such an EESM with one pole pair. It shows the three win-
ding sets, the (three-phase) stator windings (a, b, ¢), the (three-phase) rotor windings (a,, by, ¢,.),
and the excitation winding (e). For the stator-fixed (orthogonal) a/f-coordinate system, the
a-axis is aligned with the a-axis of the stator. For the rotor-fixed (orthogonal) . 3,-coordinate

14
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ar b o a
br tr br R Ewe
1 —_—
a b c e e
RTT a RTT b RTT c
urr urr urr
d par iwbr d ner Ue
dt *'r dt T dg *'r
(c) Exciter.
(b) Rotor.

Figure 2.8: Electric equivalent circuits of the EESM.

system, the «a,-axis is aligned with the rotor a,-axis. The d-axis of the excitation-oriented (ort-
hogonal) dg-coordinate system is aligned with the excitation e-axis. The electric angle ¢, (in
rad) is the angle between stator a-axis and rotor a,-axis. The excitation angle . (electric) is
the angle between stator a-axis and excitation e-axis. The electric angle ., is defined as angle
between rotor a,-axis and excitation e-axis.

In Fig. 2.8 the electric equivalent circuits for stator, rotor and exciter are depicted. The stator
of the EESM (see Fig. 2.8(a)) has the same equivalent circuit as the PMSM, see Fig. 2.6. The
damper windings in the rotor (see Fig. 2.8(b)) are modelled as a short-circuited three-phase
winding set. The excitation is a single-phase system (see Fig. 2.8(c)). Based on the electric
equivalent circuits in Fig. 2.8, the basic equations for stator, rotor and excitation dynamics can
be derived as follows

be _ be ;ab d be ( zabc sarbrer

ugbe = R 4 Saprte(ighe it i,

u?rbrar — Rgrbrcr igrbrcr + % grbrcr (igbcji??“bTCT,iejgpe) (216)
AN d .abc ca.-b .

Ue = Re(ZS) le + E¢e (’lg C¢II’?T TCT7267 806) )
with stator voltages u®¢ := (u% u,u$)T (in V)3, rotor voltages w2 = (ud ubr uér)’
(in V)3, excitation voltage u. (in V), stator resistance matrix R®¢ := diag(R%, R%, RS) (in
Q)3%3 rotor resistance matrix R’ ¢ .= diag(R%, Rt R") (in Q)3*3, (excitation current
ie dependent) e;{citation resistance R, (in Q), stator currents %% := (%,4%,i¢)T (in A)3, ro-
tor currents 42rP¢r := (3% 40 §¢)T (in A)3, excitation current i, (in A), stator flux linkages

e = (42 %, )T (in V)3 with initial flux linkage values ¥%¢(0) = 7,[}‘;’%0, rotor flux linka-
ges Prorer .= (Yo opbr )T (in Vs)® with initial values %< (0) = ¢g,robrcr, excitation flux

linkage 1. (in Vs) with initial flux linkage value ¢¢(0) = 1c o and electric excitation angle ¢,
(in rad). Based on the electric equivalent circuits in Fig. 2.8, the EESM in (2.16) has to fulfil
the following constraints

VE>0: i) +ib(t) +iS(t) = 0,
i () + iy () + i (1) = 0, (2.17)
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Rewriting (2.16) in matrix-vector notation, by introducing the overall quantity vectors 3%%¢ :=

(ingSC.s’,i?rbTCr’ie)T’ uabc — (utslsbscs’u?rbrcnue)'r’ ,‘/Jabc — (,l'bgsbscs’,"bg,.brcr’d)e)'l' and Rabc —
diag( R’ Rbrer R,), leads to

uabc _ Rabc(ie> iabc + %wabc@-abc’ 806)- (2.18)

Transforming (2.18) into the orthogonal af~y-reference frame, by using the extended Clarke
transformation and its inverse (see Appendix A.1)

Tc  Os3x3s 03x1 T;' 0345 0341
Tc:=103x3 Tc 03x1 |, To' = | 0343 T;h 0341 |, (2.19)
O1x3 01x3 1 O1x3 01x3 1
yields
TC uabc _ TC Rabc(ie) iabc + 7-'0 %,l'babc(,iabc7 SOe)

Al
= uaﬁy ( :12) TC Rabc(ie) TC—I ,L'ocﬂv + % (TC ¢abc(7~c—1ia67’ @e))

:ZRaﬁW(ie) ::waﬂw(ia/377@5)
S Wt = RGP+ S ) (2:20)

In a next step the system will be transformed into the excitation oriented dqo-reference frame.
While the excitation quantities do not have to be transformed at all, the stator quantities have
to be rotated by the (time varying) angle ¢, (with its derivative w, = %@e (in %)) and the
rotor quantities by the (constant) angle ., (see Fig. 2.7).

Applying the extended Park transformation matrix and its inverse (see Appendix A.2)

Tp(pe) 0O3x3  0O3x1 Tﬁl(%) 033 03x1
TP(SOe) = 0343 TP(QDer) 03x1 s TISI(SDe) = 03x3 Tjgl((yper) 03x1 (221)
O1x3 O1x3 1 O1x3 O1x3 1

to (2.20), leads to
Tr'(pe)u™ = Tp'(e) R(ie) i + T (pe) G177, 0e)
o (A2.15 _ o . .dgo — o -dqo
=t O 7 ) R ) Tilee) 490+ 5 (0) 9% (Trleo)i™, o)

=:RY° (i, 0.) (A.2.15) d . d .
21 e 119°) - § (T3 (00) 9016 0)

= R, 00) % 4 910 (67°) — & (T (00)) w6977, 00
N———

A.2.
( 2:13>_w6‘7dqo TI;I(S@e)

— qua(ie’ ()06) ,L'dqo + %wqu(iqu)
+we T TR ) ¥ (T (0e)i™, )

::,lpdqo(idqo)

- udqo _ quo(ie’ 906) idqo + %,lpdqo(idqo) + wejdqo ¢dqo(idqo) (2‘22)

16
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where

(2.23)

jdqo — |jLS><3 03><4‘|

O4x3  O4xa

and dao s +d
. OPpT(i™) g .
%,d)qu(quO) - i %ldql’_ (2.24)
N —’

::quo (,idqo)

Using additional knowledge about the EESM, the zero component in (2.22) is not necessary any
longer and a reduced-order model can be derived. The following assumption is imposed:
Assumption (AS.8) The resistances in each stator and rotor phase are equal and constant,
respectively, i.e.

Ri:=R*=R=R‘>0 and R,:=R™ =RV =R >0  (all in Q).
Remark 2.3.1. Assumption (AS.8) makes R independent of @, i.e.

(AS:8)

R (i) RY(ig, pc) (2.25)

Remark 2.3.2. Assumption (AS.2) causes the fluzx linkage derivatives to sum up to zero, i.e.
VE>0: Sl + S + Svi) =0, Sl () + S () + $er () = 0. (2.26)

Combining this with Assumption (AS.8) leads to

(AS.2)
V>0 “t) +ud(t) +ul(t) = 2.27
200 w0+l + ) o 0, (227)
on the stator-side and to
(AS.2)

VE>0: @) +ulr (t) +ulr(t) =0 2.28
200w+ )+ (2o, (2.25)

on the rotor-side. So for the rotor voltages follows
Vi 0. wr () =utr ) =uer () 2o, we>o, (2.29)

see [102, Chap. 1.8]. This leads to u(t) = 0y for all t > 0 in the dq-reference frame.

In view of Assumption (AS.2), Assumption (AS.8) and Remark 2.3.2, the zero components in
(2.22) are not necessary any longer and can be neglected. Hence, (2.22) reduces to

u™ = RM(i.) 3% + Lap1(37) 4 w, T 4p™ (397) (2.30)

with reduced-order vectors and matrices

u s it Pg9(i%)
wl = 0y |, %= [dd0 ], T = |17 |,
Ue Z.e we(idq) (2 31)
. [ReIs 0oxz  0ax1 7 o .
RY(i) := |Oax2 RyIz 02y |, J%:= [03 OQXS] .
|01x2 O1x2  Re(ic) @ e
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Replacing
: oy (i) .
%quq(qu):iai i i (2.32)
—_——
—.L% (i)
by the representation with differential inductances, (2.30) can be written as
u = RY(j,)i%™ 4 L(3%) L4397 4 pda(399 w,) (2.33)
where
L?Z(ijq) L‘iq(’ijq) L?g(ijq) L??(ijq) LS. zjq)
day rdqy (2:32) O™ (477) Lgld(l-dq) qu(z-dq) L%Zz(z-dq) ngig(z-dq) L%e(?dq)
L q(z q) = W =: Lrs(z q) Lrg('l’ q) Lr (7’ q) qu(z q) Lre('l’ q) )
Lgd(a™)  Lga(i™)  L47(6%0)  L99(s™) L4, (i7) (2.34)
L&) LE(")  LE(8%)  LE(6%)  Le(i)
. dgy (2 Jpd9(i%) 03,3
T390  w,) := we T Yapda (3% (231) s x
( e) e HHHE) 032 03x3

are the differential inductance matrix and the matrix of the flux linkage induced voltages, re-
spectively. (2.33) now provides a relation between the voltages u% of the EESM, the currents
i% in the EESM (states) and the rotational speed w,. The matrices R™, L9 and I'% only
depend on i% and w,, but do not depend on e any longer.

The torque calculates to

(%) = gZam, (199 Typa(i®). (2.35)

3K2 E

2.3.3.2 Reduced-order model without damper windings

For variable-speed drives usually EESMs without damper windings are used. The reduced-order
model for an EESM without damper windings can be derived from (2.33) by neglecting the
damper /rotor entries in the vectors and matrices. The model can be written in a more compact
form

w = R(ie)i + S9(3) + weTsxs(3), (2.36)

with simplified vectors and matrices

ul id 4(3)
we () = L] = (F)= (). wor= (%9 = i
T Ue - s ’ T ’l'e o ‘S ’ ’l)b( ) o 11[}6(1’) - . ) ’

Ue le el
vel (2.37)
i R 0 0
RG) = B 0 |10 R
Tl RG] g Rl
Inserting
L 0Y(i) 4.
Fv() = aﬁ ) &b (2.38)
=:L(%)




2.4. POWER CONVERTERS

into (2.36), yields

u= R(i)i+ L(i)$i+ (i, we) (2.39)
where
; L) 1% L3(i) L§e(i) Lg(4)
L(z) = 8150 | (19 .()T I (.)] = | L) L99(3) LL(3)]|,
' (@) L@] LG a6 L
. ) (2.40)
I(i,we) = (“’6" e @) ARG
0
The torque calculates to
(i) = g2y (i87) ' J). (241)

A step-by-step explanation, how the parameters of model (2.39) with (2.40) can be estimated,
is given in Appendix!? B.

2.4 Power converters

Power converters are used in electric drive systems, to transform a dc-voltage into a three-phase
ac-voltage with variable amplitude and frequency. The state-of-the-art 2-level voltage source

converter (VSC) consists of six power switches and parallel diodes.

ideal converter with diodes

idc,x
Y iae |Sx Dy s Db s D¢
ix
Ude | —— >

zf( >
ix
a a b —=b C =cC
Sx Dy Sy D, Sk Dy

Odc

T

Figure 2.9: Converter with ideal switches and parallel diodes.

Sgbc = (Sg !,b L,C,)T

Figure 2.9 shows a converter with ideal switches and parallel diodes without connected load.
The switches are denoted by S, the diodes by D. A bar above the symbol [J denotes an element
(switch or diode) in the lower branch; an element without bar is in the upper branch. The

({3}

superscripts a, b, ¢ signify the branch of the switches and diodes. The “x” in the subscript

2Due to readability reasons, this is not explained here, but in the Appendix.
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Won

denotes the connected load and can be replaced e.g. by “s” when connected to the stator of an
electric machine. The currents igc , i%, i% and i are defined with positive direction towards the
terminals Uy, Vi, Wy. ui’b, ui‘c and u$® are the voltages between the terminals Uy, Vi, Wyx. The
switching vector s2¢ provides the switching states of the converter. More details will be given
in the following sections.

For the modelling of the VSC, following assumptions should hold.

Assumption (AS.9) The load of the VSC' is delta or star connected with floating neutral point,
such that the sum of all currents is zero, i.e. i%(t) +42(t) +iS(t) = 0 for all t > 0.

Assumption (AS.10) The switches and diodes are assumed to be ideal elements; e.g. on-
resistance or threshold-voltage are neglected.

Based on these assumptions, in the next sections, the diodes and switches are analysed separately
as diode rectifier (only diodes) and ideal converter (only switches). For the fault-free converter,
the diodes do not have to be modelled (see Sect. 2.4.2). But for a converter with open-switch
fault, the diodes are relevant and have to be considered in the modelling (see Sect. 2.4.3.1). To
simplify matters, the diode rectifier will at first be addressed separately.

2.4.1 Diode rectifier

For applications in electric drives, the diode rectifier is often used to supply a dc-link with power
from the three-phase grid (see Fig. 2.10). Instead of state-of-the art modelling, where the line-
to-line voltages u% ¢ are considered as input and ug. as output, the modelling approach here
applies this vice-versa. This is done in view of the converter modelling with open-switch fault in
Sect. 2.4.3.1. For ideal diodes, the switching state of a diode (conducting ON or blocking OFF)
only depends on the sign of the current in the respective branch (e.g. i% for diodes D and D).
For a positive current i% > 0, the diode D is conducting and D2 is blocking. For a negative
current 7§ < 0, the diode D{ is conducting and for a zero current i = 0, the diodes work as
voltage divider!3.

diode rectifier

idc,x

Viee |DXAN DY AN DEAN

Udc | ——

\/

.
o

4

S
® o

0Odc

Figure 2.10: Diode rectifier.

3Details on this modelling for i% = 0, its validity and limitations will be discussed in Sect. 2.4.3.1.
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Using the function

1 f<o1(z1)
fao: RT"=RY a:= |2 | = foola) = | foilzi)
‘ ; (2.42)
Tn f<0,n(xn)
1 , Ty < 0
where fai(zi) =<3 J2;=0, ie{l,-- ,n}
0 , Ly > 0.
the dc-link current iqcx can be calculated to
; -abc T -abc
tex = ('Lx ) J<o ('Lx ) . (2.43)

Introducing the voltage wug,. (in V) at the potential 04 of the dc-link capacitor, the dc-link
voltage ug. (in V), the voltage u,, (in V) with w € {Uy, Vi, Wy} at the terminals Uy, Vy, Wy for
each phase z € {a,b,c} can be calculated'* to

Ude + Uy, ;12 <0
Ugy = %udc + Ugy, 71'2 =0 (244)
Uy, ;17 > 0.

Invoking matrix-vector notation and using f_, yields

Uy,
— _ <ab
quwax T uvx - udCf<0 (Zi C) + 13u0dc' (245)
Uy

x

The line-to-line voltages are then given by

ua—b
s . (A.3.22)
ultc = | ube = Ty vy, v,
us®
(A.3.22) -1 0
3 1 -1 (udc foo (ifgbC) T 13u0dc) (2.46)
@45 1 1 0 1
1 -1 0
= uge |0 1 —1| f (ng) .
-1 0 1

As usually an electric grid or an electric machine is connected to the terminals Uy, Vy, Wy, the
following assumption is made:

Assumption (AS.11) The load of the converter is symmetric, i.e. u®(t) +ub(t) + ul(t) =0
for allt > 0.

" According to Assumption (AS.10), the forward threshold voltage is neglected. wuqc and the amplitudes of

w2 are for electric drive applications usually much bigger than the threshold voltage.
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Assumption (AS.11) allows to transform the line-to-line voltages into phase voltages as follows

A.3.24 _ 1.~ (AS.11 —
wghe M2 (i) gt U2 (1) 7 T g,
(2.46)
2 _1 _1
(A:3.22) T S
a32) |_1 % P T (2.47)
3 3 3
ea5) uge | 2 L 7}
i RS P CO)
-1 -1 2

The validation of this modelling approach will be provided implicitly by validating the open-
switch fault converter model in Sect. 2.4.3.2.

2.4.2 Converter

Figure 2.11 shows an ideal converter. In the fault-free case for a star-connected (see Assump-
tion (AS.9)), symmetrical load (see Assumption (AS.11)), the output voltages of the converter
u?t¢ depend only on the switching vector s2¢ = (s2,5%, s¢)T and the dc-link voltage ug. [4].
A "1" in the switching vector s%*¢ means the upper switch is closed. A "0" represents a closed
lower switch. For example, the switching vector s2¢ = (1,1,0)" yields closed switches 8%, S?

and S;. The negated switching vector is given by

sobe — 13 — 2%, (2.48)

ideal converter

idc,x [ [ [
. Sa b Sc
\ dc x sx X
i%
Ude | —— >

8 >
is

52 ‘ s 5¢

Odc

Sx

T abc = (Sa b C)T

Figure 2.11: Converter with ideal switches.

The line-to-line output voltages can be calculated as follows (see [4])

1 -1 0
u =g | 0 1 —1| 8% (2.49)
-1 0 1
Using Assumption (AS.11), the phase voltages u®® = (u,u?,u¢)T can be derived from the
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line-to-line voltages as

abe (AS.11) *\—1  a-b-c
S11) 2.50
X (A.3.24) ( ltl) Uy ( )
2 -1 -1 -2 1 1
(A3.23) Ude | 4 o | gabe 248) Ude | 5 | gabe (2.51)
40 3 | | 4 o 311 1 _a|

The dc-current is given by (see [4])

T T
- _ [ zabc abe (AS:9) __gabc) = —gabc
idex = (zx ) se 18) ( iy ) 53C. (2.52)

2.4.3 Converter with open-switch fault

The basic idea of the presented modelling of a power converter with open-switch fault, was
already published in the article [2]. For the relevance of this fault recall Sect. 1.1.

To analyse the impact of open-switch faults on electric machines and drives, a model of a faulty
converter is needed. In [104-107] such models are proposed. However, these models are only
given for a fault in only one specific switch and the models determine the phase voltages of
the electric machine connected to the faulty converter by using so called “pole voltages” of the
converter. If there is an open-switch fault in one of the switching devices, a deviation in the pole
voltage of the respective phase occurs which affects all three phase voltages. The pole voltages
are, however, a rather unintuitive quantity compared to, for example, the switching state of
the power electronic devices or the phase voltages of the machine. Moreover, the use of pole
voltages in simulations makes the converter model complicated. Additionally, the computation
of the dc-current i4cx at the dc-link capacitor is neglected (see Fig. 2.9). Therefore, a more
comprehensive model of converters with open-switch faults is needed which:

abc
X

a-b-c

¢ and phase voltages u

e computes line-to-line voltages u

abc

o depends on switching state s2°¢,

o allows for faults in each switch and
« considers the calculation of the dc-current iqc x.

Such a model will be derived in the following section. It will be based on the following two
assumptions:

Assumption (AS.12) [t is assumed that only one switch is faulty at a time. The switch does
not close, regardless of the corresponding switching signal (open-switch fault).

Assumption (AS.13) The corresponding diode to the faulty switch is undamaged and still
works properly™®.

2.4.3.1 Switching model

The idea of modelling a converter with open-switch fault will first be explained for a fault in S
and afterwards a general model will be presented.

Figure 2.12 shows an ideal converter including free-wheeling diodes and a three-phase load
consisting of resistances, inductances and voltage sources (e.g. an electric machine). For an
open-switch fault in S¢, the only remaining path for the current in the upper branch is using

15This assumption is reasonable according to [50].
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ideal converter with diodes load (electric machine)

» Py o

Ux : :
D’ Sg DY

idc,x

Y |S% DZ s

Ude | ——

wo Y
<
%

.

2 b
-~ -~ -~ Xi u eC
5 D siﬁni s oo | | w, * e

Odc

ngihc = (5;17 S?(v S;)T

Figure 2.12: Converter with ideal switches, parallel diodes and load (e.g. electric machine).

diode D%. As the conducting behaviour of the diode depends on the sign of the current i¢ (see
Sect. 2.4.1), the output voltages of the faulty converter also depend on it. There are three cases,
(i) 1% <0, (ii) ¢ = 0 and (iii) ¢¢ > 0. Figure 2.13 shows the equivalent circuits for each case (i)-
(iii) for an open-switch fault in S¢ and switching vector s%%¢ := (1, 1, 0)T. Conducting devices
(switches and diodes) are omitted and displayed as conducting paths. Hence, only blocking
devices are depicted. Converter and load were redrawn and differ from the presentation in
Fig. 2.12 to emphasize the voltage drops at the branches of the load. For simplification, the
load is just represented by inductances. It can be observed, that for ¢ < 0, the converter shows
the same behaviour as without fault. For i{ = 0 and ¢ > 0, the behaviour deviates from the
fault-free case. For a fault in 8¢ and a switching vector s2¢ := (1, 1, 0) ", the output voltages!'6
become (see Fig. 2.13)

e o ;2”‘10)T for i¢ < 0
3 3 3 - ) X
uibc _ (0’ ugc’ —Tédc) , for 7;?( =0 (253)
(—_“dc 2udc —_“dC)T for ¢ >0
3 3 3 ) X :
Generalizing this insight for all admissible switching vectors s2¢ € {(O, 0,007, ..., (1,1, 1)T},

for an open-switch fault in 8¢, the relation in (2.51) has to be extended. The converter output

16The load can be imagined to act as voltage divider. For ¢ = 0 the potential of the star-point of the load and
the potential of terminal Uy are equal. For the connected load in Fig. 2.12, this holds for eg = 0 and %ifﬁ =0 (ie.
no voltage drop over the inductance). Depending on state and kind of the connected load, also cases of ig = 0 and
uy # 0 are possible. Hence, the imagination of the voltage divider does not hold any longer. But for these cases
the model stays only for an infinitely small time instance at iy = 0. Before and afterwards, the current is iy < 0
or ig > 0. For these currents, the modelling holds in any case. Hence, a possibly incorrect simulated voltage
u2% for i¢ = 0 has no impact on the overall current evolution. So this modelling approach secures a simple and
modular modelling of a converter with open-switch fault for investigations on the system level (e.g. converter and
electric machine), see agreement of simulation and measurement results in Sect. 2.4.3.2. For a detailed modelling
of the switching transitions of an converter with open-switch fault, this model should not be used. But in this
case also Assumption (AS.10) does not hold.
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15 < 0:

15 > 0:

Figure 2.13: Impact of an open-switch fault in S on the equivalent circuit of a symmetric electric three-
phase load when switching vector s®¢ = (1, 1, 0)T is applied for i < 0 (top), i® = 0
(middle) and i > 0 (bottom); conducting diodes and switches are displayed as conducting

path.
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voltages are then given by [2]
03x3, for i <0
-1 0 0]
9 1 _1 % 0 0f, fori®=0
ult="e | 11 2 —1| 44 L2 0 0] sabe (2.54)
-1 -1 2
-2 00
1 0 0], forig >0
1 0 0
:Zssg(ig)

Like the relation between output voltage u®¢ and dc-link voltage uq. depends in the faulty case

X
on ¢, the same holds for the relation between iibc and iqcx. For an open-switch fault in S§ and

abc

e.g. switching vector s := (1, 1, 0)7, the dc-link current is given by (see Fig. 2.13)

> (2.55)

- {ig—i—ii, for i < 0
c,X — .
iy, for ¢ > 0.

Generalizing this for all possible switching vectors, extends the relation given in (2.52) to

03><3, for ZZSO
100
idcx—(z“bc)T 01 0f+¢ |-1 00 sabe, (2.56)
’ ) 00 1 0 0 0], fori>0 )
0 00
=:Rga (i%)

Generalizing all these relations for faults in all switches and all possible switching states, leads
to the comprehensive model

it — Ude Qy(zf() sﬁzc for fault %n upper sw'itch (2.57)
uge Qy(i3) 3%°¢  for fault in lower switch
abe “de S, (i%) s%¢  for fault in upper switch (2.58)
uy = .
* Ue G (i2) 895 for fault in lower switch
i“bC)T R, (i2) s2% for fault in upper switch
* o (2.59)

e (i“bc>T R,(i?)3%¢ for fault in lower switch
X Y\¥x X

with y € {SQ,SQ,Si,gi,gi,gi} and z € {a,b,c}. The matrices Q, for calculating line-to-line
voltages and S, for phase voltages are listed in Tab. 2.1. The matrices R, to calculate the
dc-current iqc x are listed in Tab. 2.2.

Remark 2.4.1. The model of the faulty converter is derived for an amplitude correct scaling of
the Clarke transformation (i.e. kK = %) For details and impacts of this choice see Sect. 3.2.1.1
and Appendix A.1.
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Table 2.1: Voltage model of a faulty converter with switching matrices Q, (for calculating the line-to-
line voltages) and S, (for calculating the phase voltages) for faulty switches S, st s¢ or

a =b =Hc
Sy, Sy, Sy
W = g @, (77) s
_ _ _ab _ _ _
y=98%,z2z=a y=98,z= y=98,,z=c
1 -1 o0 1 -1 o0 1 -1 o0
Q, (iZ2 < 0) o 1 -1 o 1 -1 o 1 -1
-1 0 1 -1 0 1 -1 0 1

ui e = ugeQ, (i2) 53
b
y=S.,z=a y=89S,,2=> y=S,,z=c

-1 1 o -1 1 o0 -1 1 o0
Q, (i7 > 0) |:o —1 1] |:o —1 1] |:o —1 1]
10 -1 1 -1 10 -1
(AS.11) _1 . .
ud U= wge (Try) - Q,(33) s8¢ = "4=8, (i3) s¥
y:Si,Z—a y—Si,Z—b y_S)cmZ:C
2 -1 -1 2 -1 -1 2 -1 -1
S, (iZ < 0) |:—1 2 —1] |:—1 2 —1] |:—1 2 —1]
-1 -1 2 -1 -1 2 -1 -1 2
1 -1 -1 2 7% —1 2 1 7%
Sy (iZ =0) -1 2 -1 1 -1 -1 o2 -1
-3 -1 2 -1 -1 2 -1 -1 1
o -1 -1 2 0 -1 2 -1 0
S, (iZ > 0) |:0 2 1] |:1 0 1] |:1 2 0}
0 -1 2 -1 0 2 -1 -1 o0
(AS.11) -1 2\ =ab -2\ =abe
ud® = g (Try) ™ Q (1) 3¢ = 428, (i) 33°
— 7b —_
y=Sy,z=a y=S,,z2=b y=S,,z=c
o 1 1 -2 0 1 -2 1 0
S, (i <0) {0 —2 1 ] |: 10 1 ] { 1 -2 0]
o 1 -2 1 0 -2 11 o0
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Table 2.2: Dc-link current model of a faulty converter with switching matrices Ry for faulty switches

— b =
se, sb, s¢ orsy, S, S..

=
. .abc . b
iaes = (i) Ry (i7) s2*

y=8%z=a y=8tz2=b y=s{z=c

1
oo
oo
==

—

2.4.3.2 Model verification

For the verification of the mathematical model of a converter with open-switch fault, simulation
results (using the model derived in Sect. 2.4.3.1) are compared with measurement results. The
converter is connected to the stator!” of a PMSM that is current controlled (see Fig. 2.12). The
PMSM is connected to a speed controlled reluctance synchronous machine (RSM) (for details
see Sect. 4.1.2). Three simulation and measurement experiments have been conducted:

(E2.1) Open-switch fault in S¢ for a PMSM in motor mode.
(E2.2) Open-switch fault in 8¢ for a PMSM in generator mode.

(Eg.3) Open-switch fault in S; for a PMSM in generator mode.

Figures 2.14-2.16 show results for open-switch faults comparing simulation and measurement
results. In Fig. 2.14 (Experiment (Eg.1)) and Fig. 2.15 (Experiment (Eg2)), switch S¢ of the
upper branch is faulty during motor and generator mode of an electric drive, respectively. In
Fig. 2.16 (Experiment (Eg3)), switch St of the lower branch of the converter has a fault (see
Fig. 2.12). In each figure, the first subplot shows the mechanical speed wy,. The speed varies,
due to the varying torque of the PMSM due to the open-switch fault. The second subplot shows
the currents i¢ and ¢ and their references. The lower subplot shows the currents i%, i%, i¢.

Experiment (Eg1): The lower subplot of Fig. 2.14 (motor mode) shows, that only the negative
half-wave of ¢ is feasible; ¢ cannot become positive. Due to the star connection of the PMSM
(i.e. i +14% +4¢ = 0, see Assumption (AS.3)), also the currents % and i¢ are affected by an
open-switch fault in phase a. Hence, also the sinusoidal waveforms of ig and ¢ are distorted.
The second subplot shows the machine currents in the dg-reference frame. Both currents do not
follow their reference values and do oscillate. While the currents oscillate during the expected
positive half-wave of 1%, their values are almost constant during the negative half-wave of ¢¢. But

Hence, the index “x” for naming switches, diodes, voltages and currents will be changed to “s”.
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Figure 2.14: Ezperiment (Eq1): Comparison of simulation and measurement results for an open-switch
fault in S¢ for a PMSM in motor mode.

still, both currents cannot track their reference values during the not fault-affected (negative)
half-wave of 2.

Experiment (Eg22): In Fig. 2.15, i is negative and the PMSM is operated as generator. In the
lower subplot, it can be seen, that ¢ is not zero anymore during its positive half-wave. This is
due to the induced voltage in phase a of the machine operated in generator mode (a detailed
explanation for this will be given in Sect. 3.3.1.4). Although the waveform of ¢ is now slightly
improved compared to motor mode, ig and 4? still oscillate and deviate from their reference
values even during the negative half-wave of 2.

Experiment (Eg3): Figure 2.16 shows the behaviour of the system for an open-switch fault in
§§. The speed is increased to wp, ef = 100 %. Hence, the frequency of the currents is also
increased. As expected for a fault in S, the negative half-wave of i% is not feasible. Also for this
case oscillations in i¢ and i¢ occur during the not feasible half-wave of i¢ and deviations from
the references for the feasible half-wave are still present.

For all three experiments, as shown in Fig. 2.14-2.16, simulation and measurement results do
coincide, which underpins that the mathematical model derived in Sect. 2.4.3.1 is capable of
describing the physical behaviour of a converter with open-switch fault with sufficient precision.
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Figure 2.15: Ezperiment (Eq2): Comparison of simulation and measurement results for an open-switch
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Figure 2.16: Ezperiment (Eq.3): Comparison of simulation and measurement results for an open-switch

fault in S, for a PMSM in generator mode.
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Chapter 3

Control of large-scale direct-drive
wind turbine systems

dc-source m ——  —

,,,,,,,,,,,,,,,,,,,,, |
turbine <“< |

|
| |
|
N 1
PMSM/ : | back-to-back :
L !
F I
|

EESM converter filter PCC grid

NETIEEE

Figure 3.1: Overview of the components of a wind turbine system with PMSM or EESM including control
system and operational management.

This chapter is partially based on [2-4] where parts were already published. Figure 3.1 illus-

trates the core components of a wind turbine system with its control system and operational

management. For control of the turbine, pitch angle 5 is measured and can be controlled by

changing its reference f.f. For the mechanical system, machine angle ;s and rotational speed

wys are measured'®. The electric machine can be controlled by the switching vector s2%¢ of

the machine-side converter and the reference excitation current it (only for EESMs). The
-abc

available measurement signals are the stator currents ¢2°° and the excitation current i, (only for
EESMs).

In the following sections, the control systems of wind turbine and electric machines (PMSM and
EESM) without and with open-switch fault in the machine-side converter are explained.

8Note that for direct-drive WTS with rigid shaft holds par = @71, wy = wr.
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3.1 Wind turbine control

PT,nom -

pPT

1
VW,cut,in VW,nom VW,cut,out

vw
Figure 3.2: Wind turbine operation regimes.

Depending on the wind speed vy (see Fig. 3.2), the wind turbine system operates in one of at
least four regimes of operation.

e Regime I (v < vwcut,in): For a wind speed vy smaller than the cut-in wind speed
UW,cut,in (in %) no power is produced.

e Regime IT (vwcutin < vw < Uwnom): The turbine power pr is smaller than its rated

value prnom (in W) and the control objective is to extract the maximum power.

« Regime III (v nom < vw < UWcut,out): The turbine power is at least the rated value of

the turbine (i.e. p7 > Prnom). The control objective in this regime is to limit the turbine
power to its rated value.

o Regime IV (v cutout < vw): For a wind speed vy larger than the cut-out wind speed
UW,cut,out (N %) no power is produced.

In both active regimes (regime II and regime III) the control objectives are fulfilled by a com-
bination of controlling the pitch angle § and the machine torque 73;. Figure 3.3 depicts the
control strategies for regime II and regime III:

pitch control Prot = Bopt = pitch control Bret
—  ——— —
(goal: B = ,Bopt) (goal: wT :WT,nom)
wr speed / torque TM,ref = torque control TM,ref =
—_— control — (goal: —
(goal: MPPT) | —kpw? TM = —TT,nom) | —=7TT,nom
(a) Control strategy for regime II. (b) Control strategy for regime III.

Figure 3.3: Control strategies for (a) regime II and (b) regime III (based on Fig. 4 in [7]).

32



3.1. WIND TURBINE CONTROL

Regime II: The control objective is to extract the maximal power i.e. maximum power point
tracking (MPPT). The pitch angle is controlled to its optimal value, i.e. [Bres = Bopt- The
rotational speed of the turbine is controlled by the nonlinear control law Tas er = —k}gw% (in
Nm) to achieve convergence to the optimal tip speed ratio Aopt, where the power coefficient cp
has its maximal value cpopt (see graph of the power coefficient in Fig. 2.2). For more details
on the nonlinear controller, its derivation and a stability analysis see [4], [96, Ch. 8], [108] and
[109], respectively.

Regime III: The control objective in this regime is to limit the extracted turbine power to its
rated value. The speed control problem is shifted to the pitch controller. If the turbine rotational
speed exceeds its nominal value, i.e. wr > W7 nom, the pitch angle 8 must be increased to decrease
the power coefficient cp (see graph of the power coefficient in Fig. 2.2). The machine torque is
kept constant at the rated turbine torque, i.e. Tasref = —77 nom, by a proper torque feedforward
controller (see e.g. [52]).

Pitch and torque controller—as illustrated in Fig. 3.3—fulfil the control objectives for both
regimes intrinsically and will be described in more detail in the upcoming sections.

Remark 3.1.1. For some WTS two additional regimes, regime IL.5 (between regime II and
regime III) and regime II11.5 (between regime III and regime IV) are introduced. For details see
e.g. [96, Sect. 8.5], [110] and [111].

3.1.1 Pitch control

kp,p
: 0° 90°
WTnom J—{ )—476°JT ' . O AAV_ Pret
wr Z)

L for(=(-))

Figure 3.4: Block diagram of pitch controller with output saturation and anti-windup (conditional inte-
gration,).

The output saturated PI-controller with anti-windup strategy [3] is given by

=ewp

[
%fﬂ = f0°( — kp,ﬁ(WT,nom - WT) - ki,ﬁfﬁ) Cwr, (31)
ﬁref = Satggo[kpﬁewT + kl,ﬁgﬁ}

and generates the pitch angle reference B¢ for the underlying position control system of the
rotor blades. The PI-controller dynamics in (3.1) depend on turbine rotational speed wp as

input (or rather the rotational speed error e, (in %), depending on the rated rotational speed
—=) and integral gain k; g (in —). The output

WT,nom of the turbine), proportional gain ky, g (in %
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Bref is saturated to remain within physically reasonable bounds (i.e. 0° < fSyr < 90°). Figure 3.4
shows a block diagram of the pitch controller.

3.1.2 Torque control

The nonlinear torque controller

2 A
Thgpor == satg""" K wh | where I, i= £E e, (32)

outputs the torque for MPPT in regime II and the rated (nominal) torque 77 nom in regime III.
The torque controller only depends on known values of the W'TS; such as air density p, turbine
radius 77, optimal tip speed ratio Aopt and optimal pitch angle 3., and measured turbine speed
wr. A measurement of the wind speed is not required for MPPT.

3.2 Electric drive control

As this work focuses on the control of the machine-side of a WTS, the control of the grid-side is
not discussed. Details on the control of the grid-side of a WTS with similar nomenclature can
be found in [3-5,8,9,91].

real-time system

SVM converter machine shaft&load
i b
Wref speed | Tref [ torque | Yref O current | Ugef s ] 1 1 u T w
_ controller controller _ controller \ \ \

i

Figure 3.5: Cascade control structure for a speed-controlled drive.

Before starting with the electric drive control, an overview on the principle design of a drive
control system is given. Figure 3.5 shows the cascade control structure for a speed-controlled
drive. The controllers are implemented on a real-time system. The speed controller input is
the difference?® wyef — w between demanded speed and actual speed. The controller output is
a torque demand 7 to control this difference to zero. Standard drives are not equipped with
a torque sensor. Hence, only feedforward torque control is possible, which is sensitive towards
parameter variations and insufficient modelling of the torque—current relationship. The output
of the torque controller is a reference current vector #,.r, which is supposed to cause the machine
to produce the demanded torque Tef. As the currents of the machine are measured, feedback
current control using the difference i,ef — 2 to create the voltage reference vector u,.t is possible.
The space-vector modulation (SVM) is usually implemented outside the real-time system with
a much faster sampling rate. The SVM creates the switching signals s for the converter.
Applying s%¢, the converter creates the output voltage vector u, and for a fault-free converter
on average holds u ~ u..s. The voltage vector u causes the machine to produce the torque T,
which influences speed w of shaft and load.

Details on the torque and current controllers and their specifics for PMSM and EESM are given
in the following sections. But before starting with the actual controller design, the switching
signal generation for a converter will be explained in detail.

9This implies a perfectly working torque control. If this assumption does not hold, efficiency and power
production of the WTS are deteriorated (see [7]).
20The nonlinear turbine controller (3.2) does not use the difference wyer — w, but just w.
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3.2.1 Control of converter

The output of a converter are switched voltages. Their average value over one switching period
Tsw (in s) should equal the demanded reference. For that, appropriate switching signals sibc have
to be created (see Fig. 3.5 and Sect. 2.4.2, modelling of an ideal converter and Fig. 2.11). To do
so, there exists a huge variety of methods (for more details see [53, Chap. 14]). One of the most
common methods is called space-vector modulation. For the fault-free converter a symmetrical
space-vector modulation will be used in this work (see [54, Sect. 2.4.1], [112, Sect. 8.4.10],
[113, Sect. 6.1.1]).

3.2.1.1 Space-vector modulation (SVM)

af /o 2\ af
Uo11 / \, U100
_ 2udc\\ 2ugc a a
3 3
Figure 3.6: Voltage hexagon for a woltage source converter with space-vector scaling k = , reference

voltage vector uf‘cﬁf in sector III and auziliary reference voltage vector uf‘cﬁf/ in sector I.

Figure 3.6 shows the hexagon of feasible output voltages u®® = (u®, uP)T for the eight possible
(active) switching states of a 2-level converter. There are two zero switching states {000,111}
and six active switching states {100,110,010,011,001,101}. The boundary (adjacent) space-
vectors of the respective sector (e.g. for sector III: uS‘iBO and ugﬁ), and, usually, both zero vectors
ug‘oﬂo and u‘fﬁ are applied to approximate the reference voltage vector ufﬁ over one switching
period Tgy = 1/ fsw (inverse of the switching frequency fsy (in %)), ie.

af 1 t+ 2 t+To af t+To+T1 af t+To+T11+1> B
SW t t+To t+To+T1 (3 3)

1
= T ( ooo + 4 5 u111 + T1U01o +T2u011)
SW

To do so, Ty is divided into three time intervals: T} (in s) for the first non-zero vector, T5 (in
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s) for the second non-zero vector and Ty (in s) for the zero vectors such that 71 + T + Ty = Taw
(see Fig. 3.6 and Fig. 3.7). Based on the amplitude uef (in V) and the angle 6 (in °/rad) of the

reference voltage vector
uaﬁ _ u?ef -0 COS(Q) (3 4)
ref — ufef — Uref Sln(e) 9 .

the time intervals T3, T and Ty can be calculated as follows [112, p. 699], [114]

~

Uref . '

T = T — 9 TSW .
] \/3% 3111(3 ) (3.5)
Ty = \/§Zr6f sin (6) Tuw (3.6)

dc
To :=Tsw —T1 — T3, (37)
where
2
Upef 1= \/(ul?ef)2 + (ufef) and (3.8)
[ mod(atan2(ufef, Uunet), 5) € [0,%). (3.9)
—_———
=:0

The angle #' (in °/rad) is the shifted angle of the angle § as in sector I (see Fig. 3.6). If the
voltage reference vector is not limited to its maximum feasible value (see Sect. 3.2.2.1),

a(UdC,QI) = m '%Udc < %Udc (1n V) (310)
[

Lo <
within the full (fault-free) voltage hexagon (see Fig. 3.6), depending on the implementation
of the SVM, a negative time Ty could occur deteriorating the SVM output. The maximally
available amplitude u of the converter depends on the voltage reference angle § and the dc-link
voltage. Note that Gmax varies inside the voltage hexagon. It is larger for 8 = 0° or § = 60°
(maximum voltage amplitude @(udc,0) = 2ugc) than for § = 30° (minimum voltage amplitude
U(ude, m/6) = %udc). Invoking trigonometric identities leads to the expression of @ in (3.10)
by only considering the first sector of the voltage hexagon, i.e. # = 8' € [0°,60°). Note that, in
sector I, #' coincides with 6. Then, by using the auxiliary phase angle 6 as defined in (3.9), the
generalized formula for the available amplitude @ is obtained for all other sectors of the voltage
hexagon.

Figure 3.7 shows the switching pattern for a voltage reference vector in sector III. The switching

pattern is symmetric towards ¢t = TSTW First the zero switching vector ugoﬁo is applied for %.
Afterwards the first non-zero vector ug‘ﬁ) is applied for % It is that vector, where only one

switching state needs to be changed. The second non-zero vector ugﬁ is applied for % and than

the second zero vector u‘f‘lﬁl for %. After that, the whole switching process runs in reverse until
t = Tsw. With this type of SVM, it is secured, that only one switching state changes at every
switching transition.

Remark 3.2.1 (Relationship between scaling of space-vectors and voltage hexagon.). The maz-
imum feasible voltage in the voltage hexagon (see Fig. 3.6), depends on the scaling factor k of
the Clarke transformation matriz (see (A.1.4), (A.1.5) and [51, Chap. 14]).
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(a) Voltage hexagon with voltage reference uf‘eﬁf in (b) Switching pattern for generation of u‘rlef.
sector III.

Figure 3.7: Switching pattern (b) to generate a voltage reference ufﬁ in sector III (a) by a linear combi-

nation of the voltage vectors usls wlt, ull and u$y.

3.2.1.2 Converter dynamics approximation

For the current controller design, the delay between applying reference voltages u,er to the SVM
and the actual appearance of u at the output must be considered (see [53, Sect. 14.6]). The
converter dynamics can be approximated by

d 1

U= T (—u + Uper) (3.11)

as first order lag system with converter time delay T, (in s), see [51, Sect. 14.3]. Depending
on the used type of SVM and its implementation, the converter time delay varies within the
interval [51, p. 520]

Tog € |5, 35=]. (3.12)

3.2.2 Control of PMSM

In this section, the control of the PMSM will be explained. As shown in Fig. 3.5, the feedforward
torque controller creates a current reference vector i, based on the torque reference 7.r. The
feedback current control creates reference voltages u,ef based on the difference .. — ¢ between
demanded currents and actual currents. First the current controller and subsequently the torque
controller design will be presented in detail.

3.2.2.1 Current control

Figure 3.8 shows the current control system consisting of PI-controllers with anti-windup, cross-
coupling feedforward compensation and reference voltage saturation. Fach part will be explained
in the following in more detail.

The controller design will be discussed for the nonlinear machine (2.12) with differential induc-
tances, but can easily be adapted to the linear machine (2.15). For that L9 and 4% have to
be replaced accordingly. Recalling the machine dynamics in (2.12), i.e.

wl? = R 4+ L3(399) $407 + 0y Jop?9 (i) (3.13)
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Figure 3.8: Standard control system for PMSM (field-oriented control): PI-controllers with anti-windup,
cross-coupling feedforward compensation and reference voltage saturation.

with vectors and matrices
d -d d dd di
P i — (s R .= R 0 L% .= Ly Lst =: hi o . (3.14)
o \we ) e a0 T ORI’ T LY LY |l oo

and assuming the existence of the inverse (L%)~! of the inductance matrix L% (for details and
conditions see [51, Sect. 14.3.2]), (3.13) can be rearranged to obtain the current dynamics

. . _1 . .
Gidt = (L8t (ud? — R — oy Jpla(id1) ) (3.15)

where
(qu)_l T I S It T (3.16)
S det (L§q> —la1 In lilog —lialor |—lov | |l 55| :
So the d- and g-component dynamics become

-1
d.d_ 1-1[ d d.d l . d
Gt = I [ud = RAi - wd + 5 (o~ RE — w0t |

=
d 1 d 1y (.d SYdmd d (3.17)
i = 1oy [ud = Rig —wond + 2 (uf - BRI+t |-

—.q
_'us,dist

To control the currents i¢ and i¢ of the PMSM, PI-controllers and feedforward disturbance com-
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pensation are used (see Fig. 3.8). The demanded reference voltages consist of two components
and are given by

dg dq dq
us,ref - us,pi + us,comp (3'18)
—— ———

Pl-controller output  disturbance compensation

dg ._
s,pi T

)T (in V)? of the Pl-controllers and disturbance compensation vector uffflcomp =

dq

s vef )T (in V)2, output voltage vector u

= (u?

: q
with reference voltage vector w s ref> Us rof

d q
UL
S,p1? 7's,p1
d q T (3 2 : : : dq _ _(d q T
(U5 comp: U comp)  (in V). For static disturbance compensation, g%, = —(Ug gists Us gist) 1

chosen. Details can be found in [4] or [53, Sect. 7.1.1]. The Pl-controllers are equipped with
an anti-windup strategy to limit the reference voltages (see Sect. 3.2.1.1). The dynamics of the

PI-controllers are . J
Eg = faw(usflref;as)e }

Upi = Kp,ie"i'Ki,ié

(u

—e

(3.19)

with current tracking error e := iiqref —4% (in V)2, initial value £(0) = 0y, anti-windup decision
function?!
dg d T
faw (us,qref’ us) = fﬁs (H (us,mf’ uz,ref) H) (320)
and proportional and integral gain matrices
K .., =diag (k: d, k -q) = diag L L and (3.21)
p,i DS Vpyis 2Tavglly " 2Tavglas
; ; R{ _Ri
Ki,’l:gq = dlag (k:i,ig’ ka;b?) = dlag (QT;vg’ ZT;vg) . (322)

The current Pl-controllers are tuned according to the "Magnitude Optimum" (see [4]). Using
Tave as in (3.12) assures to include the time delay of the converter into the current controller
design.

To avoid physically not feasible reference values and possibly unpredictable behaviour of the
switching signal generation (see Sect. 3.2.1), the reference voltages are saturated to

d d
us,qref,sat = Sat’as (us,qref)7 (323)

such that the amplitude of ugqref <at 18 limited to the maximally feasible value i, i.e.

vE>0: w0 < s, (3.24)

s,ref sat =

whereas the angle is not changed.

3.2.2.2 Torque control

The term torque control is usually used for the generation of reference currents based on a
reference torque (see Fig. 3.10). As common drive trains mostly lack a torque sensor (due to
its high costs), torque control is implemented as feedforward control. So the quality of this
control is highly dependent on a proper knowledge of the physics of the electric machine (see
[52], [53, Sect. 16.7], [54, Chap. 7], [55, Chap. 5], [59, Chap. 6]). Since the same torque can be
produced by different combinations of currents??, there is some degree of freedom in choosing

21Recall the definition of fs, in the Nomenclature section and (3.10).
22F.g. for an isotropic PMSM, see (2.15), for every physically feasible combination of different i%-values and
one value of i the same torque is produced
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these reference currents. The usage of these degrees of freedom can be summarized in four??
commonly used control strategies [52]:

o mazximum torque per current (MTPC): Usage of the shortest current vector that produces
the demanded torque. Hence, the ohmic losses are minimal.

o mazximum current (MC): Production of the maximally feasible torque, only considering
current and voltage limitations.

o field weakening (FW): For increased rotational speeds, the MTPC strategy is not feasible
anymore due to voltage limitations. For that the optimal currents use the maximally
available voltage and produce the demanded torque.

o mazximum torque per voltage (MTPV): When the demanded torque exceeds the admissible
torque of the FW strategy, the MTPV strategy chooses the currents that produce the
maximally feasible torque considering the voltage constraints.

Assumption (AS.14) Since wind turbine systems rotate rather slowly and the drive train is
designed for maximum power output, it is assumed that the machine will never reach its voltage
limit.

In view of Assumption (AS.14), only the MTPC control strategy is of interest in this thesis. For
a linear isotropic PMSM, as given in (2.15), the MTPC torque control strategy is easily achieved

d +=1%=0and choosing

by controlling 4

2
.q 3K Tm,ref

Zs,ref: m 772 (325)
p¥pm

Remark 3.2.2. For nonlinear PMSMs, the relation between torque T,, and ifq is not linear
anymore (see (2.13)). For these machines, the MTPC control strategy that will be presented in
Sect. 3.2.3.2 for an EESM can be used.

3.2.3 Control of EESM

In this section, the control of the EESM will be explained. The principle control structure is
similar to the PMSM. The feedforward torque controller creates a current reference vector 2 ef
based on the torque reference 7 and the feedback current control creates reference voltages wqf
based on the difference 4,ef — ¢ between demanded currents and actual currents (see Fig. 3.5).
But for the EESM an additional current, the excitation current ., has to be controlled and
can be utilized to create the demanded torque 7yef. How this is done and the advantages of
this additional degree of freedom will be explained in detail in the following sections. First
the current controller and subsequently the torque controller design will be presented. For the
control of the EESM the reduced-order machine model (2.39) without damper will be used.

3.2.3.1 Current control

Figure 3.9 shows the current control system. Again Pl-controllers with anti-windup, cross-
coupling feedforward compensation and reference voltage saturation are implemented. Each
component will be explained in more detail.

ZHere the definitions as in [52] are used. Unfortunately, there is no commonly accepted definition for these
terms. Other definitions can be found in [53, Sect. 16.7], [54, Chap. 7], [55, Chap. 5], [59, Chap. 6].
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Figure 3.9: Standard control system for EESM (field-oriented control): PI-controllers with anti-windup,
cross-coupling feedforward compensation and reference voltage saturation.

Recalling the electric dynamics (2.39) of the EESM, given by
u= R(i.)i+ L(i)$i+ (i, we), (3.26)

and assuming the existence of the inverse L™! of the inductance matrix L (for all relevant
current vectors %), (3.26) can be written in state-space form of the current dynamics

§i = (L(9) ™" (w— R(ic)i — I'(4,we)) (3.27)
of the EESM, where
loal33 — laglza  l13l32 — l12l33 112123 — 13122 I Ly g
L= ﬁ(L) loglsr — Ioalss liilss — lislsr lislor — linlos | =: |l lon  log (3.28)
lo1l32 — lo2l31  li2l31 — li1lz2  l11log — li2loy [ S
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with
det(L) = ly1l22l33 + lialaslsr + liglailze — li1laslsa — lial2ilss — 1302231 (3.29)
Concluding, the current dynamics can be stated element wise as follows
. _ . I} . 1t .
%z? = lul {ug — R%% + wep? + % (ug — R%i1 — we¢g> + ﬁ (ue — Reze)}
::ug,dist
. _ . It . I .
di0 =15 [ug — R%% —wep? + o (ui’ — Rl + wedﬁ) +or (ue — Rele)} (3.30)

—. 9
_'us,dist

d -1 ; Ly (,d d.d q Lo (0, 9,49 d
qite = l33 |ue — Rele + 1 (us — RyiS 4+ wepl) + ior ul — Rl — wet)y ) |.

33

=Ue,dist

To control the currents of the EESM, PI-controllers and feedforward disturbance compensation
are used. The demanded reference voltage consists of two components, i.e.

'u'ref = upi + ucomp (331)
~— ——
Pl-controller output  disturbance compensation

with reference voltage vector uyef := (uiref, uimf, Ueref) | (in V)3, Pl-controller output voltage
vector up; := (ud ;,ul 5 uepi)’ (in V) and disturbance compensation voltage vector tcomp :=
(ug,comp, ud comps Uecomp) | (in V)3. For static disturbance compensation the compensation vector
is chosen to Ucomp = —(uidist, uZ’ dists Uedist) | (in V)3, More details can be found in [4], [53, Sect.
7.1.1] or [115]. The PI-controllers are equipped with anti-windup for reference voltages outside
of the feasible range (see Sect. 3.2.1). The dynamics of the PI-controllers is given by?*

ig — |:fﬁe (H(ug,ref’ug,ref)—rH) 12] e

a fue,minaue,max (ue,refa eie) (332)
Up; = Kp,ie + K’L;L&
with current tracking error e := (e;4, €;9, €i,)! := dwr — 4 (in A)3, initial value £(0) = 03 and
proportional and integral gain matrices®®
K,; = diag(k iy ko aq, pi):diag( 1,1, 1,1, 1 1)
) Pyts? Dyl yle 6T3Wl11 q6Tswl22 2Tavg,elgg (333)
o 3 Rs RS €
Ki; = diag (kpyig’ kp,ig p,ie) = diag (GTSW’ G QTig,C) :
Again, as for the PMSM (see (3.23)) the output of the controller is saturated
dq
satq, (uy of)
Uref sat = < ueumax re . (334)
Satue:min (ue,ref)

The saturation for the stator of the EESM is the same as for the PMSM. As the excitation
voltage is a dc-value, the reference voltage ue et is saturated between e min and e max-

**Recall the definitions of fa, and fu. . .ue max (Ue,ref, €, ) in the Nomenclature section and (3.10).
2The time constant Thyg e of the de-source for the excitation voltage u. was experimentally determined and is
Tavg,e = 17.5ms for the laboratory setup (see Sect. 4.1).
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Remark 3.2.3. The used EESM in the laboratory is equipped with damper windings (see
Sect. 4.1.3). As the model used for controller design and the real machine do differ during
transients, the proposed compensation will not be used, i.e. Ucomp = 03, and (3.31) reduces to

Upef = Upi - (3.35)

Remark 3.2.4. While the controller gains in (3.33) vary with the current i, the gains will in
certain cases be chosen constant in the ongoing work. For an open-switch fault in the converter,
which causes strong current ripples, it is beneficial not to change the controller gains for an
EESM with damper winding. Hence, the inductance, flux linkage and resistance values for
i?=0A, i =0A and i, = 10 A will be used and K, ; and K;; are replaced by

K,i;, = dia - ) -
p,z,L g 6Tswlul (0,0,10) ’ 6Tsw1221 (070710)’ 2Tanvel331 (0’0710) (336)
K = diag (GTSW’ 6Tww’ 2Tavge ) °

3.2.3.2 Torque control

(wm)  (udc)
l l ig,ref
—_—
Ton ro torque control ig,ref
_ I
(MTPC, MTPV, ...) le,ref
—_—

Figure 3.10: Feedforward torque control for EESM.

The torque of an EESM depends on the three currents z'gl, i? and 4.. Figure 3.10 shows the
feedforward torque control. The reference currents ig’ref, Zg,ref and i, or are created based on the
torque reference 7, ;of and—depending on the applied control strategies (MTPC, MTPV, etc.,
see Sect. 3.2.2.2)—also based on rotational speed® w,, and dec-link voltage ug.. As i? and 49
are applied in the stator and i. in the exciter, the ohmic losses of stator and exciter have to be
summed up to the total ohmic loss

Prioss = 525 Rs (1) + (9)°) + Relie)i? (in W) (3.37)

to have a measure of the optimality of an operation point. The MTPC trajectory can be calcu-
lated offline using measured data (see Appendix B). Due to the nonlinear machine behaviour,
an analytical calculation is not possible and the MTPC trajectory is determined numerically. If
a torque sensor is available, the measured torque?” can be used for the calculation of the optimal
MTPC trajectory. Otherwise or additionally, the torque can be calculated using (2.41), i.e.

(i) = 2amy (i) TG (3.38)

26This is here not the case, recall Assumption (AS.14).

27If the measured torque is used for calculating the MTPC trajectory, disturbing influences like friction (see
Fig. B.3), “breaking torque” 7;, due to i and wy, (see Fig. 4.6), etc. have to be known and taken into account
accordingly.
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Figure 3.11: Torque Tcaic and l0ss PR ioss for the EESM for i, = 6 A and i, = 18 A.

Figure 3.11 shows in the upper plots the calculated torque over i¢ and i for constant i, = 6 A
and i, = 18 A. The lower plots show the corresponding ohmic losses pr1oss. Comparing left
and right column shows, that the same torque can be produced using different current triples
i = (i¢,i%,i.) " and with different ohmic losses. Searching for the current triple 4 = (i,49,i.)"
with minimal losses for each torque value leads to the MTPC trajectory for feedforward torque
control. Figure 3.12 shows the MTPC trajectory and the trendline. The torque increases from
its minimal value to its maximal value in positive i%¢-direction. In Fig. 3.12(b) and Fig. 3.12(c)
the lateral and the top view of Fig. 3.12(a) are shown, respectively. As Figure 3.11 already

showed, it is not loss-optimal to use high values of i, for small torque values.

3.2.3.3 Control performance

To investigate the control performance and to further validate the machine model of the EESM
(see Sect. B.3), changes in current references and speed were conducted?®. Four different expe-
riments were performed:

(Ez.1,8EsM) Reference change in ic yef for wy, = 50 %i.

28For the reference signals, ramps are used to limit the gradient and thereby reduce the influence of the damper
windings.
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Figure 3.12: Calculated MTPC —— trajectory and —— trendline for EESM.

(E3.2,Emsm) Reference change in i? ¢ for wy, = 50 24,

s,re

(Es3mEsm) Reference change in iiref for w,, = 100 %.

(Es.4,rrsm) Reference changes in wyy, yet-

The following figures compare measurement and simulation results. The EESM for the simula-
tion is modelled using the nonlinear flux linkage maps as described in Appendix B. In both cases,
the PI-controller (3.35) with gain matrices (3.36) is used. Figures 3.13-3.15 are all structured
the same. The upper subplot shows the rotational speed w,, and its reference. Subplots two
until four depict the currents igl, 14, i, and their references, respectively. In the fifth subplot,
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the measurement and simulation results for phase current ¢ is shown. The last subplot shows
the machine torque 7.

Figure 3.13 shows a reference change in iyt (Experiment (Es;ggpsm)). Measurement and
simulation do increase simultaneously and track the increased reference. Due to the magnetic
cross-coupling deviations in i¢ and ¢ from their reference values appear, but the controllers
do compensate for that. Measurement and simulation results for current ¢ and torque 7, are
very similar, even during transients. The measured signals of ¢-current and torque 7, show
significantly higher oscillations than those in the simulation.
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Figure 3.13: Experiment (Es.1 grsm): Comparison of measurement and simulation results with —— me-
asured quantity, —— simulated quantity and - - - reference value for EESM.

In Fig. 3.14, a reference change in ¢ is shown (Experiment (Ez2ggrsm)). Measurement and
simulation do track the reference reliably and (almost) instantaneously. The cross-coupling
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to i and i, is stronger in the simulation results than in the measurement results. But it is
compensated for by their controllers. For i, measurement and simulation results do match
throughout the whole experiment. Measured and simulated torque signal 7,,, do match on
average. But due to higher oscillations in the measured ¢4 also the measured 7, shows stronger
oscillations than the simulated signal. Because of the quickly increasing torque 7,,, the rotational
speed wy, increases. From ¢t = 0.25s on, w,, decreases and the speed controller of the DFIM is
successfully counteracting.
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Figure 3.14: Experiment (E3 2 mrsm): Comparison of measurement and simulation results with —— me-
asured quantity, — simulated quantity and - - - reference value for EESM.

In Fig. 3.15, the rotational speed reference is increased to wy, ref = 100 % (while it was wy, ret =
50 % before). The reference change of i¢ . (Experiment (E3 3 grsm)) is tracked slightly faster

s,ref
in the measurement than in the simulation. The simulation signal of ¢¢ deviates a bit more
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from its reference value than the measurement signal. For i., it is vice versa. But for both
currents measurement, simulation and reference values do match shortly after. Except for the
short transient period, no difference between measurement and simulation is visible for i¢. For
the torque 7,,, measurement and simulations do match on average except for the short transient
time. Overall the measurement signals of stator currents and the resulting torque show small
oscillations, which the simulation does not replicate.

T T T T T

{110-—

5105-—

\S 100 ‘ m_-__f _____ ‘_v:___‘____":_
3

9% i i i i i i
<
~
e
<
~
<
~
<
~
g
Z,
~
&

—50 - T T H Y

0 0.1 0.2 0.3 0.4 0.5 0.6

time t / s
Figure 3.15: Experiment (Es s grsm): Comparison of measurement and simulation results —— measured
quantity, —— simulated quantity and - - - reference value for EESM.

Figure 3.16 investigates the disturbance rejection capability of the current controllers (Expe-
riment (Es4grsm)). The upper subplot shows the rotational speed w,,, which changes over
time. Due to the quite large inertia of the drive train, the DFIM (for details see description of
laboratory setup in Sect. 4.1.3) can follow its speed reference wyy, et only slowly. In the current
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signals—shown in subplots two to four—only small deviations from the reference are visible.
The deviations are corrected by the respective controllers quickly and without offset. In subplot
five, one sees the increased frequency of the oscillations of ¢¢ for increased wy,. The increased
band of the measured stator currents for increased w,, is also visible in the torque in the lower
subplot. Also for this investigation, measurement and simulation results do match and show
almost identical behaviour.
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Figure 3.16: Experiment (Es.4 grsm): Comparison of measurement and simulation results with —— me-
asured quantity, —— simulated quantity and - - - reference value for EESM.

Summarizing, measurement and simulation results do match for steady state and are similar for
transients. The controllers do reliably track their references and are robust against cross-coupling
and disturbances. Noise in the measurement of the stator currents and small oscillations due to
the damper windings of the EESM are not replicated by the simulation (since not modelled).
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3.3 Electric drive control under open-switch faults

This section will derive several methods to improve the control performance under open-switch
converter faults. These methods require not only the detection of the presence of a fault, but
also the identification of the type of the fault. It is necessary to know which switch is constantly
open. For this task already several methods are proposed and used. The literature review in
Sect. 1.1 states references. The state-of-the-art post-fault control approaches are discussed in
Sect. 1.2.1. The impacts of the faults will be analysed for each machine separately. But the basic
problem is, that open-switch faults cause ripples in the machine currents, which cause ripples in
the torque, which is problematic for the mechanic of the overall drive train. Hence, the goal is
to reduce the ripples in the currents, make the abc-currents sinusoidal again and thereby make
the produced torque smoother. The necessary modifications are first discussed for PMSMs and
afterwards for EESMs.

3.3.1 Post-fault control of PMSM

Some parts of this section were already published in [2]. The proposed post-fault control of a
PMSM is based on the standard control system with three modifications:

(M3 1 pmsm) Improvement of anti-windup strategy.
(M32 pmsm) Modification of SVM.
(M33 pmsm) Injection of optimal d-axis current.

In Fig. 3.17, the standard control system, as shown in Fig. 3.8, is extended by these three modi-
fications. The modifications for the improved and fault-tolerant control systems are highlighted
in blue. But before the three modifications are described in detail in Sect. 3.3.1.2-3.3.1.4, a
measure for the impact of the fault has to be defined. Such a measure is necessary to evaluate
the effectiveness of the proposed post-fault strategies in limiting the impact of the fault to the
overall system.

3.3.1.1 Fault impact analysis

To find a suitable measure for the impact of an open-switch fault on the overall system, the
impacts of such a fault are first investigated more thoroughly. Figure 3.18 shows in the upper
subplot the mechanical speed w,, for a PMSM drive under open-switch fault in S¢. The second
subplot shows the currents i¢ and i¢ and their reference values. The third subplot shows the
three phase currents i, i% and i¢. In each plot the simulation and measurement results are
depicted. The current ¢¢ is oscillating and constantly deviates from its reference value. As the
torque of the PMSM is linearly dependent on i (recall (2.15), i.e. 7, = %npd;pmig), also the
torque 7, is oscillating. Due to the high and fast fluctuations in the torque of the PMSM, the
coupled machine, a speed controlled RSM (for details see description of the laboratory setup in
Sect. 4.1.2), is not able to secure a constant rotational speed (see upper subplot in Fig. 3.18).
As the ripples in the g-current/torque not only cause oscillations in the speed, but also cause a
lot of stress to the mechanical subsystem of the whole drive train (see [23]), this stress should
be reflected in the choice of the measure.
To do so, the square root of the quadratic deviation of i from its reference value over at least
ne?” electric revolution of the PMSM is chosen as measure. More precisely, the PMSM fault

29To minimize the impact of fluctuations and measurement errors, the average over 10 revolutions is used for
the square root.
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Figure 3.17: Fault-tolerant control system for a PMSM for an open-switch fault in S%: PI-controllers
with improved anti-windup, cross-coupling feedforward compensation and reference voltage

saturation (Modifications (Ms.1 pmsm)-(Ms.s,pmsm) compared to field-oriented control are
highlighted in blue).

impact measure is defined as follows

10nsatnple

. . 2 . .
Co= |15 > (i) Fx (A, (3.39)
=1

where the (sampled at each switching period Ty ) sampled current i4[l] ~ i4({Ty,) is averaged
over

Nsample = round (27“) (3.40)

npwm,rchsw

samples for one electric rotation of the PMSM. To be able to compare the measure for different
currents, the error €;¢ is normalized with respect to the absolute value of its reference, i.e.

,L'q

(3.41)

eig -

s,ref

Remark 3.3.1. To obtain meaningful results for €4 and ¢;a, the system is evaluated in steady
state (as far as possible) and the references ig}ref and wy, ret should be constant and not zero.

To investigate the impact of an open-switch fault in S¢ and the three post-fault Modifications
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(M3.1,pmsm)-(M3 3 pmsm) on the PMSM step-by-step, six different experiments are conducted:
(Ess,pmsm)  Open-switch fault in S¢, standard controller, see Fig. 3.8.

(Ez6,pmsm)  Open-switch fault in S¢, controller with improved AWU strategy (Modifica-
tion (M3.1,PMSM))-

(Es7pmsm)  Experiment (Ez ¢ pyvsm) + modification of SVM / flat-top modulation (Modifi-
cations (Mg 1 pmsm) + (Ms.2,pmsMm))-

(Esspmsm)  Experiment (Es 7 pvsm) + phase shift angle g = 150°.
(Ez9pmsm) Experiment (Es 7 pmsm) + phase shift angle g = 210°.
(Ez.10,pmsm) Experiment (Egz 7 pyvswm) + fault-optimal d-axis current injection (Modifications

(M3.1,PMSM) =+ (M3.2,PMSM) =+ (M3.3,PMSM)); control structure, see Flg 3.17.

Table 3.1: Comparison of measures €;a and e;a for improved post-fault control.

control Strategy Qig,sim eig,sim Qiig.,meas eig,meas
(Ez5,pmsm):  standard control 1.674A 0.084 1.666 A 0.083
(Ez.6,pmsm):  improved AWU 1.563A 0.078 1.554 A 0.078
(Ez7pmsm):  improved AWU + flat-top 0.362A 0.018 0.480A 0.024
(Ez6,pmsm):  improved AWU + flat-top + ¢ = 150° 0.635A  0.032 0.730 A 0.036
(Ez.9pmsm):  improved AWU + flat-top + ¢ = 210° 0.193A  0.010 0.156 A 0.008
(E3.10,pmsM): improved AWU + flat-top 0.078 A 0.004 0.143A 0.007

+ optimal d-current injection

Table 3.1 summarizes the errors €, and relative errors ¢;¢ for simulation and measurement
results of Experiments (Esz 5 pyvsm)-(Es.10,pmsm). The different strategies will be explained in
detail in the following sections. But it can already be seen here, that combining Modificati-
ons (Mgz.1 pmsm)-(Ms 3, pymsm) in Experiment (Es 10 pvsy) (last row of Tab. 3.1) reduces €;s and
¢;0 for simulation and measurement drastically.

Figure 3.18 shows simulation and measurement results for an open-switch fault in 8¢ without
any modification to the control system (Experiment (Esspmswm)). The upper plot shows the
oscillating mechanical speed wy,,. The oscillations in w,, are due to the oscillating torque of
the PMSM in the faulty case. The currents i¢ and ¢, shown in subplot two, are oscillating
throughout the positive half-wave of ¢ (shown in the lower subplot). i also deviates from its

reference in the “healthy” negative half-wave. The measures are €1 4, = 1.674A & ¢;0 4, =
0.084 for simulation and € =1.666 A & ¢;q = 0.083 for measurement.

is,meas is,meas
Being equipped with a measure for the impact of the fault, the following sections will describe

the three proposed Modifications (Ms 1 pysm)-(Ms.3,pmsm) to improve the post-fault control in
detail.

3.3.1.2 Improved anti-windup strategy

As a first step, the anti-windup strategy of the PI-current controllers (3.19) is modified. The
overshoots in the g-current during the “healthy” negative half-wave of ¢¢ for an open-switch fault
in S? (recall Fig. 3.18) are—at least partly—due to windup of the integral control action of the
PI-controllers during the positive (almost zero) half-wave of ¢ because the available voltage is
reduced. To avoid this windup, an additional condition considering the current direction and
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Figure 3.18: Experiment (Ez5 pmsm): Comparison of simulation and measurement results for an open-
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the available voltage (see Fig. 3.17) must be introduced which leads to the extended anti-windup

decision function®®

(3.42)

d ~ .
f;W (us?refﬂ u87 Zg) =
0 ,else

{1 o Af fa, (H(ug,ref’ug,ref)—rH) AND i <law <0
for open-switch faults in 8¢ (phase a), which replaces faw(-) in (3.19). The constant 2,y < 0 (in
A) represents the maximally admissible anti-windup current and should be chosen negative to
account for the chattering of the phase current i¢ around zero (recall Fig. 3.18). Note that, for
any other faulty phase with open-switch fault in SZ or S¢, the respective phase current direction
of i or i¢ must be considered in (3.42) instead of i%. For a fault in a lower switch (5%, S” or §°),
the threshold has to be positive and “<” in (3.42) has to be replaced by “>".

In Fig. 3.19, the improved control performance due to the extended anti-windup strategy (3.42)
is shown (Experiment (E3¢pwmsm)). The abe-currents (lower subplot) do not alter much (al-
most no improvement regarding Fig. 3.18 is visible). The absolute measures reduce slightly to
€ gim = 1.563 A and €0 .o = 1.554 A. But the tracking performance of the currents i? and,
in particular, ¢ is improved substantially. During the positive (almost zero) half-wave of %,
both currents still do not perfectly track their references; but during the negative half-wave of
i%, both currents are capable of (almost) asymptotic set-point tracking. Especially, the current
ripple in the g-current is drastically reduced during the negative half-wave of 2.

Remark 3.3.2 (Choosing the threshold i,y). In Section 4.1.2, the threshold iay, = —1 A was
chosen which corresponds to approximately 2% of the nominal machine current (see Tab. 4.1).
Note that this threshold depends on and has to be adjusted for the considered electric drive
system with respect to e.g. measurement noise, sensor precision, and switching frequency of the
converter.

3.3.1.3 Modified SVM

The second step to improve the control performance during open-switch faults is the modification
of the space-vector modulation. Note that any open-switch fault in one of the upper switches
(i.e. 82, 8% or S¢) leads to a shifted zero vector uf‘ﬁ (for fault in 8%, ¢¢ > 0 and ¢ = 0, see
Fig. 3.20); whereas any open-switch fault in one of the lower switches (i.e. S, S or §¢) shifts
the other zero vector u%go. Hence, one of the zero vectors is not zero any more. Figure 3.20
summarizes the shift of the voltage vectors for an open-switch fault in S¢ along the negative
a-axis. The following observations can be made:

o For i < 0, the voltage vectors (see Fig. 3.20(a)) are not shifted (see e.g. u‘fﬁ)’i%o or

U’?Oﬁl,ig<0 in Fig. 3.20(a)). Normal operation is feasible.

o For i¢ = 0, the voltage vectors (see Fig. 3.20(b)) with a “1” for 8¢ are shifted by Au?‘gﬁzo =
—fuge in negative a-direction (see e.g. uf‘lﬁwg:o or u?o%,ig:o in Fig. 3.20(b)). Normal
operation is not feasible.

o For i? > 0, the voltage vectors (see Fig. 3.20(c)) with a “1” for S? are shifted by Auff;/io =
—2ug, in negative a-direction (see e.g. u?fo,i‘;>0 or u?§1,z‘g>0 in Fig. 3.20(c)). Normal
operation is not feasible.

30Recall the definition of fs, in the Nomenclature section and (3.10).
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Figure 3.20: Voltage hevagon with shifted voltage vectors u®® and feasible sectors for a fault in S*: The
shifted vectors are shown for all three cases (a) i¢ < 0, (b) i% =0, (c) i% > 0 and all possible

switching vectors sab.
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Figure 3.21: Flat-top switching pattern (b) to generate a voltage reference ufﬁ in sector III (a) by a linear

combination of the space-vectors us ulty and ull, avoiding the vector uly.

In Fig. 3.20, also the feasible voltage areas in the voltage hexagon for an open-switch fault in S¢
are shown depending on the direction of current 2. For ¢ < 0, the full voltage hexagon can be
used (see Fig. 3.20(a)). For i¢ = 0 or i¢ > 0, the feasible areas in the voltage hexagon become
smaller (see Fig. 3.20(b) and Fig. 3.20(c), respectively). Most critical case occurs for i¢ > 0,
where only the sectors III and IV are feasible.

Then, using flat-top modulation allows to use only the non-shifted zero vector (see [53, Chap.
14.6], [116]). For example, for an open-switch fault in S2, S% or S¢, only the non-shifted zero
vector ug‘oﬁo is applied (see Fig. 3.21 in comparison to the standard SVM shown in Fig. 3.7). For
faults in S%, S° or S° only the non-shifted zero vector w7, is used.
In Fig. 3.22 the positive effect of the flat-top modulation on the control performance and the error
€,q is illustrated (Experiment (E37pumsm)). As before, the upper subplot shows the rotational
speed w;,, the second subplot the currents igl and ¢4 with their reference values and the lower
subplot depicts the abc-currents for the modified control system with extended anti-windup and
modified SVM. Clearly, the intervals where ¢ ~ 0A are significantly shortened. Moreover,
positive and almost sinusoidal ¢ currents are again feasible due to the modified SVM. Hence,
the absolute error values are drastically reduced to €;q g, = 0.362 A and €4 ., = 0.480 A and
the tracking control performances of the currents i¢ and i are improved as well.

Remark 3.3.3 (Small switching time for the zero vectors). If the time Ty of the zero vector
is very small (i.e. the zero vector is applied only for a very short period of time), the proposed
modification of the SVM only has a minor impact on the control performance, as the shifted zero
vector is almost never used.

3.3.1.4 Fault-optimal d-axis current injection

The last improvement is to inject an optimal (additional) d-current to minimize the error €
even further. In the following, an open-switch fault in S¢ is considered. For other open-switch
faults, the modifications are straight forward. As discussed in Sect. 2.4.3.1 and Sect. 3.3.1.3,
for a fault in S? and ¢ > 0, the output voltages that can be provided by the faulty converter
are limited (see Fig. 3.20). For e.g. i¢ > 0, only voltage vectors from the sectors III and IV are
feasible (recall Fig. 3.20(c)). The principle idea of the optimal d-current injection is to generate
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Figure 3.22: Experiment (Es.7 pmsm): Comparison of simulation and measurement results for an open-
switch fault in 8§ using improved AWU and modified SVM for PMSM (&1 g, = 0.362 A
and €;a 0 = 0.480 A).

auxiliary reference voltage vectors within those two feasible sectors as long as possible. The goal

is to determine an optimal phase shift ¢o (in rad or °) between stator current ¢%* and reference
op

voltage u s ref
To illustrate the idea, in Fig. 3.23, the phase shifts ¢y = 150° and g = 210° are shown for two
time instants to and ¢; where %% (ty) and 1% (¢,) are located on the negative and positive 3-axis,
respectively. Note that, if the phase current ¢ is non-negative, the stator current space-vector
%9 is located in the right half-plane (see Fig. 3.23). More precisely, at to with i%(tg) = 0 (i¢
becomes positive thereafter), i?’g lies on the negative [J-axis; whereas, at ¢; with i%(¢1) = 0
(¢ becomes negative afterwards), i%° is aligned with the positive S-axis. Clearly, within the
interval [to,t1], the current vector rotates by 180° and, optimally, the corresponding stator
voltage reference space-vector u?’fef should be within the sectors III and IV as long as possible
in order to apply feasible and correct voltages to the generator. However, as these two sectors
span only over 120°, it is not possible to apply the correct voltages during the whole non-negative
half-wave of i¢ during an open-switch fault in S¢. During the remaining 60°, incorrect voltages
will be applied by the faulty converter which affect the shape of the currents and cause deviations

from the desired sinusoidal waveform.

Depending on the phase shift ¢y between stator current and reference voltage, different parts

of the non-negative half-wave of i¢ are affected by the fault. For @9 = 150° (see Fig. 3.23(a)),
ap

<ref Starts in sector II at time tp. So, for the first 60° of the current half-wave, incorrect

aB

s,ref

u

voltages are applied to the generator. As soon as u enters sector III, the correct voltages

can be provided (even) by the faulty converter. When u®? _ lies in the sectors IIT and 1V, the

s,ref
correct voltages lead to a sinusoidal current. For ¢y = 210° (see Fig. 3.23(b)), the behaviour

is flipped: At time tp, u?fef starts already in the feasible sector 1II and, hence, during the first

o7



CHAPTER 3. CONTROL OF LARGE-SCALE DIRECT-DRIVE WIND TURBINE

SYSTEMS
.(L.x}(“) /L(:j(/l)
11, 11,
u(to)
I
I
a a
%0 o %0 o
VI
VI
uifef(tl)
Vi, Vi,
/ 27 (to) / i (to)
c c
(a) @o = 150°. (b) o = 210°.

Figure 3.23: Stator current vector i?ﬁ and voltage reference vector u?fef at time tg and t1 for (a) ¢o =
150° and (b) o = 210°.

120° of the non-negative current half-wave, the correct voltages are applied. But, as soon as
u?fef enters sector V, incorrect voltages are generated by the converter for the rest of the half-
wave until time ¢;. Concluding, in order to fully benefit from the two feasible voltage sectors
IIT and IV, where the correct voltages can be generated for ¢¢ > 0, the phase shift must be
within the interval oo € [150°,210°]. The observations above are also validated by simulation
and measurement results: For ¢y = 150° (see Fig. 3.24, Experiment (Ezgpmsm)), during the
first 60°, the phase current ¢? jitters around zero. In contrast to the last 120°, where the desired
sinusoidal characteristic is achieved. For g = 210° (see Fig. 3.25, Experiment (E3 9 pmsm)), the
phase current ¢¢ exhibits a sinusoidal characteristic during the first 120°, whereas, for the last
60°, it is deteriorated.
The phase shift pg can be altered by the injection of a d-current which also changes the ratio
between active power p (in W) and reactive power ¢ (in var), since

g =p-tan(pg) where p= %(ugq)%;@ and g = %(ufq)TJiglq (see e.g. [4]). (3.43)
Moreover, note that, due to (2.13), i¢ can be chosen independently of the desired torque (7, =
B%npﬁpmig). In order to derive an analytical expression for the reference current ig,ref of the
to-be-injected current i¢, the following assumption is imposed:
Assumption (AS.15) The copper losses in the PMSM are negligible and its current dynamics

are in steady state, i.e. R, ~0Q and %if‘f = 0s. (3.44)

Solving (2.15) (in steady state) for u% and inserting the result into (3.43) gives
npwm | Ls(i9)% + Ls(i2)? + Upmis] = |Ro(i9)? + Ry(i2)? + npwomtbpmil] tan(i0),

Wk

which is a second-order polynomial in i¢. Its root with the smaller amplitude is used as d-current
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Figure 3.24: Ezperiment (Es.spmsm): Simulation and measurement results for currents i;“f (with re-
-abc

ferences) and i5°° for phase shift angle o = 150° for PMSM (& 4., = 0.635A and
€t rmens = 0.730 A).

reference3!, i.e.
-d (:q _ npwm’lszm (npwm'l&pm)2 -\ 2 npwm"/;pm Zg tan(LPO)
(3 = - + — (25)* +
s( s) 2(npmes—Rs tan(@o)) \/4(npmesRs tan(%))2 ( 8) (npmeS—Rs tan(@o))
(AS.15) 4. Dom ] b
=" =+ \/(5"25)2 — (%)% + 22 2 tan(po). (3.45)

For several combinations of ¢ and ¢y, the term s inside the root becomes negative leading to
a complex, hence not feasible ig-current and, for the machine used for measurements only the
green area in Fig. 3.26 is admissible. For g-currents ¢¢ < —32.44 A the maximum possible angle
o becomes smaller than 210°. So for very small g-currents, only a fraction of the voltage sectors
IIT and IV (i.e. o € [150° 210°)), is feasible. To account for that, the d-current reference is
determined by

f"/jpm "Z’Pm 2 _ (;9\2 @ 4 :
i e (19) = { 2L + \/(QLS) (65)* + 2 35 tan(po) if 22 20 (3.46)
0 else.

Summarizing, for large machines with Rs = 0, the reference current ig rof depends on the machine

parameters Lg; and @@pm, the current ¢ (or its reference ig7ref) and the desired phase angle (.

There exists an optimal value for g to minimize the error €;s. For the considered machine, the

31The solution with “—” in front of the root would lead to a higher current magnitude.
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optimal value was found by iterative simulations: These results are depicted in Fig. 3.27. The
error €;q is plotted over if and (g and the optimal trajectory ¢f is displayed in red. Clearly, for
other machines, the optimal values might be different. For increasing values of ¢, the optimal
curve increases from ¢o = 190°. For i values close to zero, ¢j decreases again. The valley for
¢ of the error €;s-map is flat, so that choosing an angle close to ¢ has only a limited impact
on the value of €.

0.3 ///// /// i
Jon
% i ﬂ”m“““ﬂ
; 0.1 |
i /A o 20 200 190 18 170 160150

wo / °

Figure 3.27: Quadratic error €;a depending on il and o for w, = 50 %i with optimal angle v§-curve in
red.

Figure 3.28 shows the topview of Fig. 3.27 for the optimal trajectory ¢ for different rotational
speeds w,, € {50,100,150} %1. It shows, the optimal trajectory is for high currents (almost)
identical. For bigger i values, the optimal values ¢f are different, but as Fig. 3.27 indicates, the
error €;q is also small. Hence, using the optimal trajectory determined at one rotational speed
for the whole speed range of the machine might not cause big differences in the overall result.

Finally, in Fig. 3.29, simulation and measurement results for the overall fault-tolerant control
system with extended anti-windup, modified SVM (flat-top modulation) and optimally injected
d-current are presented (Experiment (Esi0pmswm)). The upper subplot shows the rotational
speed wy,. The second subplot depicts the currents i% and i¢ and their reference values, whereas
the lower subplot illustrates the shape of the abc-currents. The error values for this scenario
are € g, = 0.078 A and €0 ..o = 0.143 A, which are clearly the lowest values compared
to the other results in Figures 3.18, 3.19 and 3.22. Looking at the relative errors, ¢4 g, =
0.004 and ¢;9 ,00s = 0.007 shows that the deviation is below 1%. Moreover, the reference
tracking capability, in particular, of i¢ is the best which implies that the torque ripples®? are

also minimized (recall (2.13)) leading to less stress on the mechanical drive train.

32Note that, if the produced generator torque in wind turbine systems does not equal its reference value, wind
turbine efficiency and power production are reduced [7].
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Figure 3.29: Ezperiment (Es.10,pmsm): Comparison of simulation and measurement results for an open-
switch fault in S¢ using improved AWU, modified SVM and optimal d-current injection for
PMSM (eigysim = 0078A and Qig,meas = 0143 A)

The positive effects of the three modifications to obtain the post-fault current control system
of the PMSM were already summarized and compared in Tab. 3.1 where error €;s and relative
error ¢;e are listed for each case. Figure 3.30 shows measurement results for an experiment with
several scenarios: (i) the fault-free case (for the first second), (ii) an open-switch fault (from 1s
until the end of the measurement) in S¢ with standard control, (iii) with improved AWU, (iv)
with improved AWU and flat-top modulation and (v) with improved AWU, flat-top modulation
and optimal d-current injection. The upper subplot shows the rotational speed w;, of the drive
train, the second subplot shows the measured torque Tyeas. In the third subplot the currents
i¢ and ¢ and their references are shown. The lower subplot shows the abc-phase currents. Due
to the high oscillations in the torque of the PMSM-—due to the fault—the rotational speed is
also strongly oscillating between 1s and 3s. After that the torque ripples decrease and so do
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Figure 3.30: Measurement results for current control performance during five different scenarios: (i) fault-
free case, (i) open-switch fault in 3¢ (Es.5 pymsm), (444) with extended AWU (Es.6 pymsm), (10)
additionally with modified SVM (Es.7zpmsm) and (v) additionally with optimal d-current
injection (Ez.10,pmsm) for PMSM.

the ripples in the speed. While the improved AWU shows only slight improvements on the
control performance, the flat-top modulation makes a big difference (€q ,.,s reduces about
70%). Finally the optimal g-current injection reduces the relative error ¢;a ., below 1% (see
Tab. 3.1). ‘

Summarizing, although an open-switch fault is present, the PMSM can be controlled to track an
i4 reference and only small differences between fault free case ([0s, 1s]) and complete post-fault

control ([4s, 5s|) are visible in wy,, Tmeas and 4.

Remark 3.3.4 (Possible limitation of the d-current injection in wind turbine systems). Due
to the current rating/limitation of the machine-side converter, the additional injection of a d-
current might not be feasible up to the rated torque of the isotropic gemerator in wind turbine

systems. Only current vector magnitudes smaller than a mazimal value imayx > 1/ (i9)2 + (i2)2 (in
A) are admissible. Hence, not all currents i4 can be realized to obtain a desired machine torque
Tm ~ 14 (recall (2.13)). Therefore, the uninterrupted operation of the wind turbine system under
open-switch faults might not be possible for all wind speeds unless the pitch control system is
incorporated into the fault-tolerant control system. The turbine torque (proportional to the wind
speed cubed and the pitch angle) must be decreased by changing the pitch angle such that the
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current rating of the machine-side converter is not exceeded (for details see [4], [96, Chap. 8]).
The proposed pitch controller in Sect. 3.1.1 fulfils this condition. Experiments (E3) in Sect. 4.5.1
and Sect. 4.3.2 investigate the impacts of this limitation.

Remark 3.3.5 (Validity of results for faults in other switches). Since the voltage hexagon is
symmetrical, the optimal phase angle trajectory (for this particular machine, see Fig. 3.27) is
identical for an open-switch fault in any other switch. For a fault in e.g. S and i% > 0A,
only voltage vectors within the sectors V and VI are feasible (instead of sectors III and IV for
a fault in S?). Therefore, the feasible sectors are obtained by a simple rotation by 120° (see
Fig. 3.23). Summarizing, all conclusions made for S¢ do also hold for open-switch faults in the
other switches simply by considering the respective (rotated) feasible sectors.

Remark 3.3.6 (Motor mode). For a converter outputting power, e.g. for PMSMs in motor
mode or for grid-side converters in wind turbine systems, solely phase shifts of vy € (—90°,90°)
are feasible (for po € (90°,270°) the converter drags power). Hence, it is not possible to fully
benefit from the sectors III and IV, as a po € (150°,210°) is necessary for that (see Fig. 3.23).

For ¢y € (—30°,30°) the voltage reference vector u?fef is never in the sectors III and IV for

af

positive i2. So only for up to 60° of the 180° during a positive il, u can be in the feasible

s,ref

sectors III and IV in motor mode. For oo = 90°, u®l s for 60° in the feasible sectors III

s,ref

and IV. For ¢g = 45°, u?fef is only for 15° in the feasible sectors III and IV. Note that, for
wo = —90° or 9o = 90° only reactive power is exchanged with the device connected to the

converter (see (3.43) ).

3.3.2 Post-fault control of EESM

For the post-fault control of EESMs similar strategies as for PMSMs are used. In Fig. 3.31
the standard control system—as shown in Fig. 3.9—is extended. The modifications for the
improved and fault-tolerant control systems are highlighted in blue. After defining a measure
for the impact of the fault on the EESMs current/torque control performance, again three
modifications to the standard current control system are proposed:

(M31,gEsm) Improvement of anti-windup strategy.
(Mg_Q’EESM) Modification of SVM.

(M33 grsm) Fault-optimal current reference generation.

3.3.2.1 Fault impact analysis

The torque of a nonlinear EESM depends on all three currents i¢, i, i. (see (2.41)). So instead
of the g-current as for the PMSM?33, the deviations in the torque 7, are used as measure for the
impact of an open-switch fault. Hence, the square root of the quadratic deviation of 7, from

its reference value 7, et Over one®? electric revolution of the EESM is chosen as measure, i.e.

10nsample

Crn =l > (Toret — Tmll])” B (in Nm) (3.47)
=1

33The torque of the linear isotropic PMSM only depends on i? (see (2.15))
34To minimize the impact of fluctuations and measurement errors, the average over 10 revolutions is used for
the square root.
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Figure 3.31: Fault-tolerant control system for an EESM for an open-switch fault in S2: PI-controllers with
improved anti-windup, cross-coupling feedforward compensation and reference voltage satu-
ration (Modifications (Ms.1 grsm)-(Ms.3 grsm) compared to standard field-oriented control
are highlighted in blue).

where the (sampled at each switching period Ty ) sampled torque 7,,[l] & 7., ({Tyy) is averaged
OVer Ngample Samples (as defined in (3.40)) for one electric revolution of the EESM. To be able
to compare the deviation for different torques, the measure €, is normalized with respect to
the absolute value of its reference leading to the relative error

Crn (3.48)

B ’Tm,ref‘ .

er

m

To investigate the impact of an open-switch fault in S? and the three post-fault Modifica-
tions (Ms.1ErsM)-(Ms.3 EEsm) on the EESM step-by-step, four different experiments will be
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conducted:
(Es5Ersm) Open-switch fault in S¢, standard controller, see Fig. 3.9.

(Es6,8EsMm) Open-switch fault in S¢, controller with improved AWU strategy (Modifica-
tion (Ms.1 EEsM))-

(Es7mrsm) Experiment (Es g prsv) + modification of SVM / flat-top modulation (Modifi-
cations (Mgz 1 grsm) + (M3.2,EESM))-

(Esgersm) Experiment (Ez 7 grsm) + fault-optimal current reference generation (Modifica-
tions (M3 1 grsm) + (Ms.2,Ersm) + (M3 3 gEsm ) ); control structure, see Fig. 3.31.

Table 3.2 summarizes the errors &, and relative errors e, for simulation and measurement
results of Experiments (E35grsm)-(Essgrsm). The different strategies will be explained in
detail in the following sections. But it can already be seen here, that combining Modificati-
ons (Mz.1 grsM)-(Ms 3 gEsm) in Experiment (Ez g grsm) (last row of Tab. 3.2) reduces €., and
er,, for simulation and measurement drastically.

Table 3.2: Comparison of error €. and relative error e, for improved post-fault control.

control strategy QETm,sim €7, sim QSTm,meas €7, ,meas

(Es.5Ersm): standard control 3.674Nm  0.122 2.853Nm 0.095

(E3.6,5EsM): improved AWU 3.257Nm 0.109 2.928 Nm 0.098

(Es.7 grsm): improved AWU + flat-top 1.026Nm  0.034 0.815Nm 0.027

(Ezggrsm): improved AWU + flat-top  0.179Nm  0.006 0.479Nm 0.016
+ optimal current reference

Figure 3.32 exemplifies the impact of an open-switch fault in S¢ on the EESM?® current /torque
control performance with standard controllers (Experiment (E3 5 grsm)). In this figure, measu-
rement and simulation results are compared. The first subplot shows the rotational speed w,,
and its reference. The speed is oscillating around wy, ref = 50 %. This is due to the speed
control of the load machine (DFIM, see Sect. 4.1.3), which cannot instantaneously counteract
the torque ripples of the EESM induced by the open-switch fault. The torque of the EESM
is shown in the second subplot. Measurement and simulation never track the reference torque
of Tpret = —30Nm. The torque of the simulation oscillates a bit more than the measured
torque. The stator d-current is depicted in the third subplot. During the negative half-wave of
i, i tracks its reference. Measurement and simulation results do match. Subplot four shows
the stator g-current. As the torque in subplot two, it does never track its reference value and
the simulation results are oscillating a bit more than the measurement results. The excitation
current ¢, and its reference is shown in the fifth subplot. During the negative half-wave of ¢,
measurement and simulation results do track their references. During the (expected) positive
half-wave of ¢, both signals oscillate around the reference and differ from it. The difference bet-
ween measurement and simulation results are caused by the low time resolution of the dc-source
for the excitation. The last subplot shows 3% of measurement and simulation. Simulation
and measurement results do match during the negative half-wave of i¢ and are very similar for
the (expected) positive half-wave. As already observed for the PMSM (see Sect. 3.3.1) for an

open-switch fault in S?, the positive half-wave of ¢ is also missing for an EESM.

35Details on the implementation and parameters for the drive train will be given in Sect. 4.1.3.
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Figure 3.32: Experiment (Essmrsm): Comparison of simulation and measurement results for an open-
switch fault in 8¢ for EESM (€. sm = 3.674Nm and €, meas = 2.853Nm).

3.3.2.2 Improved anti-windup strategy

The used improved anti-windup strategy is identical to the strategy used for the PMSM (see
(3.42) in Sect. 3.3.1.2). The anti-windup strategy for the excitation current . is not changed,
as the dc-source for the excitation is not directly affected by an open-switch fault in the stator
converter (see Fig. 3.31).

Figure 3.33 shows the results of the same scenario as in Fig. 3.32, but with the use of the improved
anti-windup strategy (Experiment (Ez¢rrsm)). The signals are the same as in Fig. 3.32. The
torque in subplot two is still oscillating, but in this case it tracks its reference for the negative
half-wave of i. The same is true for i and ¢ in subplots three and four, respectively. Besides
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Figure 3.33: Experiment (Es¢mrsm): Comparison of simulation and measurement results for an open-
switch fault in 8¢ using improved AWU for EESM (€, swm = 3.25TNm and €, meas =
2.928Nm).

of i., measurement and simulation results do match very closely. While the absolute error
decreases to &, qm = 3.257Nm for the simulation (before €, gm = 3.674Nm), the error
for the measurement increases slightly to €, meas = 2.928 Nm (before € meas = 2.853 Nm).
Hence, the improved anti-windup strategy does only show a minor improvement in the simulation
results.
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3.3.2.3 Modified SVM

As for the post-fault control of the PMSM (see Sect. 3.3.1.2), it is also beneficial for the post-
fault control of an EESM to avoid the infeasible zero space-vector (u‘f‘lﬁ1 for a fault in an upper
switch, ugoﬁo for a fault in a lower switch). The dc-source for the excitation current is not affected
by this measure.
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Figure 3.34: Experiment (Es.7 grsm): Comparison of simulation and measurement results for an open-
switch fault in ST using improved AWU and modified SVM for EESM (€, sm = 1.026Nm
and €, meas = 0.815Nm).

Figure 3.34 shows the comparison of simulation and measurement results for an open-switch fault
in 8% using the improved anti-windup strategy and the modified SVM / flat-top modulation
(Experiment (Ez7grsm)). Compared to Fig. 3.33 (Experiment (Ejz¢grsm)) where only the
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improved anti-windup strategy is used, the results have significantly improved. The rotational
speed wy, (upper subplot) is now almost capable of tracking its reference. The amplitude of
the torque deviation (subplot two) is much smaller and the torque tracks its reference for a
longer time per revolution. The same is true for i¢, i and i, in subplots three, four and five,
respectively. The currents ¢ do now have at least partly a positive half-wave. Measurements
and simulations do match except for the beginning of the positive half-wave. The current ¢¢
of the measurement becomes a bit earlier positive per revolution than that of the simulation.
But for both the absolute error reduces drastically. The simulation error reduces to &,  sm =
1.026 Nm (before €, sm = 3.257Nm) and the measurement error to €, meas = 0.815Nm

(before €, meas = 2.928 Nm).

3.3.2.4 Fault-optimal current reference generation

The torque of a nonlinear EESM depends on all three currents i?, 4, i. (see (2.41)). So instead
of using the MTPC-trajectory (see Fig. 3.12), a new fault-optimal current reference trajectory
for feedforward torque control has to be determined. For that simulations were conducted for
i € [-15A,15A], i € [-15A,15A] and i, € [0A,19A] with a step size of 1A. For the
simulation, the improved anti-windup and the modified SVM were used. For each feasible
negative torque (only for generator mode), the current triple (i%,i9,4.) with minimum &, was
searched for. Figure 3.35 shows the fault-optimal current references for negative torques for an
open-switch fault in 8¢ for different angular velocities w,, € {50, 75,100} %. While the MTPC
curve for decreasing torque moves towards a positive ¢, the fault-optimal current references
move towards a negative i¢ and uses higher excitation currents i.. The optimal trajectories for
the different speeds are very similar, so the error caused by choosing one trajectory®® for all

speeds only is not significant (see Sect. 3.3.1.4).

Remark 3.3.7. For faults in other switches than S, the optimal trajectories are very similar.
Figure 3.36 shows the fault-optimal current reference trajectories for feedforward torque control
for open-switch faults in S2-S.

In Fig. 3.37, the comparison of simulation and measurement results for an open-switch fault in
8% using improved AWU, modified SVM and fault-optimal current reference is shown (Experi-
ment (E3ggrsm)). Compared to Fig. 3.34 (Experiment (Es 7 grsm)), where only the improved
AWU and the modified SVM were used, the rotational speed w,, in the upper subplot is smother.
wm now (almost) perfectly tracks its reference. The torque 7, in subplot two tracks its reference
throughout the whole time and almost no oscillations are visible. Because of the fault-optimal
current reference generation another current triple (ig,ig,ie) is chosen to create the reference
torque, in contrast to Fig. 3.34 (where the MTPC-trajectory was used). ig,ref has become nega-
tive, ig rof 18 slightly increased and i e is also increased. Besides in z'g,l, almost no oscillations
in the currents are visible. In the current 1%, shown in the lower subplot, the period with zero
current is now shifted to the end of the positive half-wave. Measurement and simulation results
match very closely in all subplots for this scenario. The absolute error reduces significantly for
the simulation to €, sim = 0.179Nm (before €, sm = 1.026 Nm) and the measurement error
was almost cut in half to €, meas = 0.479Nm (before €, eas = 0.815 N m).

In Tab. 3.2 the absolute and relative errors for all the investigated scenarios were already sum-
marized (Experiments (E3 5 prsm)-(Es.srrsm)). Figure 3.38 shows measurement results for an
experiment with five scenarios: (i) the fault-free case (for the first two seconds), (ii) an open-
switch fault (from 2s until the end of the measurement) in S¢ with standard control (Expe-
riment (Essgrsm)), (iii) with improved AWU (Experiment (Ez¢grsm)), (iv) with improved

36In this thesis, the trajectory for wy,, = 50 is chosen.

rad
s
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Figure 3.35: Comparison of fault-optimal current references for feedforward torque control for open-switch
fault in 8¢ for —— w,, = 50 %, — Wy =75 %, — w,, = 100 %, and — MTPC
reference for EESMs in generator mode, i.e. megative torque.

AWU and flat-top modulation (Experiment (Es 7 grsm)) and (v) with improved AWU, flat-top
modulation and fault-optimal current reference generation (Experiment (E3 g grsm)). The upper
subplot shows the rotational speed wy, of the drive train and its reference wy, ef. The second
subplot shows the torque 7,,. In the third, fourth and fifth subplot, the currents i¢, i¢ and i,
and their references are shown, respectively. The lower subplot shows the abc-phase currents.
Due to the open-switch fault, high oscillations in the torque of the EESM occur leading to high

oscillations in the rotational speed between 2s and 6s. After that the torque ripples decrease
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Figure 3.36: Comparison of fault-optimal current references for feedforward torque control for open-switch
fault in se, s?, se, Sy, — §Z or S; for wy, = 5024 and EESMs
in generator mode, i.e. negative torque.

and so do the ripples in speed. While the improved AWU shows only slight improvements on
the control performance, the flat-top modulation makes a big difference (&, meas reduces about
70 %). Finally, the fault-optimal current references reduce the relative error e, meas below values
of 2%.

Summarizing, the EESM can be—although an open-switch fault is present—controlled to track
a torque reference. Only small differences between fault free ([0s, 2s|) and faulty ([8s, 10s])
case are visible in w,, and 7,,, when the proposed post-fault control strategy is used.

72



3.3. ELECTRIC DRIVE CONTROL UNDER OPEN-SWITCH FAULTS

I I I
52 Wy — — — Wref

wm [ rad/s

Tmsim Tm,meas |

Tm / Nm

(/A

sd
s

0 . -

i /A
L
[a=]
9
3
3
]
1
4
4
3
3
b
1
P
1
3
4
P
1
1
4
9
1
4
1
3
>
b
3
3
i
1
4
3
b
4
]

720 - . ]
=30 L 1 ! ! ! I ! ! ! I ]

15 — o sl —oincas  — — = leref

i | A

— ), —

a c
s8im ? $,8im 8,5Im s, meas S, meas s,meas |

- O T T T T T T T T T -
45 | ] n - - mn y

15 N

0 ISOEISIEASASEASEASS AL

| | | \ \ | | \ \
0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50

is | A

timet /s

Figure 3.37: Experiment (Es s rrsm): Comparison of simulation and measurement results for an open-
switch fault in 8% using improved AWU, modified SVM and fault-optimal current reference
for EESM (€. gim =0.179Nm and €, meas = 0.479Nm).
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Figure 3.38: Measurement results for current control performance during five different scenarios: (i) fault-
free case, (i) open-switch fault in 8¢ (Es.5 rrsm), (%) with extended AWU (Es.6 grsm), (iv)
additionally with modified SVM (Es.7z wgsm) and (v) additionally with fault-optimal current
reference (E3 s mrsm) for EESM.
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Chapter 4

Post-fault control of wind turbine
systems with open-switch converter
faults

In this chapter, the positive impact of the proposed post-fault control strategy on the overall
wind turbine system under an open-switch converter fault is illustrated by measurements. To
be able to analyse this impact, the large-scale wind turbine system dynamics have to be scaled
to the small-scale laboratory setup. Hence, after describing the overall laboratory setup, the
scaling procedure is explained. The impacts of the post-fault control strategy on the overall
WTS are discussed for PMSM and EESM, respectively.

4.1 Laboratory setup

To be able to understand the scaling process and all the adjustments for the specifics of the
laboratory setup, it is necessary to introduce the available laboratory setup first. After gi-
ving an overview of the overall system, the setups for measurements with the PMSM and for
measurements with the EESM are explained in detail.

4.1.1 Overview

The basic components of the laboratory setup are shown in Fig. 4.1:

o Host-PC: The Host-PC controls the real-time system and logs the measurement data (see
Fig. 4.1, C).

o dSPACE real-time system: The real-time system evaluates the sensor signals, runs the
control algorithms and outputs the switching signal s%° to the converters (see Fig. 4.1,

A).

e Converter: The converter applies the switching signals and produces an output voltage.
The output is connected to an electric machine. The converter measures the output
currents %% and the dc-link voltage ug. (see Fig. 4.1, B1 and B2) and provides the data
to the real-time system.

e DC-source: The dc-source is connected to the exciter of the EESM and applies the
excitation voltage u.. The measurements of the excitation voltage u. and the excitation
current 7. are made available to the real-time system.
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Figure 4.1: Laboratory test-bench with dSPACE real-time system (A), voltage-source converter (B1) and
(B2) connected back-to-back, Host-PC (C), reluctance synchronous machine (RSM; D1) and
permanent magnet synchronous machine (PMSM; D2), and torque sensor (E).

e Drive trains: There are two drive trains in the laboratory, that can be connected to the
converters and the real-time system separately. In one drive train, a PMSM (see Fig. 4.1,
D2) is coupled to a reluctance synchronous machine (RSM) (see Fig. 4.1, D1; for details
see Sect. 4.1.2). At the other drive train, an EESM is coupled to a doubly-fed synchronous
machine (DFIM) (for details see Sect. 4.1.3).

e Torque sensor: Each shaft, mechanically connecting two electric machines, is equipped
with a torque sensor. The measured torque Tieqs is made available to the real-time system
(see Fig. 4.1, E).

e Encoder: Each electric machine is equipped with an encoder. The measurement of angle
m of the position of the rotor and the angular velocity w,, are made available to the
real-time system.

The dSPACE real-time system is a time discrete, sampled system. The sample period of the
processor of the real-time system is the switching period Ty, of the SVM (i.e. for fo = 4kHz —
Tew = 250 ps, see Sect. 3.2.1). The system executes the following steps in each sample period:
(i) capturing of measurement signals, (ii) executing the control algorithms, (iii) making the
output signals available to the connected devices. The reference voltages u,o¢ are handed over
from the processor to the Digital Waveform Output Board (DS5101) of the dASPACE real-time
system. The DS5101 has a faster sampling period (25ns, see [117, p. 560]) to calculate and
directly output the switching signals s* for the converter using the SVM algorithm derived in
Sect. 3.2.1.1.
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4.1.2 Power train with PMSM-RSM

A picture of the drive train, comprising PMSM and RSM, is shown on the lower right of Fig 4.1.
Figure 4.2 depicts the electric connection of the drive train to the real-time system. Currents,
angles, rotational speeds and the shaft torque are measured. The real-time system outputs

reference voltages to the SVMs, that provide the switching signals to the converters.

SVM converter converter SVM
NN NN
@ gulics g %

) )
S,rsm current current S,pmsm
sensor sensor
encoder torque encoder
sensor
Pm,rsm ©m,pmsm
U, ref,rsm Wim,rsm Tmeas Wm,pmsm Us, ref,pmsm

. -

Figure 4.2: [llustration of laboratory setup and connection with the real-time system for drive train
PMSM-RSM.

real-time system

The drive train is affected by friction. For example for an accurate feedforward torque control, it
is necessary to know the friction to be able to compensate for it (see Sect. 2.2). The friction of the
drive train PMSM-RSM is depicted in Fig. 4.3. The total friction Teic tot := Tric,rsm + Ttric,pmsm
is the sum of the friction Tgyicrem Of the RSM and the friction Thic pmsm of the PMSM (all in
Nm). The parameters of the electric machines are shown in Table 4.1.
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Figure 4.3: Measured friction of laboratory drive train PMSM-RSM.

4.1.3 Power train with EESM-DFIM

Figure 4.4 shows the drive train EESM-DFIM. Both machines are coupled with a torque sensor.
Figure 4.5 depicts the electric connection of the drive train with the real-time system. Currents,
angles, rotational speeds and the shaft torque are measured. The real-time system outputs
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Table 4.1: Parameters of PMSM and RSM.

description symbol=value
isotropic PMSM
pole pairs ny, =3
stator resistance R, =0.150Q
stator inductance Ld=19=335-10"2H
PM-flux linkage Ypm = 0.3765V's
machine inertia © =1.630-10"2kgm?
nominal speed Wnom = 209.4 %

nominal machine power ppom = 14.5- 103 W
nominal stator current %Smom =46.7A

anisotropic RSM

pole pairs ny = 2

stator resistance Rs=0.40Q

stator inductances nonlinear (see [118, Fig. 2])
machine inertia © =1.890 - 102 kg m?
nominal speed Wnom = 157.1 %

nominal machine power ppom = 9.4 - 10° W
nominal stator current %5 pom = 29.7TA

- OV EESS e I _FEE |
1t - -

| . Yo

| |

I |-, L.

I |1 _ ————

k1 e
y 1 — e I..—L.-_ o

a7 2 5 2 2l .

Figure 4.4: Drive train with DFIM (left side) and EESM (right side) and torque sensor.

reference voltages to the SVMs, that provide the switching signals for the converters and the
dc-source, that outputs the excitation voltage. In the laboratory, rotor and stator of the DFIM
are connected to a converter. Usually, the stator of a DFIM is directly connected to the grid.
For the WTS emulation, the configuration with two converters is chosen in order to be able to
use a wider speed-range as for direct grid connection.

Also this drive train is affected by friction. The friction of the EESM-DFIM drive train is
depicted in Fig. 4.7. The total friction Taic tot = Tfric,dfim T Tfric,eesm 1S the sum of the friction
Thic,dfim Of the DFIM and the friction Tfic eesm Of the EESM (all in Nm). The “breaking torque”
7;. of the EESM is shown in Fig. 4.6. The parameters of these two electric machines are shown
in Table 4.2.
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Figure 4.5: Illustration of laboratory setup and connection with the real-time system for drive train EESM-
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Figure 4.6: “Breaking torque” 7;, depending on the rotational speed w,, and the excitation current i..
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Figure 4.7: Measured friction of laboratory drive train EESM-DFIM.

Table 4.2: Parameters of EESM and DFIM.

description symbol=value
anisotropic EESM

pole pairs ny = 2

stator resistance R, =0.380

excitation resistance
inductances

machine inertia
nominal speed

nominal machine power
nominal stator current

R, nonlinear (see Fig. B.3)
nonlinear (see Sect. B)

© = 0.273 kg m?

Whom = 157.1 124

Pnom = 10-10° W

ismom = 29.TA

nominal excitation current ¢ nom = 19 A
isotropic DFIM

pole pairs ny =2

stator resistance R, =0.72Q

excitation resistance R, =0.550Q

inductances nonlinear

machine inertia
nominal speed

nominal machine power
nominal stator current
nominal rotor current

© =9.37-10"2kgm?
Whom = 157.1 124
Pnom = 10 - 103 W
ismom = 29.6 A

brnom = 24.0 A

4.2 Scaling of wind turbine system dynamics to small-scale la-
boratory setups

This section is partially based on [1] where the scaling method is already validated for wind
turbine systems. In [1], a turbine with flexible shaft and gear box is investigated. Here, as
the focus is on direct-drive WTS, the turbine shaft is modelled rigid and without gear box (see
Sect. 2.2). The objective is to emulate a large-scale WT'S at a small-scale laboratory setup, by
using two mechanically coupled machines. One laboratory machine is used to emulate the turbine
behaviour (subscript [, ); the other laboratory machine emulates the machine/generator of a
WTS (subscript O,,,, ), see Fig 4.8.

To explain the scaling process, first the state-space model of the large-scale WTS is presented.
After that, the scaling process is explained step-by-step. The scaling based on the ratios of phy-
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Figure 4.8: Laboratory test-bench for emulation of the WTS by using a scaled WTS model.

sical SI-units is introduced and the necessity and the design of the virtual gear box is explained.
The SI-unit scaling and the relations of the virtual gear box are summarized in the scaling of
the state-space model of the WTS drive train. At the end of this section, necessary adaptations
regarding the laboratory setup are discussed.

4.2.1 Modelling of the power train of the large-scale WTS

The dynamics of the drive train of the large-scale direct-drive WT'S, as introduced in (2.6), can
be written compactly as state-space model

Yk =TK

wr
TK = ) UK =TM,
YT

wg = 77 (vw,wr, B) — fr(wr),

o, (4.2)
A = O7r+0r

1 1
_ (orron _ (oo

are the state vector, the system input (machine/generator torque), the disturbance (including
turbine torque 7 and nonlinear friction fr(wr)), the system matrix, the input vector and the
disturbance-input vector, respectively. The initial values of the state vector are given by & x (0) =
(wr, cpT,O)T. The physical quantities in (4.2) represent turbine inertia ©7 and machine inertia
Oy (both in kgm?), turbine viscous friction coefficient v, turbine angular velocity wy, turbine
torque 7 and machine/generator torque 7p7. The overall friction torque 77 gic := vrwr + fr(wr)
(in Nm) comprises linear viscous friction and nonlinear friction, respectively (more details on
nonlinear friction modelling can be found in [51, Sect. 11.1.5]).

%xKIAK$K+bKUK+thK } (4.1)

where

4.2.2 Scaling based on ratios of SI-units

The steps of the scaling process are shown in Fig. 4.9 and will be explained below in detail. The
scaling can be divided into for layers (with four types of quantities):

(i) the large-scale turbine system, denoted by the index written as capital letter, e.g. O
(e.g. large-scale turbine inertia ©7 or large-scale turbine torque 77),
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Figure 4.9: Overview of the scaling of the wind turbine system for the implementation in the laboratory.

(ii) the small-scale turbine without referring”, denoted by the index written as a black letter
minuscule, e.g. [Jp (e.g. small-scale turbine inertia ©; without referring® or small-scale
turbine torque 7y without referring),

(iii) the small-scale turbine system, denoted by the index written as minuscule, e.g. (i (e.g. small-
scale turbine inertia ©; or small-scale turbine torque 7;) and

(iv) the laboratory setup, denoted by the index written as minuscule with subscript, e.g. O,
(e.g. inertia ©,,, of the laboratory machine emulating the turbine or torque 7,,, of the
laboratory machine emulating the turbine).

Remark 4.2.1. It is necessary to distinguish between layer (iii) and layer (iv), as the down-
scaled turbine inertia Oy does mot necessarily equal the inertia ©,,, of the laboratory machine
emulating the turbine (e.g. for the drive train PMSM-RSM ©; = 3.24kgm? does not equal
O, = 1.89-10"2kgm?). Also the torques 7; and T, are different. For a proper WTS emulation
in the laboratory, the torque T, of the laboratory machine emulating the turbine must, among
other things, compensate for the friction of the laboratory drive train. Details on these necessary
adaptations will be given in Sect. 4.2.5.

Figure 4.9 shows the overview of the overall scaling process. The output quantities of the large-
scale WT'S model, turbine torque 77 and machine torque 73; are down-scaled to the small-scale
WTS emulation. The down-scaled torques 7; and 7, are applied to the laboratory shaft3?. The
resulting rotational speeds w; and w,, are up-scaled to the large-scale WTS and fed into the
turbine model and machine model, respectively. Details on each step of the scaling process, the
derivation of the scaling factors and the design of the virtual gear box are given in the following
paragraphs. First the scaling based on the ratios of physical SI-units is explained in detail.

In [119], the principle idea of scaling of physically similar systems based on the ratios of physical
ST-units is introduced. In [79], this method is adapted for the scaling of the aerodynamics of
wind turbines for small-scale experiments in the wind tunnel.

The basic idea of scaling to a physically similar system is:

(i) Deriving scaling factors for the three SI-units meter m, kilogram kg, second s based on the
desired scaling of (in this case) the air density p, time t and power p.

(ii) Using the resulting scaling factors for the SI-units to scale all the other physical quantities
(based on their units, as a combination of three basic SI-units).

37This intermediate layer is only introduced to ease understanding by allowing for a step-by-step explanation
of the scaling process. The necessity of the virtual gear box will be explained in detail in Sect. 4.2.3

38The “referred” quantity describes the value of the quantity on the other side of a gear box.

39More precisely, Ty, and T, are applied to the laboratory shaft and include 7¢ and 7,,, respectively. But also
necessary compensation torques and emulation torques are included in 7,,, and 7p,,, (for details see Sect. 4.2.5 or
Fig. 4.11 for the PMSM-RSM drive train or Fig. 4.14 for the EESM-DFIM drive train).
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For the following, three assumptions® are imposed:

Assumption (AS.16) To be able to use the cp-curve of the large-scale WTS also for the small-
scale system, the air density px of the large-scale turbine and the air density pe (both in %) of
the small-scale version have to be identical, i.e.

p_ P

PE =Pt =pr = Hpi=-—=-—=1. (4.3)
PK  PK

Assumption (AS.17) To keep the available computational time for the controller of the small-
scale model the same as for the controller of the large-scale turbine, the time tx of the large-scale
turbine and the time tg (both in s) of the small-scale counterpart have to be identical, i.e.

etk

tg = tp = g = Mtime ‘= T

= =1. 4.4
T T e (4.4)

Assumption (AS.18) The power scaling factor p, is defined as the relation between the nomi-

nal power prnom of the large-scale turbine and the nominal power pgnom (both in kgsgnz of the
small-scale model, i.e.

_ Ptnom _ Pt,nom . (45)

Hp -
PT nom PT nom

All relevant mechanical parameters can be expressed as a combination of the three SI-units
meter m, kilogram kg, second s. Taking this and Assumptions (AS.16)-(AS.18) into account,
the scaling factors for these three units can be computed as follows

o o kg S
Hm ‘= —, Hkg ‘= 7 -

= 4.6
- e M e (4.6)

The three scaling factors in (4.6) are meter scaling factor u, kilogram scaling factor e and
second scaling factor ugs and allow to relate the physical quantities of large-scale and small-scale
system as will be shown next.

Expressing the scaling factors of Assumptions (AS.16)-(AS.18), density scaling factor f,, time
scaling factor ptime and power scaling factor p, by the scaling factors of the SI-units

Jikg (AS.16) (AS.17) L V2
Hp = Tg =1 fhime=ps = "1, pp= g3m (4.7)
Hm M
leads to
g = pa, and  pg =1 (4.8)
and the scaling factors of the SI-units are related as follows
1 3
fm = (pp)® s pig = (1p)® 5 s =1, (4.9)

and depend only on the power scaling factor u,,.

Combining all this information allows to scale the relevant physical quantities based on their
SI-units:

49As the virtual gear box is invariant regarding air density, time and power, the small-scale values (¢ without
referring or the small-scale values [J; can be used for the scaling process.
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. Ei()r‘:a%ig)?al speed w ey = :)17; _ :S (4.9) 1 (4.11)
. Ezieliorgli)ty v 1y = % _ l:Tm @ BE (4.12)
. i(?r‘friigang) Ho = g:{ = gty = iy (4.14)
S = = i 2 () (415)
. Einmz)t [ltime = Z;{ — e 1, (4.16)

with angle scaling factor ., angular velocity scaling factor p,, velocity scaling factor u,, torque
scaling factor p,, inertia scaling factor pg, length scaling factor y; and time scaling factor piime,
respectively.

4.2.3 Virtual gear box

The electric machines used as generators in wind turbines are designed according to the nominal

values of the wind turbine. To account for that*! in the small-scale model, a “virtual” machine
gear ratio
Wimy,nom ©t Wt Tt @t
Grirt = Wt nom :Qo’tzwt:'rt:\/;
’ (4.17)
_Pm_Wm _ Tm _ [Om
Pm Wm Tm Om

must be introduced to fit nominal speed w¢nom (in %) of the scaled turbine and nominal speed
Wimynom (N %) of the turbine emulating electric machines?? in the laboratory (see Fig. 4.8
and Fig. 4.9). The virtual gear box ratio gyi¢ achieves, that the generator of the large-scale
WTS and the machines emulating the WTS in the laboratory setup operate at the same relative

speed with respect to their nominal speed. E.g. if the turbine of the large-scale model operates

41 The number n, = 48 of pole pairs of the PMSM in the large-scale WTS differs significantly from the number
np = 3 of pole pairs of the PMSM in the laboratory. So a proper referring is inevitable.

42Here, both nominal speeds wm, Or wm,, can be used. For reasonable results, always the value for the machine
with the least nominal speed should be chosen. In the laboratory setup, for the drive train RSM-PMSM, the
nominal speed of the turbine emulating machine (RSM, see Fig. 4.8) is the limiting quantity. Hence, the virtual
gear ratio is chosen accordingly by using this parameter (see Tab. 4.4). So for the given setup, the RSM operates
at e.g. 95% of its nominal speed whereas the PMSM operates at 71 % of its nominal speed.
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at 95 % nominal speed, the electric machines emulating the WTS in the small-scale laboratory
setup operate at the utmost at 95% of their nominal speed.

Hence, the inertias, torques, angular speeds and angles of the wind turbine are scaled by the
virtual gear box ratio gyirt to match all quantities to the small-scale setup (see Fig. 4.9) as follows

1 4.14 o
virt virt
1 4. -
Tt = Tt ( :13) H TT (4.19)
Gvirt Gvirt
4.11
Wt 1= GvirtWt ( = ) Gvirt howWT (420)
4.10
Pt = GvirtPt ( = ) Gvirt b PT (421)
1 4.14) e
virt virt
1 )
Gvirt Gvirt
(4.11)
Wm = GvirtWm = GvirthwWM (424)
(4.10)
Pm = GvirtPm = GvirthpPM (4.25)

with virtual gear box ratio gyirt, small-scale turbine inertia ©; (in kgm?), small-scale turbine
inertia ©; (in kgm?) without referring, large-scale turbine inertia ©7 (in kgm?), small-scale
turbine torque 7; (in N'm), small-scale turbine torque 7¢ (in Nm) without referring, large-scale

turbine torque 7 (in Nm), small-scale turbine speed w; (in %), small-scale turbine speed wy
(in %) without referring, large-scale turbine speed wr (in %), small-scale turbine angle ¢

(in rad), small-scale turbine angle ¢ (in rad) without referring, large-scale turbine angle @
(in rad), small-scale machine inertia ©,, (in kgm?), small-scale machine inertia Oy, (in kgm?)
without referring, large-scale machine inertia ©,; (in kgm?), small-scale machine torque 7,,, (in
Nm), small-scale machine torque 7y, (in Nm) without referring, large-scale machine torque 7y,
(in Nm), small-scale machine speed wy, (in %), small-scale machine speed wy, (in %) without
referring, large-scale machine speed wy, (in %), small-scale machine angle ¢, (in rad), small-
scale machine angle @y, (in rad) without referring, large-scale machine angle ¢ (in rad), inertia
scaling factor ug, torque scaling factor ., angular velocity scaling factor u,, and angle scaling

factor pi,.

Remark 4.2.2. As example, the scaling of the turbine inertia O is performed for the PMSM-
RSM drive train. The large-scale turbine inertia is O = 8.6 - 10%kgm? (see Tab. 4.3). The
small-scale turbine inertia without referring calculates to Oy = pe®r = 21.5 - 103 kg m?. Refer-

ring by the virtual gear box leads to the small-scale turbine inertia ©, = -9+ = 3.24kgm?.

The inertia of the turbine emulating electrical machine in the laboratory (VESM) is Op, =
1.89 - 10 2kgm? (see Tab. 4.4).

4.2.4 Scaling of the state-space drive train model

Using (4.10)-(4.25), the state-space model of the large-scale WT'S drive train with state vector
Tk, system input ux, system output y, and disturbance wx can be scaled to the state-space
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model of the small-scale WTS drive train by the following linear transformation

Wi — Hw Gvirt 0 wr (4 26)

Pt 0 HopGvirt T :
—— N

=Tk =0 =T

= Hr — K7
l’r/n./ T Guirt l%’ Wk = Gvirt WK (427)
=Uk ::FQ =UR ;:vl_‘3
where

wy, = T (vw,wr, B) + fi(wr) (4.28)

WK = TT<Uw,wT, ﬁ) =+ fT(wT)- (4.29)

Inserting this into (4.1) results in the small-scale state-space representation

A b h
%l’k: I‘lAKI‘flmk+F1bKF{1uk+F1hKF§1wk (4-30)
Y= Tk

of the drive train with small-scale system matrix Ay, small-scale input vector by and small-scale
disturbance vector hj.

4.2.5 Adaptations for laboratory setup

Some parameters (inertias and friction) of the laboratory setup do not match the down-scaled
WTS (4.30). Therefore, inertias, have to be emulated and friction must be compensated to
obtain a fitting behaviour.

The machines in the laboratory setup, emulating the turbine and the wind turbine genera-
tor/machine, are denoted by subscripts [J,,, and [,,, , respectively. The rotational speed wy,,
(in %) of the turbine emulating machine and the rotational speed wy,,, (in %) of the generator
emulating machine equal the rotational speeds of the small-scale WTS, i.e.

Wm, =w¢  and  wyy,, = W - (4.31)

m

4.2.5.1 Laboratory torque

The values 7,,, and 7,,, (both in Nm) are applied by the emulating machines in the laboratory
and calculated by
Trmg = Tt — TOumu + Thic and (4.32)

T = T - (4.33)

m

with inertia emulation torque 7@, and friction torque 7gic. The determining of these two
torques will be explained in the following sections.

Remark 4.2.3 (Drive train EESM-DFIM). For the EESM-DFIM drive train also the “breaking
torque” T;, has to be considered (see Fig. 4.6) and (4.32) changes to

Ty = Tt — TOumu + Thric + Tio - (4.34)
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4.2.5.2 Inertia emulation

As already mentioned in the modelling of the drive train (see Sect. 2.2),

Assumption (AS.19) it is assumed, that the inertias of the drive trains, in the laboratory and
in the turbine, are concentrated (lumped masses).

The small-scale turbine and machine inertias ©; and ©,, are larger than the inertia ©,,, of
the turbine emulating machine in the laboratory and the inertia ©,,, (both in kgm?) of the
generator emulating machine in the laboratory, respectively. So their difference, the emulated
inertia

Ocmu = (0t + O1) — (O, + Oma) (in kg mz) (4.35)

has to be emulated by the laboratory machines. The torque 7g_,, (in Nm), which achieves

inertia emulation is given by

emu

TOcmu — @emu%u}mt . (4.36)

To emulate the inertia Ogmy, the derivative %wmt of the rotational speed is needed. Because
%wmt is not measured, a phase-locked loop (PLL) is used to estimate the derivative %(D (in

?—Qd) based on the measured speed w (see Fig. 4.10, where the block diagram is shown). The
state-space representation of the PLL is given by

Lxon= Apnzpn + byn upn (4.37)
Ypll = C;nﬂ?pn + dpnupn ’
where
S Epll B
pll— ol Upll = W,
0 -1 1
A= by = , 4.38
- [ki,pn —kp,pu} - (kp,pn> (439
Ki pn
Cpll= ’ , don =k
pll <_kp,pll pll p,pll

are the state vector, the system input (rotational speed), the system matrix, the input vector, the
output vector and the feedthrough, respectively. The initial values of the state vector are given
by zpn(0) = (&m0, @0)" € R? (in rad and %) The constants in (4.38) are the proportional
gain ky pi (in 1) and the integral gain k; pi (in S%) of the PI-controller of the PLL (see Fig. 4.10).

kp,pll ki,pll

w_ﬁ)—)K 4o % )

& dt

Figure 4.10: Block diagram of the phase-locked loop (PLL) for estimation of the derivative %LZJ of the
rotational speed w.
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Table 4.3: Parameters of large-scale 2.0 MW wind turbine system.

description symbol=value
large-scale wind turbine
air density p=1.293 %
turbine radius rp =40m
power coefficient cp(A, B) as in (2.3)
turbine inertia Or = 8.6 - 10% kg m?
nominal speed WT nom = 1.930 %

nominal turbine power  p7nom = 2.0 - 10°W

isotropic PMSM in large-scale wind turbine

pole pairs n, = 48

stator resistance R, =0.010Q

stator inductance Ld=13=30-1073H
PM-flux linkage Ypm = 12.9Vs
machine inertia Oy = 1.3-10%kgm?
nominal speed WM,nom = 1.749 %

nominal machine power panom = 2.0 - 10° W

4.2.5.3 Friction compensation

The friction torque Txie (in Nm) of the laboratory setup depends on the rotational speed wy,,
and comprise linear viscous and nonlinear friction. The friction was measured (see Fig. 4.3 for
PMSM-RSM and Fig. 4.7 for EESM-DFIM) and is feedforwarded to compensate for its influence,
see (4.32).

4.2.5.4 Additional considerations for the scaling process

The experiments are conducted for a prnom = 2MW wind turbine and two laboratory setups
with chosen power ratings of pt nom = 5kW (PMSM-RSM) and p;nom = 4kW (EESM-DFIM).

Remark 4.2.4. It is beneficial to choose the power rating of the emulated turbine in the labo-
ratory smaller than the power rating of the used electric machines, to ensure a sufficient power
reserve for the necessary compensations and emulations (see Sect. 4.2.5). For the PMSM-RSM
laboratory setup, the rated power of the emulated turbine is chosen to be 5.00kW. This corre-
sponds to 53 % of the nominal power of the less powerful machine (RSM, see Tab. 4.4).

4.3 Implementation and experimental results

For the investigation of the impact of an open-switch fault on the overall wind turbine system
performance, the scaling method as described above is used. The method is applied to the
drive train PMSM-RSM and the drive train EESM-DFIM (recall Sect. 4.1.2 and Sect. 4.1.3).
Table 4.3 collects all parameters of the full-scale 2 MW wind turbine system. For both drive
trains, the following three experiments are conducted using a measured wind profile*3:

43The wind speed was measured at the FINO1 research platform (54° 00’ 53,5” N, 06° 35’ 15,5” E) on the 23rd
of September 2009 between 8:10 - 08:20 am (with a time resolution of 10 Hz). The author is deeply grateful to
the FINO-Project (BMU, PTJ, BSH, DEWI GmbH) for providing the wind data used in this thesis.
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(E41) The fault-free wind turbine system is fed with the wind profile, as shown in Fig. 4.11
for the PMSM and in Fig. 4.14 for the EESM.

(E42) Similar to Experiment (E4 1), but in the converter connected to the stator of PMSM /
EESM an open-switch fault is present in switch S?. For the current control, all three
proposed methods of the post-fault control (pfc = improved anti-windup, modified SVM
and optimal d-current injection for PMSM / fault-optimal current reference generation
for EESM) as derived in Sect. 3.3.1 or Sect. 3.3.2 are applied. In the measurement
plots all corresponding quantities are marked with the index Upg..

(E43) Similar to Experiment (E42), but the stator current vector length is limited to %S,max
(in A) which is necessary to produce the nominal torque using MTPA for the fault-free
case. This limitation represents a saturation of the admissible current magnitude and
ensures that the post-fault control strategy does not cause overheating in the stator of
the machine. The corresponding quantities are marked with the index Uy sat-

The current reference limitation for Experiment (E43) is implemented by the function*

.dq

,Ls,ref,sat = sat

. di
e (Fsoret)- (4.39)

The computation of gsmax will be explained in detail for each machine in the corresponding
sections.

Due to the huge torque ripples in case of an open-switch fault and using standard control, the
case with open-switch fault and without post-fault control is not investigated to avoid damaging
the laboratory setup.

4.3.1 Wind turbine system with PMSM under open-switch converter faults

To investigate the impact of an open-switch converter fault on a WTS with PMSM, the experi-
ments as described above are conducted and denoted by Experiments (E41pyvsm), (Ea.2pvsm)
and (E43pmsm), respectively. The parameters of laboratory setup and scaling are summarized
in Tab. 4.4.

The laboratory setup and the implementation of scaling and control at the real-time system
are depicted in Fig. 4.11. The turbine emulating RSM and the generator emulating PMSM
are coupled by a torque sensor. Both machines are equipped with an encoder providing angle
and speed information. The stators of both machines are fed by a converter. The three-phase
machine currents are measured. The converter switching signals are created by space-vector
modulation. The reference voltages for the SVM are made available by the real-time system. The
unscaled measurement results are used in the real-time system for the current control. For the
turbine and generator emulation, the rotational speeds are up-scaled to the large-scale system.
Turbine controller and wind turbine are emulated for the large-scale system. The resulting
reference torques are down-scaled to the small-scale laboratory setup and fed to the torque
control. For the turbine emulating machine, the friction compensation torque (see Fig. 4.3) and
the inertia emulation torque (4.36) are added.

The current gs’max, for limiting the stator currents, is calculated based on the nominal torque of
the down-scaled turbine, i.e.

Pt,nom .
Ttnom = ———, (in Nm) (4.40)
m¢,nom
44Recall the definition of sat; in the nomenclature section.

s, max
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Table 4.4: Parameters of PMSM-RSM laboratory setup and scaling factors.

description symbol=value

isotropic PMSM in laboratory

pole pairs ny =3

stator resistance R, =0.150Q

stator inductance Ld=19=335-102H
PM-flux linkage Ypm = 0.3765V's
machine inertia O, = 1.630 - 1072 kg m?
nominal speed Wrnym.nom = 209.4 %
nominal machine power Dmm.nom = 14.5 103 W

anisotropic RSM in laboratory

pole pairs ny = 2
stator resistance R, =040
stator inductances nonlinear (see [118, Fig. 2])
machine inertia Om, = 1.890 - 102 kg m?
nominal speed Wiy nom = 157.1 %
nominal machine power DPmynom = 9.4 - 10°W
additional parameters
emulated inertia Ocmu = 3.70 kg m?
proportional gain PLL kppn = 2 1
integral gain PLL kipn =1 ;2
scaling to small-scale wind turbine
turbine nominal power Pt.nom = 5.000 - 103 W
rad
virtual gear ratio Gyirt = fgﬁ = 81.41
scaling of air density p = 1.000
scaling of time Utime = 1.000
scaling of power tp = 2.500 - 1073
scaling of rotational speed ., = 1.000
scaling of velocity oy = 3.017- 1071
scaling of torque pr = 2.500- 1073
scaling of inertia po = 2.500 - 1073

depending on the nominal power p; nom of the down-scaled wind turbine and the nominal speed
W, nom Of the down-scaled turbine. Rewriting the torque equation of (2.15) gives

; L 2T¢ nom _ 2Pt nom
s,max ‘— = =
3np¢pm 3npwpmwmt ,nom

, (4.41)

which is used in (4.39). Thus it is ensured, that the length of the reference current vector in the
faulty case does not exceed the length of the reference current in the fault-free case.

Remark 4.3.1. Using the saturation method in (4.39) to limit the reference current, the angle
©o stays the same as in the unsaturated case. But due to the change in il ., a different angle
wo might be optimal (see Sect. 3.3.1.4). As the optimal angle f does not change much with
i9 (see F'ig. 3.28) and the quadratic error does not increase very steep around the @f-trajectory

(see red line in Fig. 3.27), the impact of this slight deviation from f is very limited.
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Figure 4.11: Illustration of laboratory setup and implementation of scaling and control at the real-time
system for drive train PMSM-RSM.
Table 4.5: Produced energy of WTS within 600s for Ezperiments (Es1pmsm), (Es2pmsm) and

(E4.3,pM8M)-
experiment produced energy relative value
Experiment (E41 pmvsm) EpN(600s) = —325kW h 100 %
Experiment (E4.2,PMSM) EM,pr (600 S) = —-322kWh 99 %
Experiment (Es3pmsm)  Ewmpresat (600s) = —303kW h 93 %

Table 4.5 summarizes the measurement results for Experiments (Ey 1 pmsm), (E42pMmsm) and
(E43pmsm) by comparing the produced energies after 600s. For Experiment (E42 pwmsm), the
energy production is only decreased by 1% and for Experiment (E43pwmsm), it is decreased
by 7% compared to the fault-free WTS. The details for that and the differences between the
experiments will be discussed using Fig. 4.12 and Fig. 4.13 showing the measurement results.

Figure 4.12 shows the turbine quantities for all three experiments. In the upper plot, the
wind speed vy and its nominal value vy nom are depicted. The speed varies slightly around
the nominal speed. From 150s until 530, v > Uwnom (except short fluctuations). Hence,
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Figure 4.12: Comparison of the measurement results for Ezperiments (Eq1pmsm), (Es2pmvsm) and
(E4.3, pmsm) —turbine quantities.

the wind turbine operates in regime III (see Sect. 3.1) and the control should limit the power
production to the nominal value. For the other time periods, vy < Vwnom, i.e. the turbine
operates in regime II and the control purpose is maximum power point tracking. The second
plot shows the turbine angular speed wr ps. for the faulty case (Experiment (E42pmsm)), for
the faulty case with saturation wr pfcsat (Experiment (E43pwmsm)), for the fault-free case wr
(Experiment (E41 pmsm)) and the nominal rotational speed wr nom. The two rotational speeds
wr pfc and wr are (almost) equal throughout the whole experiment. wr pfe sat €quals wr nom when
VW > UW,nom; Whereas when vy < v nom, WT pfesat 1S higher than wp. Subplot three depicts the
tip speed ratio. Aqpt is the optimal value for maximum power production of the wind turbine
operating in regime IL. A\, Ape and Apfesat are the measured values for the fault-free case, the
faulty case and the faulty case with saturation, respectively. Between the two measured tip
speed ratios A and Apg no significant discrepancy is visible. Apfe sat deviates for regime II and
is slightly higher than A. The fourth subplot shows the pitch angles 3, Byt and Bpfesat- For
regime II, both pitch angles § and Sy, are zero, for maximum power point tracking. For regime
III, the pitch controller is active to limit the produced power to the rated value. By is slightly
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higher than 3. For the faulty case with saturation, the pitch angle Byt sat deviates for almost all
time from zero. Only for relatively low wind speeds, for ¢ € [50s,100s], the pitch angle is zero.
The lower subplot shows the optimal power factor cppt, the power factor cp for the fault-free
case, the power factor cppt. for the faulty case and the power factor cppecsat for the faulty case
with saturation. For partial load (i.e. regime II), the power factors cp and cpps. reach for both
measurements their optimal value. For rated power, the power factors are reduced; cppf. slightly
more than cp. cppfesat Only reaches for very low wind speeds (t € [50,1005s]) its optimal value.
For all other times, Bptcsat deviates from the optimal value Sop = 0° and cppiesar is smaller
than cp and cpptc.
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Figure 4.13: Comparison of the measurement results for Ezperiments (Eq1pmsm), (Es2pmvsm) and

(Eq.3 pmsm)—drive and electric quantities (Ep(600s) = —325kWh, Ejpe(600s) =
—322kW h, Epf piosac(6005) = —303 KW h).
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In Fig. 4.13, the measurement results of the drive and electric quantities for all three Expe-
riments (E4 1 pyvsm), (Es2pmsm) and (Eq3pymswm) are depicted. The first subplot repeats the
wind speed vy and the nominal wind speed vy nom. The second subplot shows the turbine po-
wer prpfc for the faulty case, the turbine power pr pfc sat for the faulty case with saturation, the
turbine power pr for the fault-free case and the nominal turbine power pr nom. For regime II, the
measured powers are most of the time below pr nom. pr and pr pee do not differ much from each
other. For regime III, both powers vary around p7 nom. Due to fast changes in the wind speed
and the slow mechanical wind turbine system (huge inertias and not instantaneous changing
pitch angle ), it is not possible to limit the turbine power to its nominal value for all time. E.g.
at around 470s, pr exceeds its nominal value by almost 20 %. For the operation above nominal
wind speed (regime III), pr e is slightly smaller than pp. In contrast, pr psceat varies for the
whole time around 1.85MW and (almost) never reaches prnom. Only for t € [50s,100s], it
coincides with pr ¢ and pr. Subplot three shows the machine powers pas, pas pfes P pte,sat and
DPMnom- PM, PM pfc and parptesat are negative, as the electric machine is working in generator
mode. All measured powers are oscillating in a band, due to the switching of the converter and,
additionally in the faulty cases, due to the influence of the open-switch fault. Due to losses in the
electric machine, e.g. ohmic losses at the resistors, pys and pys pie are oscillating around absolute
values smaller than pasnom. Pum presat 1S oscillating around an even further reduced value. The
average of all machine powers does not exceed the nominal power, although pr does sometimes,
see subplot two. The fourth subplot shows the d-currents and their reference values. In the
fault-free case, the reference value is ig,ref = 0A. i tracks its reference with an oscillation band
of 1 A. Due to the optimal d-current injection of the post-fault control, ig7ref7pfc iref’pms&t

gpfc and ig pfec.sat oscillate around their reference values, but due to the fault, both
currents dip towards zero in each oscillation (recall zoom in Fig. 3.29). Because of the current
limitation is % Subplot five shows the g-currents and their reference values.

s,ref pfc,sat < s,ref pfc*
The reference values 7 and il only differ for regime II, due to the differing rotational
q

s,re s,ref ,pfc

speed (see subplot two in Fig. 4.12pand control law (3.2)). 4 ot pgesar 1S almost all the time
constant and at its maximum value (because of the saturation) of around —17A. Due to the
fault, the oscillation bands of iz,pfc and ig’pfc’sat are bigger than the oscillation band of ¢¢. But
all signals do track their reference values on average. The lower subplot shows the produced
energy E)s of the electric machine for the fault-free case (Experiment (E41pmvsm)), Enrpte for
the faulty case (Experiment (Ey 2 pysm)) and Eay peesat for the faulty case with saturation (Ex-
periment (E43pmsm)). The trajectories of Epy and Epypge are almost identical. The energy
production in the faulty case with saturation is reduced. Comparing the total values after 600 s,
ie. Ep(600s) = —325kWh, Ejpee(600s) = —322kWh and Ej pfe sat (600s) = —303kW b,
shows that Ey; and Ep pt. are (almost) identical. In the faulty case with saturation 93 % of the
energy of the fault-free case is produced.

Summarizing, although an open-switch fault in the converter is present, due to the modified post-
fault control strategy, the energy production of the wind turbine system is without saturation®?
(almost) identical to the fault-free case. When the current is saturated, still 93 % of the energy of
the fault-free case can be produced. If a current vector larger than %S,max is technically feasible,

an open-switch fault does not necessarily have to result in a loss of produced energy.

and 1

are not zero. 1

i@

4.3.2 Wind turbine system with EESM under open-switch converter faults

To investigate the impact of an open-switch converter fault in a WTS with EESM, the expe-
riments, as described at the beginning of this section, are conducted and denoted by Experi-
ments (E41rrsm), (Ea2rrsm) and (Eq 3 grsm), respectively. The scaling method as described

45In this case the absolute value of the current vector is up to 13% larger than s max.
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in Sect. 4.2.2 is used for the drive train EESM-DFIM. For the scaling process, the wind turbine
parameters as given in Tab. 4.3 are used. The parameters of the laboratory setup and the scaling
factors are collected in Tab. 4.6.

Table 4.6: Parameters of EESM-DFIM laboratory setup and scaling factors.

description symbol=value

anisotropic EESM in laboratory

pole pairs ny =2

stator resistance Ry, =10.3802

excitation resistance R, nonlinear (see Fig. B.3)
inductances nonlinear (see Appendix. B)
machine inertia Om,, = 0.273kgm?

nominal speed Wiy, nom = 197.1 %
nominal machine power Dy nom = 10 - 103 W

isotropic DFIM in laboratory

pole pairs ny = 2
stator resistance R, =0.720Q
rotor resistance R, =0.55Q
inductances nonlinear
machine inertia Om, = 9.37- 1072 kg m?
nominal speed Wimg nom = 157.1 %
nominal machine power DPmynom = 10+ 103W
additional parameters
emulated inertia Ocmu = 7.01 kg m?
proportional gain PLL kppn = 2 1
integral gain PLL kipn =1 =
scaling to small-scale wind turbine
turbine nominal power Dt.nom = 4.000 - 103 W
virtual gear ratio Gvirt = % =51.82
scaling of air density tp = 1.000
scaling of time Utime = 1.000
scaling of power tp = 2.000 - 1073
scaling of rotational speed g, = 1.000
scaling of velocity o = 2.885 - 1071
scaling of torque pr = 2.000-1073
scaling of inertia po = 2.000 - 1073

The laboratory setup and the implementation of scaling and control at the real-time system are
depicted in Fig. 4.14. The principle setup is similar to the setup with PMSM-RSM (see Fig. 4.11).
For the DFIM, stator and rotor are fed by a converter. The abc-currents are measured for stator
and rotor. Hence, for the DFIM six currents are measured and six reference voltages are sent
to the SVMs. In contrast to the PMSM, the rotor of the ESSM is fed with a dc-current. The
current is provided by a dc-source, which is fed with a reference dc-voltage by the real-time
system. The real-time system for the EESM-DFIM drive-train differs from the real-time system
for the PMSM-RSM drive-train only in the torque and current control and in the additional
compensation of the “breaking torque” 7;, due to the excitation current.
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Figure 4.14: Illustration of laboratory setup and implementation of scaling and control at the real-time

system for drive train EESM-DFIM.

For the EESM, the current is,max used in (4.39) is calculated based on the nominal torque of
the scaled down turbine, i.e.

Ptnom (i Nm) (4.42)

Tt,nom — )
m+,nom

depending on the nominal power p; nom of the scaled down wind turbine and the nominal speed
Wmynom Of the scaled down turbine. The maximum current %57max is determined by using the
MTPA-trajectory of the EESM (Fig. 3.12 and Sect. 3.2.3.2). By that, it is ensured that the
length of the stator reference current vector in the faulty case does not exceed the length of the
reference stator current in the fault-free case.
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Table 4.7: Produced energy of WTS within 600s for Experiments (Eqi1ggrsm), (Es2mrsm) and

(E4.3EESM)-
experiment produced energy relative value
Experiment (E41 grsm) Ep(600s) = —327kW h 100 %
Experiment (E42 rrsm) Epte(600s) = —314kWh 96 %
Experiment (E4.3,EESM) EM,pfc,sat (600 S) = —312kWh 95 %

Table 4.7 summarizes the measurement results for Experiments (E41 grsm), (E42rrsm) and
(E43EESM) by comparing the produced energy after 600s. For Experiment (E42grsm), the
energy production is decreased by 4 % and, for Experiment (E43grsm), it is decreased by 5%
compared to the fault-free WTS. The details for that and the differences between the experiments
will be discussed using the measurement results in Fig. 4.15 and Fig. 4.16.
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Figure 4.15: Comparison of the measurement results for Experiments (Esi1mrsm), (Es2pmsm) and
(E4.3 ErSM ) —turbine quantities.

Figure 4.15 shows the comparison of the turbine quantities of the WT'S with EESM for all three
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Experiments (E41 grsm), (Es2resm) and (Eqsgrsm). The upper subplot depicts the wind
speed vy and its nominal value vy nom. The second subplot shows the turbine rotational speed
wr and its nominal value wrnom. For both post-fault cases, the rotational speeds wr pr. and
WT pfesat are, in regime II (v < vwnom), higher as wy for the fault-free case. For regime III
(vw > Ywnom) all rotational speeds are similar. Subplot three shows the tip speed ratios A,
Apfes Apfegsat and Agpt. For regime II, Apge and Apge sat are larger than A. In subplot four, it is
visible, that for maintaining nominal speed in regime III and in parts of regime II (except for
t € [50s,100s]) larger pitch angles fpfc and Bpfesat are necessary than for the fault-free case.
Taking this into account, it is comprehensible, that the power factor cp—shown in subplot five—
does for both post-fault cases not exceed the power factor for the fault-free case. Especially for
regime III, cppre and cpppegat are smaller than cp.

The first subplot of Fig. 4.16 shows the wind speed vy and its nominal value, again. The se-
cond subplot shows the turbine powers and the nominal turbine power. The values of pr ,f. and
DT ptesat do (almost) never reach the nominal power prnom. For small wind speeds in regime
IT (t € [50s,100s]), the three experiments do coincide. The same effect can be observed for
the machine power in subplot three. Subplot four shows the excitation currents and their refe-
rences. Due to the changed current reference generation in the post-fault case, the excitation
currents i, pfe and i pfegat are larger than i.. For the stator d-currents depicted in subplot five
it is vice versa. While for the MTPA-strategy, the optimal current iiref is slightly positive. For
the post-fault control strategy, i?,ref,pfc and i(si,ref,pfc,sat are negative. The post-fault currents do
oscillate strongly and even reach zero. Subplot six shows the stator g-currents. The references
for the fault-free case and for the post-fault case do also differ. The currents are in a band
around their reference values. While the band for the post-fault case is a bit larger, the currents
igpfc and ig,pfc,sat do not go to zero. Looking at subplots four to six, (almost) no differences be-
tween the currents and their references for Experiment (E42 grsm) and Experiment (Ey 3 grsm)
are visible. Hence, the stator current reference vector for the post-fault control does not ex-
ceed the threshold gs,max. Due to the increased excitation currents icpre and e pfesar in the
post-fault control, (almost) the same torque as in the fault-free case is produced, although the
amplitude of the g-current is reduced and a negative d-current is induced, which reduces the
flux linkage in d-direction. For the post-fault control of the EESM, a limitation of the stator
currents to %Smax does not seem to make any difference. The summed-up energies are shown
in the lower subplot. There is less produced energy within the shown 600s for both post-fault
cases Eprprec(600s) = —314kWh and Epyprc(600s) = —312kW h than for the fault-free case
with Ep(600s) = —327kW h. The fact, that produced energy for Experiment (E4 2 grsm) and
Experiment (E43 prsm) are almost identical, underpins the observations made for the currents.
The small reduction by 4 % and 5% for both post-fault control strategies compared to the fault-
free case, can be explained by the tiny deviations in torque control using the post-fault control
strategy (observe the small deviations in actual torque from its reference in Fig. 3.37).
Summarizing, the experiments show, that although an open-switch fault is present in the
machine-side converter of the EESM, with the proposed post-fault control strategy, the wind
turbine system can still be operated and only 5% of the energy is lost.
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Figure 4.16: Comparison of the measurement results for Experiments (Es1mrsm), (Es2rpsm) and
(Es3,ErSM) —drive and electric quantities (Ep(600s) = —327kWh, Eupic(600s) =
—314kWh, Eps pee(6008) = —312kWh)
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Chapter 5

Conclusion and outlook

In this thesis the modelling and control of large-scale direct-drive wind turbine systems under
open-switch faults in the machine-side converter were discussed. Open-switch faults are severe
types of faults which would cause secondary faults in the other WTS components without proper
countermeasures. Hence, WTS are usually shut down when an open-switch fault is detected.
This causes losses in energy and revenue. To investigate the possibilities of finding a post-fault
control strategy, the WTS and the converter with open-switch fault had to be modelled and the
overall control system had to be designed.

For the modelling and control of WT'Ss under open-switch faults, new models and control stra-
tegies were derived. A nonlinear mathematical model of EESMs including damper windings
was introduced. To obtain the necessary flux linkage maps, a method to measure these maps
for EESMs was proposed. Static and dynamic measurements showed strong agreement between
simulation and measurement results. It was also shown that linear modelling of EESMs leads to
significant deviations between model and real machine, especially for the machine torque. The
obtained flux linkage maps were used to design the current controllers and to obtain a maximum
torque per ampere control strategy for the EESM. Measurement and simulation results showed
an acceptable control performance.

In order to be able to efficiently simulate a converter with open-switch fault, a mathematical
model was derived. The accuracy of this model was validated by measurements. The post-fault
control was first derived for a linear PMSM and afterwards for a nonlinear EESM. The three
parts of the post-fault control strategy are (i) an improved anti-windup strategy, (ii) a modified
space-vector modulation (using flat-top modulation) and (iii) an optimal d-axis current injection
for PMSMs and a fault-optimal current reference generation for EESMs. Measurements show
that the relative measures e for analysing the impacts of open-switch faults can be reduced below
1% for the PMSM and below 2 % for the EESM.

The beneficial impact of the post-fault control strategies on the wind turbine system performance
under open-switch fault was investigated. For this investigation, a scaling of the drive train
dynamics of large-scale wind turbine systems for real-time emulation at small-scale laboratory
setups based on the ratios of physical SI-units was derived. Using this scaling, the post-fault
strategies were applied to WTSs with PMSM and EESM and compared to the fault-free systems.
Measurements show that for WTSs with PMSM using the post-fault control strategies, 99 % of
the produced energy in the fault-free case can be produced without restrictions on the stator
current. Limiting the stator currents to their nominal values, still 93 % of the fault-free energy
production is feasible. For WTSs with EESM, 96 % of the fault-free energy production without
restrictions on the stator current and 95 % with limitation of the stator current are possible
when the proposed post-fault control strategy is applied.

These results show that it is possible for direct-drive WTSs to produce 93 % or more of the
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energy in the fault-free case with open-switch fault present in the machine-side converter, without
any changes in the hardware and without overloading the electric machine/generator. This is
achieved solely by applying a modified post-fault control strategy. Hence, instead of shutting
down the WTS in the event of an open-switch fault, almost as much energy can be produced as
in the fault-free case.

For further research, it might be of interest to adapt the proposed post-fault strategies to
other generator types, that are typically used in WTS with gear box, e.g. DFIM and induction
machine (IM). The post-fault control strategies can be adapted to the grid-side of a converter
and to electric machines in motor mode as well. Besides the considered wind turbine application,
it seems to be promising to also use the obtained EESM flux linkage maps for torque control at
higher speeds, for improved field weakening and maximum torque per voltage strategies, e.g. in
electric vehicles.

102



Bibliography

1]

[10]

K. Schechner and C. M. Hackl, “Scaling of the drive train dynamics of large-scale wind tur-
bine systems for real-time emulation in small-scale laboratory setups,” IEEE Transactions
on Industrial Electronics, vol. 66, pp. 6779-6788, Sep. 2019.

C. M. Hackl, U. Pecha, and K. Schechner, “Modeling and Control of Permanent-Magnet
Synchronous Generators Under Open-Switch Converter Faults,” IEEE Transactions on
Power Electronics, vol. 34, pp. 2966-2979, March 2019.

C. M. Hackl, P. Jané-Soneira, M. Pfeifer, K. Schechner, and S. Hohmann, “Full- and
reduced-order state-space modeling of wind turbine systems with permanent magnet syn-
chronous generator,” Energies, vol. 11, no. 7, 2018.

C. Dirscherl, C. Hackl, and K. Schechner, “Modellierung und Regelung von modernen
Windkraftanlagen: Eine Einfithrung,” in Elektrische Antriebe — Regelung von Antriebssys-
temen (D. Schroder, ed.), ch. 24, pp. 1540-1614, Springer-Verlag, 2015.

K. Schechner, F. Bauer, and C. M. Hackl, “Nonlinear DC-link PI Control for Airborne
Wind Energy Systems During Pumping Mode,” in Airborne Wind Energy, pp. 241-276,
Springer, 2018.

K. Schechner and C. M. Hackl, “Detection of rotational periodic torque deviations in
variable-speed wind turbine systems using disturbance observer and phase-locked loop,”
Journal of Physics: Conference Series, vol. 1037, no. 3, p. 032022, 2018.

C. Hackl and K. Schechner, “Non-ideal feedforward torque control of wind turbines: Im-
pacts on annual energy production & gross earnings,” Journal of Physics: Conference
Series, vol. 753, no. 11, p. 112010, 2016.

C. Dirscherl, C. M. Hackl, and K. Schechner, “Pole-placement based nonlinear state-
feedback control of the DC-link voltage in grid-connected voltage source power converters:
A preliminary study,” in 2015 IEEE Conference on Control Applications (CCA), pp. 207—
214, Sept 2015.

C. Dirscherl, C. Hackl, and K. Schechner, “Explicit model predictive control with distur-
bance observer for grid-connected voltage source power converters,” in Proceedings of the
2015 IEEE International Conference on Industrial Technology, pp. 999-1006, 2015.

C. Kost, S. Shammugam, V. Jiilch, H.-T. Nguyen, and T. Schlegl, “Stromgestehungskosten
Erneuerbare Energien,” tech. rep., Fraunhofer-Institut fiir Solare Energiesysteme (ISE),
2018.

103



BIBLIOGRAPHY

[11]

[17]

18]

[22]

[23]

[24]

M. Durstewitz, G. Behem, V. Berkhout, E. Buchmann, R. Cernusko, S. Faulstich, B. Hahn,
M.-A. Lutz, S. Pfaffel, F. Rehwald, and S. Spriestersbach, “Windenergie Report Deutsch-
land 2017,” tech. rep., Fraunhofer-Institut fiir Energiewirtschaft und Energiesystemtechnik
(IEE), 2018.

IRENA, “Renewable Energy Statistics 2018,” tech. rep., The International Renewable
Energy Agency, 2018.

F. Blaabjerg and K. Ma, “Wind Energy Systems,” Proceedings of the IEEE, vol. 105,
pp- 21162131, Nov 2017.

W. Qiao and D. Lu, “A Survey on Wind Turbine Condition Monitoring and Fault
Diagnosis—Part I: Components and Subsystems,” IEEE Transactions on Industrial Elec-
tronics, vol. 62, pp. 6536—6545, Oct 2015.

F. Blaabjerg and K. Ma, “Future on Power Electronics for Wind Turbine Systems,” IEEFE
Journal of Emerging and Selected Topics in Power Electronics, vol. 1, pp. 139-152, Sep.
2013.

H. Polinder, J. A. Ferreira, B. B. Jensen, A. B. Abrahamsen, K. Atallah, and R. A.
McMahon, “Trends in Wind Turbine Generator Systems,” IEEE Journal of Emerging and
Selected Topics in Power Electronics, vol. 1, pp. 174-185, Sep. 2013.

S. Yang, A. Bryant, P. Mawby, D. Xiang, L. Ran, and P. Tavner, “An Industry-Based
Survey of Reliability in Power Electronic Converters,” IEEE Transactions on Industry
Applications, vol. 47, pp. 1441-1451, May 2011.

K. Rothenhagen and F. W. Fuchs, “Performance of diagnosis methods for IGBT open
circuit faults in three phase voltage source inverters for AC variable speed drives,” in 2005
European Conference on Power Electronics and Applications, pp. 1-10, Sept 2005.

B. Wang, J. Cai, X. Du, and L. Zhou, “Review of power semiconductor device reliability
for power converters,” CPSS Transactions on Power Electronics and Applications, vol. 2,
no. 2, pp. 101-117, 2017.

S. Yang, D. Xiang, A. Bryant, P. Mawby, L. Ran, and P. Tavner, “Condition Monitoring
for Device Reliability in Power Electronic Converters: A Review,” IEEE Transactions on
Power Electronics, vol. 25, pp. 2734-2752, Nov 2010.

H. Zhao and L. Cheng, “Open-switch fault-diagnostic method for back-to-back converters
of a doubly fed wind power generation system,” IEEE Transactions on Power Electronics,
vol. 33, pp. 3452 3461, April 2018.

B. Lu and S. K. Sharma, “A literature review of IGBT fault diagnostic and protection met-
hods for power inverters,” IEEE Transactions on Industry Applications, vol. 45, pp. 1770—
1777, Sept 2009.

H. T. Eickhoff, R. Seebacher, A. Muetze, and E. G. Strangas, “Enhanced and fast detection
of open-switch faults in inverters for electric drives,” IEEE Transactions on Industry Ap-
plications, vol. 53, pp. 5415-5425, Nov 2017.

U. M. Choi, J. S. Lee, F. Blaabjerg, and K. B. Lee, “Open-circuit fault diagnosis and
fault-tolerant control for a grid-connected NPC inverter,” IEEE Transactions on Power
FElectronics, vol. 31, pp. 7234-7247, Oct 2016.

104



BIBLIOGRAPHY

[25]

[26]

[31]

[32]

[37]

[38]

J. S. Lee, K. B. Lee, and F. Blaabjerg, “Open-switch fault detection method of a back-
to-back converter using NPC topology for wind turbine systems,” IEEE Transactions on
Industry Applications, vol. 51, pp. 325-335, Jan 2015.

U. M. Choi, K. B. Lee, and F. Blaabjerg, “Diagnosis and tolerant strategy of an open-
switch fault for T-type three-level inverter systems,” IEEE Transactions on Industry Ap-
plications, vol. 50, pp. 495508, Jan 2014.

U. M. Choi, H. G. Jeong, K. B. Lee, and F. Blaabjerg, “Method for detecting an open-
switch fault in a grid-connected NPC inverter system,” IEEE Transactions on Power
Electronics, vol. 27, pp. 27262739, June 2012.

W.-S. Im, J.-S. Kim, J.-M. Kim, D.-C. Lee, and K.-B. Lee, “Diagnosis methods for IGBT
open switch fault applied to 3-phase AC/DC PWM converter,” Journal of Power Electro-
nics, vol. 12, no. 1, 2012.

N. M. A. Freire, J. O. Estima, and A. J. M. Cardoso, “Open-circuit fault diagnosis in
PMSG drives for wind turbine applications,” IEEE Transactions on Industrial Electronics,
vol. 60, pp. 3957-3967, Sept 2013.

I. Jlassi, J. O. Estima, S. K. E. Khil, N. M. Bellaaj, and A. J. M. Cardoso, “Multiple Open-
Circuit Faults Diagnosis in Back-to-Back Converters of PMSG Drives for Wind Turbine
Systems,” IEEE Transactions on Power Electronics, vol. 30, pp. 2689-2702, May 2015.

M. N. Soares, M. Yves, M. Kinnaert, J. Helsen, and J. Gyselinck, “Robust Power-
Electronic-Converter Fault Detection and Isolation Technique for DFIG Wind Turbines,”
Journal of Physics: Conference Series, vol. 1037, no. 3, p. 032043, 2018.

J. O. Estima and A. J. M. Cardoso, “A new approach for real-time multiple open-circuit
fault diagnosis in voltage-source inverters,” IEFE Transactions on Industry Applications,
vol. 47, pp. 24872494, Nov 2011.

D. U. Campos-Delgado, J. A. Pecina-Sanchez, D. R. Espinoza-Trejo, and E. R. Arce-
Santana, “Diagnosis of open-switch faults in variable speed drives by stator current analysis
and pattern recognition,” IET FElectric Power Applications, vol. 7, pp. 509-522, July 2013.

N. M. A. Freire, J. O. Estima, and A. J. M. Cardoso, “A Voltage-Based Approach Without
Extra Hardware for Open-Circuit Fault Diagnosis in Closed-Loop PWM AC Regenerative
Drives,” IEEE Transactions on Industrial Electronics, vol. 61, pp. 4960-4970, Sep. 2014.

H. Yan, Y. Xu, J. Zou, Y. Fang, and F. Cai, “A Novel Open-Circuit Fault Diagnosis
Method for Voltage Source Inverters With a Single Current Sensor,” IEEE Transactions
on Power Electronics, vol. 33, pp. 8775-8786, Oct 2018.

W. Yang, P. J. Tavner, C. J. Crabtree, Y. Feng, and Y. Qiu, “Wind turbine condition
monitoring: technical and commercial challenges,” Wind Energy, vol. 17, no. 5, pp. 673—
693, 2014.

W. S. Im, J. M. Kim, D. C. Lee, and K. B. Lee, “Diagnosis and fault-tolerant control of
three-phase AC-DC PWM converter systems,” IEEE Transactions on Industry Applicati-
ons, vol. 49, pp. 1539-1547, July 2013.

P. Sobanski and T. Orlowska-Kowalska, “Analysis of space vector modulation technique
in inverter-fed fault-tolerant induction motor drive,” in 2014 16th International Power
FElectronics and Motion Control Conference and Ezxposition, pp. 1024-1029, Sept 2014.

105



BIBLIOGRAPHY

[39]

[41]

[42]

[43]

[44]

[45]

[50]

[51]

[52]

W. S. Im, J. J. Moon, J. M. Kim, D. C. Lee, and K. B. Lee, “Fault tolerant control stra-
tegy of 3-phase AC-DC PWM converter under multiple open-switch faults conditions,” in

2012 Twenty-Seventh Annual IEEE Applied Power Electronics Conference and FExposition
(APEC), pp. 789-795, Feb 2012.

S. M. Jung, K. Lee, and H. W. Kim, “Post-fault operation of open-circuit fault in three-
phase PWM converter,” in 2014 16th International Power Electronics and Motion Control
Conference and Exposition, pp. 311-316, Sept 2014.

J. S. Lee and K. B. Lee, “An open-switch fault detection method and tolerance controls
based on SVM in a grid-connected T-type rectifier with unity power factor,” IEEE Tran-
sactions on Industrial Electronics, vol. 61, pp. 7092-7104, Dec 2014.

J. S. Lee and K. B. Lee, “Open-switch fault tolerance control for a three-level NPC/T-type
rectifier in wind turbine systems,” IEEE Transactions on Industrial Electronics, vol. 62,
pp. 1012-1021, Feb 2015.

N. M. A. Freire, Fault-tolerant permanent magnet synchronous generator drives for wind
turbine applications. PhD thesis, University of Coimbra, 2013.

N. M. A. Freire and A. J. M. Cardoso, “Fault-Tolerant PMSG Drive With Reduced DC-
Link Ratings for Wind Turbine Applications,” IEEE Journal of Emerging and Selected
Topics in Power Electronics, vol. 2, pp. 26—34, March 2014.

N. M. A. Freire and A. J. M. Cardoso, “A Fault-Tolerant PMSG Drive for Wind Turbine
Applications With Minimal Increase of the Hardware Requirements,” IEEE Transactions
on Industry Applications, vol. 50, pp. 2039-2049, May 2014.

A. Gaeta, G. Scelba, and A. Consoli, “Modeling and control of three-phase PMSMs under
open-phase fault,” IEEE Transactions on Industry Applications, vol. 49, pp. 74-83, Jan
2013.

O. Wallmark, L. Harnefors, and O. Carlson, “Post-fault operation of fault-tolerant inver-
ters for PMSM drives,” in 2005 European Conference on Power Electronics and Applica-
tions, pp. 1-10, Sept 2005.

S. Bolognani, M. Zordan, and M. Zigliotto, “Experimental fault-tolerant control of a
PMSM drive,” IEEE Transactions on Industrial Electronics, vol. 47, pp. 1134-1141, Oct
2000.

H. T. Eickhoff, R. Seebacher, A. Muetze, and E. G. Strangas, “Post-Fault Operation
Strategy for Single Switch Open-Circuit Faults in Electric Drives,” IEEE Transactions on
Industry Applications, vol. 54, pp. 2381-2391, May 2018.

K. Fischer, T. Stalin, H. Ramberg, T. Thiringer, J. Wenske, and R. Karlsson, “Investiga-
tion of converter failure in wind turbines,” FElforsk report, vol. 12, p. 58, 2012.

C. M. Hackl, Non-identifier based adaptive control in mechatronics: Theory and Appli-
cation. No. 466 in Lecture Notes in Control and Information Sciences, Berlin: Springer
International Publishing, 2017.

H. Eldeeb, C. M. Hackl, L. Horlbeck, and J. Kullick, “A unified theory for optimal feed-
forward torque control of anisotropic synchronous machines,” International Journal of
Control, vol. 91, no. 10, pp. 2273-2302, 2018.

106



BIBLIOGRAPHY

[53]

[54]

[55]

[56]

[57]

[64]

[65]

D. Schréder, Elektrische Antriebe - Regelung von Antriebssystemen. Berlin Heidelberg:
Springer-Verlag, 4 ed., 2015.

R. De Doncker, D. W. Pulle, and A. Veltman, Advanced Electrical Drives. Power Systems,
Berlin: Springer-Verlag, 2011.

M. Ahmad, High Performance AC Drives: Modelling Analysis and Control. Springer
Science & Business Media, 2010.

D. Schroder, Elektrische Antriebe — Grundlagen (6. Auflage). Berlin: Springer-Verlag,
2017.

E. Bolte, FElektrische Maschinen: Grundlagen - Magnetfelder - Erwdrmung - Funkti-
onsprinzipien - Betriebsarten - Finsatz - Entwurf - Wirtschaftlichkeit. Springer-Verlag,
2018.

I. Jeong, B. Gu, J. Kim, K. Nam, and Y. Kim, “Inductance Estimation of Electrically
Excited Synchronous Motor via Polynomial Approximations by Least Square Method,”
IEEE Transactions on Industry Applications, vol. 51, pp. 15261537, March 2015.

R. Grune, Verlustoptimaler Betrieb einer elektrisch erregten Synchronmaschine fiir den
Einsatz in Elektrofahrzeugen. PhD thesis, Technische Universitit Berlin, 2013.

P. Krause, O. Wasynczuk, and S. D. Sudhoff, Analysis of electric machinery and drive
systems. John Wiley & Sons, 2 ed., 2002.

P. Vas, Electrical Machines and Drives: A space-vector theory approach, vol. 25. Oxford
University Press on Demand, 1992.

S. D. Umans, A. Fitzgerald, and C. Kingsley, Flectric machinery. McGrew-Hill Series in
Electrical Engineering, 2013.

A. Doria-Cerezo, C. Batlle, and G. Espinosa-Perez, “Passivity-based control of a wound-
rotor synchronous motor,” IET Control Theory Applications, vol. 4, pp. 2049-2057, Octo-
ber 2010.

R. S. Munoz-Aguilar, A. Doria-Cerezo, E. Fossas, and R. Cardoner, “Sliding Mode Control
of a Stand-Alone Wound Rotor Synchronous Generator,” IEEE Transactions on Industrial
FElectronics, vol. 58, pp. 4888-4897, Oct 2011.

S. C. Carpiuc, C. Lazar, and D. I. Patrascu, “Optimal torque control of the externally
excited synchronous machine,” Journal of Control Engineering and Applied Informatics,
vol. 14, no. 2, pp. 80-88, 2012.

A. Doria-Cerezo, V. I. Utkin, R. S. Munoz-Aguilar, and E. Fossas, “Control of a Stand-
Alone Wound Rotor Synchronous Generator: Two Sliding Mode Approaches via Regula-

tion of the d-Voltage Component,” IEEE Transactions on Control Systems Technology,
vol. 20, pp. 779-786, May 2012.

O. Haala, B. Wagner, M. Hofmann, and M. Mérz, “Optimal current control of externally
excited synchronous machines in automotive traction drive applications,” International
Journal of Electrical, Computer, Energetic, Electronic and Communication Engineering,
vol. 7, no. 9, pp. 1133-1139, 2013.

107



BIBLIOGRAPHY

[68]

[69]

[70]

[71]

[72]

78]

[79]

[80]

Y. Kim and K. Nam, “Copper-Loss-Minimizing Field Current Control Scheme for Wound
Synchronous Machines,” IEEE Transactions on Power Electronics, vol. 32, pp. 1335-1345,
Feb 2017.

J. Tang and Y. Liu, “Comparison of copper loss minimization and field current minimi-
zation for Electrically Excited Synchronous Motor in mild hybrid drives,” in 2017 19th
European Conference on Power Electronics and Applications (EPE’17 ECCE Europe),
pp- 1-10, Sep. 2017.

Y. Nie, I. P. Brown, and D. C. Ludois, “Deadbeat-Direct Torque and Flux Control
for Wound Field Synchronous Machines,” IEFEE Transactions on Industrial Electronics,
vol. 65, pp. 2069-2079, March 2018.

D. Uzel, Z. Peroutka, V. Smidl, T. Kosan, and K. Zeman, “Self-Sensing Control of Wound
Rotor Synchronous Motor Drive for Mine Hoist,” IEEE Transactions on Industrial Elec-
tronics, vol. 65, pp. 2009-2017, March 2018.

I. Jeong, J. Kim, Y. Kim, and K. Nam, “Extended MTPA with cross coupling inductances
for electrically excited synchronous motors,” in 2013 IEEE Energy Conversion Congress
and FEzxposition, pp. 867-873, Sep. 2013.

M. Seilmeier, “Modelling of electrically excited synchronous machine (EESM) considering
nonlinear material characteristics and multiple saliencies,” in Proceedings of the 2011 14th
European Conference on Power Electronics and Applications, pp. 1-10, Aug 2011.

R. Wang, S. Pekarek, and M. Bash, “Alternative excitation strategies for a wound rotor
synchronous machine drive,” in 2012 IEEE Energy Conversion Congress and Exposition
(ECCE), pp. 2300-2307, Sep. 2012.

H. Liu, L. Xu, M. Shangguan, and W. N. Fu, “Finite Element Analysis of 1 MW High
Speed Wound-Rotor Synchronous Machine,” IEEE Transactions on Magnetics, vol. 48,
pp- 4650-4653, Nov 2012.

S. L. Kellner and B. Piepenbreier, “General PMSM d,q-model using optimized interpo-
lated absolute and differential inductance surfaces,” in 2011 IEEE International Electric
Machines Drives Conference (IEMDC), pp. 212-217, May 2011.

N. R. Averous, M. Stieneker, S. Kock, C. Andrei, A. Helmedag, R. W. D. Doncker, K. Ha-
meyer, G. Jacobs, and A. Monti, “Development of a 4 MW full-size wind-turbine test
bench,” IEEE Journal of Emerging and Selected Topics in Power Electronics, vol. 5,
pp. 600-609, Jun. 2017.

L. J. Fingersh, M. M. Hand, and A. S. Laxson, “Wind turbine design cost and scaling
model,” tech. rep., National Renewable Energy Laboratory (NREL), 2006.

F. Campagnolo, Wind tunnel testing of scaled wind turbine models: aerodynamics and
beyond. PhD thesis, Politecnico di Milano, 2013.

C. L. Bottasso, F. Campagnolo, and V. Petrovi¢, “Wind tunnel testing of scaled wind
turbine models: Beyond aerodynamics,” Journal of Wind Engineering and Industrial Ae-
rodynamics, vol. 127, pp. 11-28, Apr. 2014.

H. R. Martin, “Development of a scale model wind turbine for testing of offshore floating
wind turbine systems,” Master’s thesis, Maine Maritime Academy, 2011.

108



BIBLIOGRAPHY

[82]

[83]

[92]

[93]

[94]

[95]

[96]

B. J. Koo, A. J. Goupee, R. W. Kimball, and K. F. Lambrakos, “Model tests for a
floating wind turbine on three different floaters,” Journal of Offshore Mechanics and Arctic
FEngineering, vol. 136, p. 021904, Mar. 2014.

Y. Zhang, A. Huston, R. D. Palmer, R. Albertson, F. Kong, and S. Wang, “Using scaled
models for wind turbine EM scattering characterization: Techniques and experiments,”
IEEE Transactions on Instrumentation and Measurement, vol. 60, pp. 1298-1306, Apr.
2011.

A. Miller, E. Muljadi, and D. S. Zinger, “A variable speed wind turbine power control,”
IEEE Transactions on Energy Conversion, vol. 12, pp. 181-186, Jun 1997.

T. Hardy and W. Jewell, “Hardware-in-the-loop wind turbine simulation platform for a
laboratory feeder model,” IEEE Transactions on Sustainable Energy, vol. 5, pp. 1003—
1009, July 2014.

D. Dolan and P. W. Lehn, “Real-time wind turbine emulator suitable for power quality
and dynamic control studies,” in Proceedings of the International Conference on Power
Systems Transients, 2005.

F. Huerta, R. L. Tello, and M. Prodanovic, “Real-time power-hardware-in-the-loop imple-
mentation of variable-speed wind turbines,” IEEFE Transactions on Industrial Electronics,
vol. 64, pp. 1893-1904, March 2017.

L. Peretti and V. Sarkiméki, “Mechanical drive train emulation by means of electrical
drives - a generalised approach,” in IECON 2012 - 38th Annual Conference on IEEE
Industrial Electronics Society, pp. 1888-1893, Oct 2012.

L. Peretti, V. Sarkiméki, and J. Faber, “A wind turbine emulator for generator control
algorithm development,” in 2013 IEEFE International Conference on Industrial Technology
(ICIT), pp. 228-233, Feb 2013.

B. Neammanee, S. Sirisumrannukul, and S. Chatratana, “Development of a wind turbine
simulator for wind generator testing,” International Energy Journal, vol. 8, no. 1, pp. 21—
28, 2007.

C. Dirscherl, J. Fessler, C. M. Hackl, and H. Ipach, “State-feedback controller and observer
design for grid-connected voltage source power converters with LCL-filter,” in 2015 IEEE
Conference on Control Applications (CCA), pp. 215-222, Sep. 2015.

R. Teodorescu, M. Liserre, and P. Rodriguez, Grid Converters for Photovoltaic and Wind
Power Systems. Chichester, United Kingdom: John Wiley & Sons, Ltd., 2011.

R. Gasch and J. Twetle, Windkraftanlagen — Grundlagen, Entwurf, Planung und Betrieb.
Vieweg+Teubner Verlag, 8. ed., 2013.

S. Heier, Windkraftanlagen: Systemauslequng, Netzintegration und Regelung.  Vie-
weg+Teubner Verlag, 5. ed., 2009.

T. Ackermann, ed., Wind Power in Power Systems. Chichester, United Kingdom: John
Wiley & Sons, Ltd., 2012.

T. Burton, D. Sharpe, N. Jenkins, and E. Bossanyi, Wind energy handbook. John Wiley
& Sons, 2 ed., 2011.

109



BIBLIOGRAPHY

[97]

(98]

[99]

[100]

[101]

[102]
[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

G. Michalke, Variable Speed Wind Turbines — Modelling, Control, and Impact on Power
Systems. PhD thesis, Technische Universitidt Darmstadt, 2008.

F. W. Koch, Simulation und Analyse der dynamischen Wechselwirkung von Windenergie-
anlagen mit dem Elektroenergiesystem. PhD thesis, Universitdt Duisburg-Essen, 2005.

J. Slootweg, S. W. H. De Haan, H. Polinder, and W. Kling, “General model for representing
variable speed wind turbines in power system dynamics simulations,” IEEE Transactions
on Power Systems, vol. 18, no. 1, pp. 144-151, 2003.

S. M. Muyeen, M. H. Ali, R. Takahashi, T. Murata, J. Tamura, Y. Tomaki, A. Sakahara,
and E. Sasano, “Comparative study on transient stability analysis of wind turbine genera-
tor system using different drive train models,” IET Renewable Power Generation, vol. 1,
pp- 131-141, June 2007.

G. Miiller and B. Ponick, Grundlagen elektrischer Maschinen. New York: John Wiley &
Sons, 2012.

G. Miiller and B. Ponick, Theorie elektrischer Maschinen, vol. 3. Wiley-VCH, 6. ed., 2009.

P. L. Xu and Z. Q. Zhu, “Carrier signal injection-based sensorless control for permanent-
magnet synchronous machine drives considering machine parameter asymmetry,” IEEFE
Transactions on Industrial Electronics, vol. 63, pp. 2813-2824, May 2016.

R. L. de Araujo Ribeiro, C. B. Jacobina, E. R. C. da Silva, and A. M. N. Lima, “Fault
detection of open-switch damage in voltage-fed PWM motor drive systems,” IEEE Tran-
sactions on Power FElectronics, vol. 18, pp. 587-593, Mar 2003.

K. H. Kim, D. U. Choi, B. G. Gu, and L. S. Jung, “Fault model and performance evaluation
of an inverter-fed permanent magnet synchronous motor under winding shorted turn and
inverter switch open,” IET Electric Power Applications, vol. 4, pp. 214-225, April 2010.

S. M. Jung, J. S. Park, H. W. Kim, K. Y. Cho, and M. J. Youn, “An MRAS-based diagnosis
of open-circuit fault in PWM voltage-source inverters for PM synchronous motor drive
systems,” IEEE Transactions on Power Electronics, vol. 28, pp. 2514-2526, May 2013.

Q.-H. Tran, T.-W. Chun, and H.-H. Lee, “Fault tolerant strategy for inverter stage in indi-
rect matrix converter,” in IECON 2013 - 39th Annual Conference of the IEEE Industrial
FElectronics Society, pp. 48444849, Nov 2013.

J. Mullen and J. B. Hoagg, “Wind turbine torque control for unsteady wind speeds using
approximate-angular-acceleration feedback,” in Inproceedings of the 52nd IEEE Confe-
rence on Decision and Control, (Florence, Italy), pp. 397402, 2013.

L. Y. Pao and K. E. Johnson, “Control of wind turbines: Approaches, challenges, and
recent developments,” IEEE Control Systems Magazine, vol. 31, no. 2, pp. 44-62, 2011.

M. Schubert, “Verfahren zur Regelung einer Windenergieanlage und Windenergieanlage
mit einem Rotor,” Patent DE102004054608B4, 2006.

C. Dirscherl and C. M. Hackl, “Local Stability Analysis and Controller Design for Speed-
Controlled Wind Turbine Systems in Regime 11.5,” Energies, vol. 11, no. 5, 2018.

D. Schréder, Leistungselektronische Schaltungen: Funktion, Auslegung und Anwendung.
Berlin, Heidelberg: Springer DE, 2012.

110



BIBLIOGRAPHY

[113]

[114]

[115]

[116]

[117]
[118]

[119]

[120]
[121]

[122]

[123]

D. G. Holmes and T. A. Lipo, Pulse width modulation for power converters: principles
and practice, vol. 18. John Wiley & Sons, 2003.

U. Pecha, “Modellierung eines fehlerhaften 2-Level-Spannungszwischenkreisumrichters und
darauf basierende Adaption der Stromregelung des Generators in Windkraftanlagensyste-
men mit Permanentmagnet-Synchronmaschine,” Master’s thesis, Research Group "Control
of Renewable Energy Systems", Technische Universitdt Miinchen, 2017.

C. M. Hackl, M. J. Kamper, J. Kullick, and J. Mitchell, “Current control of reluctance
synchronous machines with online adjustment of the controller parameters,” in 2016 IEEE
25th International Symposium on Industrial Electronics (ISIE), pp. 153-160, June 2016.

R. Valentine, Motor Control Electronics Handbook. McGraw-Hill Handbooks, McGraw-Hill
Companies, 1998.

dSPACE GmbH, “Catalog 2018,” 2018.

H. Eldeeb, C. M. Hackl, L. Horlbeck, and J. Kullick, “Analytical solutions for the optimal
reference currents for MTPC/MTPA, MTPV and MTPF control of anisotropic synchro-

nous machines,” in Proceedings of the IEEE International FElectric Machines & Drives
Conference (IEMDC 2017), (Miami, FL, USA), 2017.

E. Buckingham, “On physically similar systems; illustrations of the use of dimensional
equations,” Physical Review, vol. 4, no. 4, p. 345, 1914.

MathWorks, “Documentation Matlab R2017b,” 2017.
“Discussion with P. Landsmann on the measurement of exciter flux maps,” 2018-04-17.

S. Kuehl and R. M. Kennel, “Measuring magnetic characteristics of synchronous machines
by applying position estimation techniques,” IEEE Transactions on Industry Applications,
vol. 50, pp. 3816-3824, Nov 2014.

“Discussions with A. Bujandri¢, C. Dirscherl, H. Eldeeb, C. M. Hackl, J. Kullick, M.
Landerer, M. Lindner, R. Moderegger, N. Monzen, U. Pecha, P. Schmitz,” 2013-2019.

111



BIBLIOGRAPHY

112



List of Figures

1.1

1.2

2.1

2.2
2.3
24
2.5
2.6
2.7
2.8
2.9
2.10
2.11
2.12
2.13

2.14

2.15

2.16

3.1
3.2
3.3
3.4

3.5
3.6

3.7

Overview of the components of a direct-drive wind turbine system with PMSM
or EESM. . . . . e
Laboratory test-bench for emulation of the WTS by using a scaled WTS model.

Overview of the components of a direct-drive wind turbine system with PMSM
or EESM. . . . . . e
Graph of the power coefficient for a 2 MW wind turbine. . . . .. ... .. ...
Approximation of pitch system. . . . . .. ... oo
Drive train of a direct-drive wind turbine system. . . . . . . .. ... ... .. ..
Electric equivalent circuit of the stator of a PMSM. . . . . . . ... ... ... ..
Cross section of an isotropic PMSM with coordinate systems. . . . . .. ... ..
Cross section of an anisotropic (salient-pole) EESM with coordinate systems.

Electric equivalent circuits of the EESM. . . . . . .. .. ... ... ... .. ...
Converter with ideal switches and parallel diodes. . . . . . . . .. ... ... ...
Diode rectifier. . . . . . . .. e
Converter with ideal switches. . . . . . . . . . ... oo L
Converter with ideal switches, parallel diodes and load. . . . . . ... ... ...
Impact of an open-switch fault in S on the equivalent circuit of a symmetric
electric three-phase load. . . . . . . . . . . ... oL oo
Experiment (Eg1): Comparison of simulation and measurement results for an
open-switch fault in 8¢ for a PMSM in motor mode. . . . . . ... ... ... ..
Experiment (Eg2): Comparison of simulation and measurement results for an
open-switch fault in 8¢ for a PMSM in generator mode. . . . . .. ... ... ..
Experiment (Eg23): Comparison of simulation and measurement results for an
open-switch fault in S§ for a PMSM in generator mode. . . . . ... ... .. ..

Overview of the components of a wind turbine system with PMSM or EESM
including control system and operational management. . . . . . . . ... ... ..
Wind turbine operation regimes. . . . . . ... ..o
Control strategies for regime Il and regime IIT. . . . . . . ... .. ... ... ..
Block diagram of pitch controller with output saturation and anti-windup (con-
ditional integration). . . . . . . . ...
Cascade control structure for a speed-controlled drive. . . . . . . .. ... .. ..
Voltage hexagon for a voltage source converter with space-vector scaling k = %,
reference voltage vector uf‘eﬁf in sector III and auxiliary reference voltage vector

[0}

! .
wof imsector Lo

Switching pattern to generate a voltage reference ufg in sector III. . . . . .. ..

u

at

© © 00

113



LIST OF FIGURES

3.8 Standard control system for PMSM (field-oriented control): PI-controllers with
anti-windup, cross-coupling feedforward compensation and reference voltage sa-
turation. . . . . . Lo

3.9 Standard control system for EESM (field-oriented control): PI-controllers with
anti-windup, cross-coupling feedforward compensation and reference voltage sa-
turation. . . . . ... Lo L e e e e e

3.10 Feedforward torque control for EESM. . . . . .. .. .. ... ... ... ...

3.11 Torque Tealc and loss pr oss for the EESM for i = 6 A and i, = 18A. . . . . . ..

3.12 Calculated MTPC trajectory and trendline for EESM. . . . . ... ... ... ..

3.13 Experiment (E3; grsm): Comparison of measurement and simulation results for

3.14 Experiment (E32 gprsy): Comparison of measurement and simulation results for
3.15 Experiment (E33grsm): Comparison of measurement and simulation results for
3.16 Experiment (E3 4 prsm): Comparison of measurement and simulation results for

3.17 Fault-tolerant control system for a PMSM for an open-switch fault in S%: PI-
controllers with improved anti-windup, cross-coupling feedforward compensation
and reference voltage saturation. . . . . . . . . .. ... L.
3.18 Experiment (E3 5 pmsm): Comparison of simulation and measurement results for
an open-switch fault in 8¢ using standard control for PMSM. . . . ... ... ..
3.19 Experiment (E3 ¢ pmsm): Comparison of simulation and measurement results for
an open-switch fault in 8¢ using improved AWU for PMSM. . . . . .. ... ...
3.20 Voltage hexagon with shifted voltage vectors u®? and feasible sectors for a fault
in ST, L
3.21 Flat-top switching pattern to generate a voltage reference uf‘cﬁf in sector III. . . .
3.22 Experiment (E3 7 pwmsw): Comparison of simulation and measurement results for
an open-switch fault in S¢ using improved AWU and modified SVM for PMSM. .
3.23 Stator current vector i?ﬁ and voltage reference vector u?fef at time tp and t; for
(a) po =150°and (b) o =210° . . . . . . .. ...
3.24 Experiment (Esgpysy): Simulation and measurement results for currents ’igq
(with references) and 9% for phase shift angle o = 150° for PMSM. . . . . . . .
3.25 Experiment (Esg9pwmsy): Simulation and measurement results for currents igq
(with references) and %% for phase shift angle o = 210° for PMSM. . . . . . . .
3.26 Maximum possible angle ¢g over current 4. . . . ... ..o
3.27 Quadratic error €;s depending on i and g for wy, = 50 % with optimal angle
po-eurve inred. ..o

3.28 Comparison of optimal angles ¢f over currents ¢ for different rotational speeds

3.29 Experiment (Esz19pwmsm): Comparison of simulation and measurement results
for an open-switch fault in S¢ using improved AWU, modified SVM and optimal
d-current injection for PMSM. . . . . . . . . ..o

3.30 Measurement results for current control performance during five different scena-
rios for PMSM. . . . . . . e

3.31 Fault-tolerant control system for an EESM for an open-switch fault in S¢: PI-
controllers with improved anti-windup, cross-coupling feedforward compensation
and reference voltage saturation. . . . . . . .. ... oo




LIST OF FIGURES

3.32

3.33

3.34

3.35

3.36

3.37

3.38

4.1

4.2
4.3
4.4
4.5
4.6
4.7
4.8
4.9
4.10
4.11
4.12
4.13
4.14

4.15

4.16

Al

B.1
B.2

Experiment (E3 5 grsm): Comparison of simulation and measurement results for
an open-switch fault in 8¢ for EESM. . . . . .. .. ... ... ... ... ...
Experiment (E3¢rrsm): Comparison of simulation and measurement results for
an open-switch fault in 8¢ using improved AWU for EESM. . . . ... ... ...
Experiment (Es 7 grsm): Comparison of simulation and measurement results for
an open-switch fault in 8¢ using improved AWU and modified SVM for EESM. .
Comparison of fault-optimal current references for open-switch fault in S¢ for
Wy = 50 %, Wy =75 %, wm = 100 %, and MTPC reference. . ... ... ...

Comparison of fault-optimal current references for OSF in 8¢, s, 8¢, 8%, 8" or §¢
for w,, = 50 % ......................................
Experiment (Esggpsm): Comparison of simulation and measurement results for
an open-switch fault in 8¢ using improved AWU, modified SVM and fault-optimal
current reference for EESM. . . . . . . . . . ... o

Measurement results for current control performance during five different scena-
rios for EESM. . . . . . . e

Laboratory test-bench with dSPACE real-time system, voltage-source converter
connected back-to-back, Host-PC, reluctance synchronous machine (RSM) and
permanent magnet synchronous machine (PMSM), and torque sensor. . . . . . .
Illustration of laboratory setup and connection with the real-time system for drive
train PMSM-RSM. . . . . . . . . . e
Measured friction of laboratory drive train PMSM-RSM. . . . . . . ... ... ..
Drive train with DFIM (left side) and EESM (right side) and torque sensor. . . .
Illustration of laboratory setup and connection with the real-time system for drive
train EESM-DFIM. . . . . . . . . . . e
“Breaking torque” 7;, depending on the rotational speed w;, and the excitation
CUITENDE Te. . v v v v o o o e e e e e e e e e e e e e e e e e e e
Measured friction of laboratory drive train EESM-DFIM. . . .. ... ... ...
Laboratory test-bench for emulation of the WTS by using a scaled WTS model.

Overview of the scaling of the wind turbine system for the implementation in the
laboratory. . . . . . .. e
Block diagram of the phase-locked loop (PLL) for estimation of the derivative
%(D of the rotational speed w. . . . . . . . . .. ... e
Tllustration of laboratory setup and implementation of scaling and control at the
real-time system for drive train PMSM-RSM. . . . . ... ... ... .......
Comparison of the measurement results for Experiments (E4 1 pysm), (Ea.2,pvsm)

and (E43pMsm)—turbine quantities. . . .. ... L0000 L0
Comparison of the measurement results for Experiments (E4.1 pmsm), (E4.2,pvsm)

and (E43 pvsm)—drive and electric quantities. . . . .. .. ... o000
Tllustration of laboratory setup and implementation of scaling and control at the
real-time system for drive train EESM-DFIM. . . . . . .. .. .. ... ... ...
Comparison of the measurement results for Experiments (E4.1 grsm), (E4.2 EESM)

and (E43grsm)—turbine quantities. . . . ... ..o Lo L0
Comparison of the measurement results for Experiments (E4.1 rrsm), (E4.2 EESM)

and (E43 prsm)—drive and electric quantities. . . . . . ... ..o

Different coordinate systems and space-vector £. . . . . . . . . .. ... ... ..

Plot of flux linkage ¢ for i, € {0,6,12, 18} A. . . . . . . . ... .. ... ....
Schematic for ¢ (0,0,4¢). . . .« . o o oL

69

91




LisT OF FIGURES

B.3 Excitation resistance R, depending on rotational speed w,, and excitation current
Bee o o e e e
B.4 Excitation voltage ramp with resulting current and integrated excitation flux
linkage. . . . . . . e e e
B.5 1¢(0,0,i¢) as function of 4e. . . . . . ...
B.6 i%-i%-plain with discrete measurement points for the m-th excitation current.
B.7 Comparison of measurement and simulation results for y =1. . . . . . ... ...
B.8 Plot of errors €, €0, €, and € over x. . . . . ...
B.9 Flux linkages and differential inductances of the EESM excited by i =6 A. . . .
B.10 Flux linkages and differential inductances of the EESM excited by i, = 18 A.
B.11 Measured torque, calculated torque, calculated torque for L = const. and torque
differences for the EESM excited by 4. =6 A, i = 12A and i, = 18A. . . . . ..
B.12 Comparison of measurement with simulation for different modelling approaches
for EESM. . . . . . . e e
B.13 Comparison of measurement with simulation for different modelling approaches
for EESM. . . . . . . e e e
B.14 Comparison of measurement with simulation for different modelling approaches
for EESM (zoom). . . . . . . . ..
B.15 Comparison of measurement with simulation for different modelling approaches
for EESM (zoom). . . . . . . . ...

116



List of Tables

21

2.2

3.1
3.2

4.1
4.2
4.3
4.4
4.5

4.6
4.7

Voltage model of a faulty converter with switching matrices @Q, (for calculating

the line-to-line voltages) and S, (for calculating the phase voltages) for faulty
switches 8¢, 82, 8¢ or 8%, 8%, SC. . . ...
Dc-link current model of a faulty converter with switching matrices R, for faulty
switches 8¢, 82, 8¢ or 8%, S0, SC. . . ...

Comparison of measures €;s and ¢;¢ for improved post-fault control. . . . . ...
Comparison of error €, = and relative error e, for improved post-fault control. .

Tm

Parameters of PMSM and RSM. . . . ... .. ... ... ... ... .......
Parameters of EESM and DFIM. . . . . . . . ... ... ... ... ........
Parameters of large-scale 2.0 MW wind turbine system.. . . . . . ... ... ...
Parameters of PMSM-RSM laboratory setup and scaling factors. . . . . . .. ..
Produced energy of WT'S within 600s for Experiments (E41 pvsum), (E4.2pMsM)
and (E4A3,PMSM)- ....................................
Parameters of EESM-DFIM laboratory setup and scaling factors. . . . . . . . ..
Produced energy of WT'S within 600s for Experiments (E4 1 grsm), (E4.2 EESM)

and (E4.3,EESM)- ....................................

117



LisT oF TABLES

118



Appendix A

Space-vector theory

Working with three-phase systems requires space-vector theory, which will be revisited here
briefly.

A.1 Clarke transformation

The Clarke transformation transforms a three-phase abc-coordinate system shifted (spatially
or/and temporally) by 120° into the orthogonal afv-coordinate system (see Fig. A.1).
A.1.1 General Clarke transformation

The general Clarke transformation matrix T¢ and its inverse T, 1 depend on the scaling factor
k and are defined as follows

1 -1 _1 2 0 V2
I IR R

To = r (1) W T =~ _% ?3 TQ , k€ R. (A.1.1)
Vv -3 % ¥

Applying the Clarke transformation and the inverse Clarke transformation to quantities £
and €7 yields,

« ga
£ = | &8 | = Tog™ and €= [ | =T ¢, (A.1.2)
3 ¢

respectively. €€ € R3 with elements £%, £, €° is a vector in the abe-coordinate system and
E‘lm € R3 with elements &%, £, €7 is a vector in the afy-coordinate system.

A.1.2 Reduced Clarke transformation
If it is known, that the abc-quantities fulfil the condition
Vt>0: () +€°(t) +€5(t) = 0, (A.1.3)

the reduced Clarke transformation can be used, i.e.

£0¢B — (g;) — Tcsabc, éabc _ Tc—lsaﬁ, (A14>
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@

iy iy

Figure A.1: Different coordinate systems (abc-coordinate system, fixed orthogonal af-coordinate system
and rotating orthogonal dq-coordinate system) and space-vector €.

with reduced Clarke transformation matrix and reduced inverse:

1 1 % 0
L =3 —3 a_ Yo
2 2 _1 _v3
3 3
(A.L3)

K

The zero component &7 can be neglected, since 7 = ﬁ(fa + €8 4 £°) 0.

A.1.3 Choice of scaling factor

For the scaling factor k, two choices are common. For a power correct transformation, the choice

= \/z (A.16)

is used, for an amplitude correct scaling, the factor

2
== Al17
K 3 ( )

is used. The power calculation depends on the choice of k, since
p= (uabc)T ,iabc — (Tc—luaﬁy)—r Tc—lia67
= (uaﬂv)T (Tgl)T T 57 = (uaﬁv)T Te i (A.1.8)
—

=Tcp
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A.2. PARK TRANSFORMATION

with
2
z 0 0
T 1|3 T 1120
_ (-1 -1 _ 2 ~1 -1 _
Tey = (To') To'= 5|0 3 0 or T (1) ' = lg 31 . (AL9)
00 2
The power calculates to
-
p=s (uaf”) §P (A.1.10)
and simplifies with negligible zero component (i.e. u” = 0 and/or ¥ = 0) to
2 afs L e76]
p= 32 (u ) i . (A.1.11)

A.2 Park transformation

The Park transformation rotates a vector by the (possibly time varying) angle ¢ (in rad), see
Fig. A.1.

A.2.1 General Park transformation

The general Park transformation matrix and its inverse are given by

cos(¢) —sin(¢) 0 cos(¢) sin(¢) O
Tp(¢) := |sin(¢) cos(¢) 0| and Tp'(4):= |—sin(¢) cos(¢) O, (A.2.12)
0 0 1 0 0 1
respectively. Their derivatives are
[—sin(¢) —cos(¢) O]
LTp(¢) :=w | cos(¢p) —sin(¢) 0| = wIsx3Tp(d) = wTp(¢)J3x3,
0 0 0
] ) (A.2.13)

[—sin(¢) cos(¢p) 0
GTp'(9) =w | —cos(¢) —sin(¢) 0| = —wls3Tp' (¢) = —wTp' (¢)J3xs

0 0 0
where
0 -1 0 7 o
J3xz:=1|1 0 0= U L Tp(Z) and w=3¢. (A.2.14)
0 0 0 O1x2 O t

The transformation of a vector £%°7 in the stator-fixed o/3y-coordinate system into the rotating
dgo-coordinate system yields a vector £€%4° € R3 with elements £, £7, £° (or vice versa), i.e.

gd
gho = ¢ | =T ()™ and €7 = Tp(g)™°. (A.2.15)
é’O

The different coordinate systems are illustrated in Fig. A.1.
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Remark A.2.1 (Combination of Clarke and Park transformation). Combining Clarke and Park
transformation leads to the following transformation rules

cos(¢)  cos(¢ — %”) cos(¢ — %)

£ = T} ($)ToE™™ = w [~ sin(6) —sin(p— 2) —sin(— 17)| g (A.2.16)
P 1 1 1
V2 V2 V2
and
) cos(¢) —sin(¢)
£ = T ' Tp(¢)€%° = e cos(p — F) —sin(p— %) 5| €1 (A.2.17)
cos(¢p — ) —sin(p — 4T %

A.2.2 Reduced Park transformation

For the reduced Park transformation the following matrices are used

Jeos(@) —sin@)] g1y [cos(@)  sin(9)
Tp(9) = [Sin(qﬁ) cos(gﬁ)] d T, (9): l—sin(qﬁ) cos(d))]' (A.2.18)

Their time derivatives are given by

d 0 [—sin(¢) — cos(¢)] . W
dtTp(¢> T I COS(¢) _ sin(gb)_ JTP(¢) Tp(¢)J7

) ) (A.2.19)
A CE e _“S’ffl‘(@)_ = W T () = T (),
with
x 0 -1 (A.2.14) 4
J:=T,(3) = [1 0 ] and w = 3¢. (A.2.20)
The reduced Park transformation is obtained as follows
g .- @) —T7U(@)e or (viceversa) £°° = T (p)e%. (A.2.21)

A.3 Line-to-line transformation

Transforming phase quantities £2° into line-to-line quantities £€%%¢ = (£%0 ¢bc ¢-0)T is done
using transformation matrix Ti, i.e.

gad 1 -1 0| (¢
ga-b-c = fb—c =10 1 -1 Eb . (A322)
fc—a -1 0 1 gc
——
=Ty =:gabe

Remark A.3.1. The matriz Ty is not invertible, i.e. det (Tyy) = 0. This implies, there exists
not just one combination of line value € that cause the line-to-line values £, but an infinite
number of combinations of line values €.
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If the phase quantities fulfil condition (A.1.3), the matrix T} can be altered to obtain an
invertible matrix given by

1 -1 0 1 % %
Th=10 1 -1 <= (T} =10 5, 3 (A.3.23)
0 1 2 0o -4 1
So, if (A.1.3) holds, the phase quantities can be computed as follows
1 2 1
gabe = | % i gorbe, (A.3.24)
0 —1 i
3 3
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Appendix B

Measurement of EESM flux linkage
maps

This chapter describes the necessary steps to measure the flux linkage maps of an EESM wit-
hout damper windings. Although, the used EESM in the laboratory (see Sect. 4.1) has damper
windings, the proposed method can be used for measuring the machine parameters for synchro-
nous operation. Only for changes in the currents (i.e. %z’ # 0), the damper windings influence
the EESM (see (2.33)). This will also be shown in Sect. B.3 where the model is validated by
comparing simulations and measurements.

The measurement of the EESM flux linkage maps can be divided into two steps. First the stator
flux linkage maps are measured and afterwards the excitation flux linkage is determined.

B.1 Measurement of stator flux linkages

The system of equations (2.30) for an EESM without damper windings can be separated into
stator and excitation to

wlt = RISl (i070.) + wodpl (1) B.11)

Ue = Re(ie)ie+ %we igqaie
The flux linkages zbglq and v, only depend on the three currents i¢, i¢ and i.. For steady state
operation (i.e. %(-) = 0), the stator equation simplifies and the stator flux linkage can be
computed directly by
Yl (49,00 ) = La (ud? - Ride). (B.1.2)

Remark B.1.1 (Rotational speed). For the measurement of the flux linkage maps, a non-zero
rotational speed (e.g. we = 100 %) is applied by the connected machine (here a DFIM) to avoid
division in (B.1.2) by we =0 %.

Remark B.1.2 (Stator voltage). The stator voltages uld are usually not measured and, due to

the converter, a signal with switched values (see Sect. 2.4.2). So instead of the applied stator
dq

. dq . . .
¢4, their reference values Ugrof CON be used for the flux linkage computation as in

voltages w
(B.1.2). For steady state operation and a fault-free converter, the mean values of ud over one

switching period and the reference values u‘si?ref are equal (see Sect. 3.2.1).

The measurement is conducted over a grid of i¢ € [—%s,max; s,max) and 19 € [—is max;%smax] and
constant i.. This measurement is repeated for different values of i € [0;%¢ max]. Figure B.1
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shows ¢ for i, € {0,6,12,18} A. For increasing values of i., the absolute value of ¢¢ increases,
but the surface becomes flatter. Hence, the nonlinear behaviour of flux linkages and the resulting
differential inductances (directional derivatives, see Sect. 2.3.3.2) over the currents i¢, i¢ and i,
is clearly visible.

1.5 —

Y? / Wb (for i, € {0,6,12,18} A)

-1

15\'\'\'\1\'\

5, 10 15
/A 10.15-15 -10 5, /A 0 5

Figure B.1: Plot of flux linkage ¥¢ fori. € {0,6,12,18} A (lower plot for i, = 0 A; increasing with i. ).

B.1.1 Symmetrizing

The symmetry of the flux linkage of the EESM is used to correct possible measurement errors.
Therefore, for 1¢, the mean value of wimeas(igl,ig,ie) and ng,meas(z'g, —i%,4¢) is used for both
data points. For 17, the mean value of ¢ ..s(i%, 74, i.) and —1/;g,meas(z'§, —14,4.) is used for both
data points
dr-d -q - dr-d  -q - d d g - d .d g -
Vs (15,13, 1e) = g (ig, —id,ie) = % <7/)s,meas(zsv id,de) + ¢s,meas(ls’ —ig, Ze)) (B.1.3)
1
i

.d g - .d q - d -q - .d a -
wg(lsvlg? Ze) = _¢g(157 _Zg? 6) =3 ( g,meas(zsﬂg?%) - ¢g,meas(ls’ _22726)) : (B14)

B.1.2 Removing outliers

Symmetrizing already reduces the influence of measurement errors. To further reduce the influ-
ence of outliers, the surfaces of /¢ and 7 are smoothed, by using a linear regression algorithm
(here loess-fitting of Matlab is used [120]).

B.1.3 Interpolation

In view of the high computational load, calculation efficiency and real-time application, look-up
tables (LUTS) are usually read using linear interpolation only. Hence, if necessary, the collected
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¢e(i§’ igv 7;6)

¢(0,0,19

L2.(0,0,10) el )

“42e(0,0,10)

L4.(0,0,10) (0,0, 4)
i

¥¢(0,0,0)

id
s

Figure B.2: Schematic for 1.(0,0, ).

data could be interpolated in advance (e.g. using spline interpolation; here thinplateinterp-
interpolation of Matlab is used [120]). This might give increased smoothness of the look-up
tables for control, etc.

B.1.4 Computation of differential stator inductances

The differential inductances are the directional derivatives of the flux linkages in (2.38). Hence,
based on the directional derivatives of the stator flux linkages, the values for L% L[99 14 199,
L1 L1, (the upper two rows of the inductance matrix L in (2.40)) can be calculated numerically

and stored in LUTs as well.

B.2 Measurement of excitation flux linkage

So far, the two stator flux linkages ¢ and v and the upper two rows of the inductance matrix
L in (2.40) are known. For the complete reduced-order EESM model without damper windings,
as derived in Sect. 2.3.3.2, the excitation flux linkage 1, and the lower row of the inductance
matrix L is missing.

Assumption (AS.20) Due to the construction of the electric machine, there is a constant
relation x between the stator-exciter coupling inductances [61, Sect. 2.8], i.e.

d
— Les _ Lgs
Ld, L

X (B.2.5)

The relation x is constant, but yet unknown and has to be determined for the used machine.
For the calculation of the excitation flux linkage, a different method than that for the stator has
to be used. Here, only the idea of the necessary steps to determine the excitation flux linkage
is briefly sketched. Each step will be explained in detail in the following subsection.

Due to (B.2.5), the principle shape of the excitation flux linkage is already known. For each
data point (i¢,49,4.) the derivatives of 1 in i¢-direction (= L4, = yL%) and in i4-direction
(= L1, = xL%,) provide the principle shape for the 1, flux linkage map. Figure B.2 shows a
schematic for 1 (0,0,4.). The differential inductances LY, and L4, are the tangents of 1 in -
and ¢Z-direction, respectively. While the principle shape of the v, flux linkage maps is clear, the
offset to the i%-i%-plane (see Fig. B.2) is still unknown. The value of v, for one point (i%,i9,i,.)
is therefore sufficient to obtain the offset of the 1).-surface to the i%-i9-plane. The values for
1e(0,0, i) can be obtained, if the excitation resistance Re(ic,wp,) is known [121]. The procedure
for computing the excitation flux linkage maps can be summarized in the following steps:
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o Step 1: Measuring Re(ie,wn,) for several ic € [0;ie max] and wy, € [—Wm max; Wm,max]-
o Step 2: Determining the values for 1, (0,0, ) for ie € [0; ¢ max]-

« Step 3: Using L% and LY, to calculate v, for each measured data point (i¢,4%,i.) €
[—%s,max; bs,max] X [—%s,max; %s,max] X [0;%emax] by numerical integration.

e Step 4: Obtaining L. by directional differentiation %ﬁe of 1. in i.-direction for all mea-

sured data points (ig,ig,ie) € [—is,max; Ts,max) X [—lsmax; is,max] X [0; e max]-
d
e Step 5: Determining the optimal relation y = 35 = Les by comparing simulation and

L, = Li

measurement results.

Each step will be explained in more detail in the following subsections.

B.2.1 Step 1: Measurement of excitation resistance

The excitation resistance R, is not a constant value. Due to the brush-slip-ring connection
between rotor and machine, R, is a function of the excitation current i, and the machine speed
wm. Figure B.3 shows this dependency. For small values of i., R. depends on wy,. For higher
values of i, this dependency is not visible any more. In steady state operation (%() =0), the
resistance can be calculated using

R, ===, (B.2.6)

le

To obtain a complete map of Re(ic,wn,), the resistance should be calculated for all applicable
values of 7. € [0;i¢ max] and wy, € [—Wm max; Wm,max)-

Remark B.2.1 (Special treatment of i, = 0 and w,,, = 0). For small values of i, ~ 0, the calcu-
lation (B.2.6) is not reasonable any more (division by zero) and Re(0,wy,) has to be extrapolated
from values with i, > 0. Calculating R for w, = 0 might also be prone to failure. Due to small
deviations in the production process, the resistance of the brush-slip-ring connection might be
angle dependent. To avoid that, Re(ie,0) should be interpolated based on values for w,, < 0 and
wWm > 0.

B.2.2 Step 2: Determining of excitation flux linkage for zero stator currents

Integration of the second equation in (B.1.1) leads to

t

(it it ip) = /0 (te(r) — Re(r)ic (r) )dr (B.2.7)
and give a direct tool to “measure” the excitation flux linkage. Based on a measurement with
i = 44 = 0, as shown in Fig B.4, the excitation flux linkage v, can be computed for different

values of i, (the stator terminals are not connected, to secure i = i? = 0). Based on the voltage

ramp in the first subplot and the resulting current ¢., shown in the second subplot, the flux
linkage 1., shown in the lower subplot, can be computed. Starting the integration for values
(i¢,i,3.) = (0,0,0) preserves the initial value ¥, = 1¢(0,0,0) = 0. Figure B.5 shows the
resulting 1.(0,0,%.) as a function of i, (with the measured raw-data e raw and the trendline

Ye).

Remark B.2.2 (Using integration method for complete operating area). It is not advisa-
ble, to use the above described integration method to determine 1. for the complete operating
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Figure B.3: Ezxcitation resistance R, depending on rotational speed w,, and excitation current ie.

i | A

Ye / Vs

| | |
0 0.05 0.1 0.15 02 025 03 035 04 045 0.5 0.55
time t / s

Figure B.4: Excitation voltage ramp with resulting current and integrated excitation flux linkage.
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Figure B.5: ¢.(0,0,i.) as function of i. (measured raw-data e raw and trendline . ).

area (i%,i9,4.) € [—is ‘max; bs,max] X [—%s,max; tsmax] X [0;lemax]- Only Ve is a well defined
initial value for the integration, so each measurement has to start at (i¢,i%i.) = (0,0,0).
Additionally, as numerical integration, especially with measured signals, is prone to drifting,
only short measurements are admissible, to obtain reliable results. The necessity of using
the starting point (i¢,i%,i.) = (0,0,0) and only short measurements, makes using this met-
hod cumbersome and hence not advisable for determining . for the complete operating area

(lg, lg, 1’6) S [*is,max§ is,max] X [*'L’s,max; is,max] X [07 ie,max] .

B.2.3 Step 3: Computation of complete excitation flux linkage

Similar to ¢gl and 92, 1. is computed for fixed values of i, € [0; ¢ max] and the maps are combined
afterwards (see Fig. B.2).

B.2.3.1 Computation of excitation coupling inductances

For the computation of v, the differential inductances L%, and LZ, have to be known. They
can be calculated based on L%, and L4, by using (B.2.5), i.e

(B.2.5)

£d B2 rd ana rg, 2% pe (B.2.8)

B.2.3.2 Computation of excitation flux linkage map

For the values on the axes ’L = 0 and ¢ = 0, the computation is performed in steps of Aig
(in A), where n and Aig are chosen such that nAig = ismax (see Fig. B.6). For ¢ € [1;n] and
J € [1;n], ¢, is then given for the m-th excitation current (where m and Ai. (in A) are chosen
such that ic max = mAi.) by

Yeli 0,m] = i — 1,0, m] + LElZLOMIPLEG0m] Ay for i2 > 0N il = 0

Yel—i,0,m] = to[—i+1,0,m] — Bal=HLOmIFLLIZ0m AG - gorid < 0 A8 = 0

el0, j,m ] = [0,j — 1,m)] 4 LeldLmPEE0dm] Az for i = 0 A% > 0

Yel0,—j,m] = [0, —j + 1, m] — LelmdtLm b LED.Zdml Ny for jd = 0 A2 < 0.
(B.2.9)

The values of 1), which are not on the axes i = 0 or ¢ = 0 can be calculated using different paths
from the origin 1[0, 0, m| with minimal length (see green and red path in Fig. B.6). To reduce
uncertainties due to measurement errors, both possibilities are combined and a modification of
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Figure B.6: i¢-i9-plain with discrete measurement points for the m-th excitation current.

the method proposed in [122] is used, which leads to

l[wg[i 1, j,m] + LealizLml L iogm] oy
.. 2 ) 2 : . .
Veli, j,m] = L y , for i% > 0 A% >0
e +T/Je 1 m] + Ll [i,5 1,m2]+LZS[z,],m] AZS:| s s
; i 1,j,m] — LT Laml L hdm] A
e . 2 ) 2 s d ‘q
Vel=i,jom] = We i,j — 1 m] 4+ Lllrid =l L, (i) Ais} ; for i <OAil >0
; 1, —j,m] 4+ Bl L fmgim] g
elt, —7,m a a s orz >0Ad <
J ' 2 L i 7]+12m]+L [i,—3,m] A - f 0 : 0
+¢ez —j+1,m] — === e Azs]
; i1, —j,m] — Ll gml L i) Ay
e|—% —], M q . . q . . y or 1. < A 14 < 0.
- b 2 L2 [—i 7J+12m]+L [—i,—j,m] A - f g 0 (SI 0
+¢e —j +1,m] - Ll L i A, |

(B.2.10)

B.2.4 Step 4: Computation of differential excitation inductance

After obtaining the excitation flux linkage 1., the differential excitation inductance L. can be
computed by directional differentiation of 1, with respect to ..
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B.2.5 Step 5: Determining the optimal relation of stator-exciter coupling

ﬁgs = fgi for the EESM in the laboratory,
measurements for several values of y € {0.6,0.65,3.6. .,1.05,1.1} are conducted. Beyond this
range, the system in the laboratory becomes unstable. Note that the value of xy = % is used
in [59, p. 39], [61, Sect. 2.8] and [73] for machine modelling with linear secant inductances (#
differential inductances). However, this value does not work for this machine. To find the optimal
choice of y, an experiment was conducted, where the computed nonlinear flux linkage maps were
used for simulations and measurements in the laboratory for the controllers introduced in (3.33),
but without compensation (3.35). In the simulation, the flux linkage maps were also used for
modelling of the EESM.

Figure B.7 shows the comparison of simulation and measurement results for y = 1. For all
investigated values of x, the reference trajectories were identical. The upper plot shows the
mechanical rotational speed w;, and its reference. The speed deviates sometimes from wy, rer =
50 % due to the huge steps in the torque of the EESM and the limited control performance of
the speed-controlled load machine (DFIM, see Sect. 4.1.3). The second subplot shows the current
i¢ and its reference. The third subplot depicts the error €ja = ig}meas - iisim (in A) between
simulation and measurement. Simulation and measurement results do fit in steady state properly
(the error is symmetric to the zero axis). Only for step changes in the reference ig,ref or the other

In order to determine the optimal relation y =

currents i¢ and ., short differences in the transients are visible. The g-current, its reference and
the error e;q := il s — ig’sim (in A) are shown in subplot four and five. While there are thin
spikes in the error during transients, for steady state, the error is small and symmetric to zero.
Subplots six and seven show the current i, its reference and the error e;, := i meas — fe,sim (in
A). Again, thin spikes in the error are visible during transients. But additionally, for i e = 0,
differences between simulation and measurement are visible. For higher values of i rer the steady
state error is symmetric around zero. The last two subplots show the machine torque 7, and
the error e,,, := Ty meas — Tm,sim (in Nm). Due to its dependence on the machine flux linkages
and currents (see Sect. 2.3.3.2 and (2.41)), the behaviour of the machine torque is a combination
of the behaviour of both quantities. There are thin spikes in the error during transients, for
ieref = 0 and for higher values of i. ;ef there are also small steady state errors. The steady state
error is symmetric to zero.

To compare conformity of simulation model and real world, simulation and measurement results

for all x € {0.6,0.65,...,1.05,1.1} were evaluated and the following root mean square errors
- -d . .d 1\ 2 T .
Cia 1=\ | 3 (Fmeasli] = i) T (in A) (B.2.11)
i=1
. " -q . -q . 2 Tgw .
Cia =\ | D (measli] = i gli]) T (in A) (B.2.12)
i=1
Cio = | (iemeas[i] — desimli])® B (in A) (B.2.13)
i=1
¢ = | (Tmmeasli] — Tmsim[d])* 2 (in Nm) (B.2.14)
i=1

over the whole time span t € [0;55s] were computed. These mean square errors are plotted in
Fig. B.8 over x. The first subplot shows €;q, the second subplot &, the third subplot €;, and
the lower subplot &..
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Figure B.7: Comparison of measurement and simulation results for x = 1 with colour code: —— measured
quantity, —— simulation quantity and - -- reference.
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Figure B.8: Plot of errors €;a, €;a, €;, and €. over x.

In conclusion, x = 1 minimizes (almost) all four errors €;4, €;a, €, and €, (see Fig. B.8). Hence,

x = 1 is chosen as optimal ratio between the inductances L%, /L9, and LY, /L4,, respectively.

B.3 Verification of machine model with nonlinear flux linkages

The validation of the developed model is done in two steps. First the static behaviour is com-
pared, afterwards the dynamic behaviour is discussed.

The flux linkage maps for constant excitation current ic = 6 A and i, = 18 A are shown in
Fig. B.9 and Fig. B.10, respectively. The upper three plots show the flux linkages ¢, ¢)7 and 1,
over i and 7. The lower nine subplots show the differential inductances L%, L99 [4, 19 139,
L4, L4 L4, and L. of the EESM, respectively. For a better visibility, the i¢-axis is reversed
for the inductances. Comparing Fig. B.9 and Fig. B.10 shows that the flux linkages are flatter
for i, = 18 A, because of saturation effects. Therefore all inductances are smaller for 7, = 18 A

than for i, = 6 A.

B.3.1 Static verification

For the static validation, the torque Tmeas measured in the laboratory®®, the calculated torque
Teale Using the nonlinear flux linkage maps and the calculated torque 7calc; using constant

46The torque measured by the torque sensor (see Fig. 4.4) is corrected using the friction curve (see Fig. 4.7)
and the “breaking torque” 75, (see Fig. 4.6) to obtain the real torque Tmeas produced by the EESM.
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Figure B.10: Fluz linkages and differential inductances of the EESM excited by i, = 18 A.
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inductances?” are compared. Figure B.11 shows the three torques in the upper subplots for

e = 6A, ic = 12A and i. = 18 A. The lower subplot shows the errors Tmeas — Teale and
Tmeas — Teale,,- For a better visibility, the axes ig and ¢? are reversed in the lower subplots. It
can be seen, that the error Tyeas — Teale Using the nonlinear flux linkage maps is very small for
all cases and currents. On the contrary, the error Timeas — Teale,z. reaches values larger than 50 %
of the measured torque Tyeas- The error is smaller for values close to the chosen reference point
(i =0A, i = 0A and i, = 10A). But for i, = 6A and i, = 18 A, the error Tieas — Teale, L
can become very large (see Fig. B.11(j) and Fig. B.11(1)). Concluding, the use of constant
inductances causes huge deviations between EESM model and real machine and should be
avoided.

B.3.2 Dynamic verification

Measured and simulated quantities are compared for the validation of the dynamic behaviour
as well. For measurement and simulations, the same controllers as in (3.35) with constant gains
(3.36) were used. The measurement results are compared with two simulation results:

(Sp.1) Using measured flux linkage maps for EESM simulation.

(Sp.2) Using constant inductances and flux linkages (for i = 0A, i = 0A and i = 10A, as
were the basis for the controller tuning in (3.36)) for EESM simulation.

Figure B.12 shows all three results. In subplot one, the rotational speed w,, of the machine
and its reference are depicted. Subplots two and three show the d-currents and the errors
between measurement and simulations. The measured and simulated currents do match in
steady state. During the transients, there are short spikes in the error signals. The ¢-currents
and the respective errors are shown in subplots four and five. Here, the signals match in
steady state as well. During transients short spikes are visible in the error signal. Subplots
six and seven depict the current i, and the errors between measurement and simulations. The
signals do match better for higher currents i., but for smaller currents, the model with constant
inductances (Simulation (Sp2)) does deviate from the measurement significantly. The last two
subplots show the torques and the error of the torque signals. The signals of measurement
and Simulation (Sp 1), using the nonlinear flux linkage maps, do match very closely. The error
is small, except for thin spikes for transients for i.,ef = 0, and symmetric to zero. On the
contrary, the torque of Simulation (Sp2), using constant inductances, deviates significantly
from the measurement results for all torques 7, # 0. Although the currents of measurement
and both simulations are very similar throughout the whole plot, the torque of Simulation (Sp o)
deviates significantly from measurement and Simulation (Sg.1).

Figure B.13 shows the same measurement and simulations as in Fig. B.12, but additionally
the voltages ug’ref, uz’ref and e rer. The upper subplot shows the mechanical speed w,, and its
reference, subplot two shows igl, subplot three ¢ and subplot four i.. The subplots were already
described above. Subplot five depicts uiref. As the actual applied voltage is not measured,
since it is a switched signal due to the converter (see Sect. 2.4.2 and Sect. 3.2.1), the reference
voltage is shown as approximation (ug,ref ~ u? over one switching period Ty,). The voltages
of measurement and Simulation (Sp) do coincide. But uiref of Simulation (Sp2) deviates
significantly. The same is true for u! . depicted in subplot six. For uc e shown in the lower

s,re
subplot, the signals of measurement and both simulations do match.

4TFor the model with constant inductances, the nonlinear flux linkage maps are evaluated at i = 0 A, i¢ =0 A
and ¢. = 10 A and are used as constants.
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Figure B.11: Measured torque, calculated torque, calculated torque for L = const. and torque differences
for the EESM excited by ic =6 A, i, = 12A and i, = 18 A.
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Figure B.14: Comparison of measurement and simulation results for different modelling approaches with
colour code: —— measured quantity, —— Simulation (Sg.1) quantity, —— Simulation (Sp.2)
quantity and - - - reference (zoom).

In Fig. B.14, a zoom of Fig. B.12 around 8s is shown. The first subplot shows the mechanical
speed w,, and its reference. The second subplot shows the current ig. For the reference ramp*®
at 8.05s, the measured and simulated signals follow the reference. Subplot three shows 4. The
measured signal oscillates more than those of Simulation (Sp.1) and Simulation (Sg2). While
Simulation (Sp.2) is not influenced by the step change in i¢, measurement and Simulation (Sp_;)
are affected. Subplot four shows i.. One sees the low time resolution of the dc-source used for ex-
citation. Measurement and Simulation (Sp 1) are similar after the step change. Simulation (Sp2)

48For the reference signals, ramps were used to limit the gradient and, thereby, reduce the influence of the
damper windings.
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Figure B.15: Comparison of measurement and simulation results for different modelling approaches with
colour code: —— measured quantity, —— Simulation (Sg.1) quantity, —— Simulation (Sg.2)
quantity and - - - reference (zoom).

deviates from the measurement. In subplot five, the current ¢ of phase a is shown. Except for
some small deviations directly after the reference ramp, measurement and both simulations do
match. The last subplot depicts the machine torque 7,,,. The torque signal of Simulation (Sp_2)
is significantly deviating from the measurement for the whole experiment. Besides the short
period of time after 8.05s, measurement and Simulation (Sp ;) results are similar. While the
torque of Simulation (Sp 1) becomes positive after 8.05s, the measured torque becomes negative.
This is due to the fact, that for Simulation (Sg.1), 4. rises faster while i‘si decreases. Therefore,
a positive d-flux linkage is present in the machine, which causes for a positive current i?, a
positive torque 7, (see Sect. 2.3.3 and Fig. B.9-Fig. B.11). For the measurement, the d-flux
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linkage first becomes negative (and so the torque 7,,,) until 4. increases and the d-flux linkage
becomes positive.

Figure B.15 shows a zoom of Fig. B.12 around 46.4s. The signals are the same as in Fig. B.14,
which was described above. Although the signals i, (subplot four) of measurement and Simula-
tion (Sp.1) are different directly after the reference ramp around 46.4 s, the torque 7, (subplot
six) does not differ as much as in Fig. B.14. This is due to the saturation of the d-flux linkage for
high values of i, (compare Fig. B.9 and Fig. B.10) and the small changes of )¢ for changes in 4.
The torque 7, of Simulation (Sp2) has again a constant offset compared to the measurement
signal.

All in all, the results of measurement and Simulation (Sg 1) match very well. Deviations only
appear during transients due to the damper windings in the EESM and the low time resolution
of the dc-source for excitation. Both effects were not modelled and, hence, were not simulated.
Simulation of the machine using constant inductances as in Simulation (Sp2) leads to matching
currents (due to the controller), but wrong torque and wrong voltages. In conclusion, modelling
of EESMs with constant inductances leads to wrong results (at least for the investigated EESM
in the laboratory).
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