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Abstract

Large-scale energy storage systems have become increasingly important in the con-
text of increasing integration of renewable energy sources like wind and solar. Large
pumped storage power plants are particularly well suited for this application. Im-
plementing a variable-speed technology, i.e., the full-size converter operated syn-
chronous motor-generator, when utilizing a combined pump-turbine, allows the
adjustment of the active power not only in turbine mode, but also in pumping
mode. The adjustable power range in both modes of operation enables the pumped
storage power plant to also participate in the balancing energy market which in-
creases the achievable earnings of the power plant. The possibility to operate at
variable-speed provided by the full-size converter operation also allows to provide
the two different optimum rotational speeds in turbine and pumping modes for
the combined reversible-speed pump-turbine and can also be used to increase the
turbine efficiency depending on the hydraulic head.

In addition, due to the decoupling of the synchronous machine from the grid, the
design criteria for the electrically excited salient-pole synchronous motor-generator
change, i.e., the design frequency can be chosen freely, and the machine no longer
needs to provide reactive power to the grid, as this part is taken over by the full-
size converter. These aspects and the possible savings for the machine’s cost are
identified within this thesis. The results for an example-case synchronous motor-
generator show thatitis possible to achieve a cost reduction for the machine designed
particularly for full-size converter operation of 18 % compared to a conventional
directly line-connected synchronous motor-generator.

The full-size converter operation of large hydropower generators corresponds to a
medium-voltage high-power application with bidirectional power flow. In addition,
very smooth sinusoidal supply voltage waveforms at the machine terminals are re-
quired to not cause additional power loss in the machine and to not cause additional
stress on the winding insulation. All these requirements can be met with a modular

multilevel converter. Therefore, this thesis investigates this power converter topol-
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Abstract

ogy for application as a full-size converter in large pumped storage power plants.
The total efficiency of the system comprising the full-size converter and the syn-
chronous machine is illustrated for operation at nominal and partial load for both
turbine and pumping modes. The harmonic content in the stator, damper, and field
windings of a custom-built synchronous machine is determined theoretically and
analyzed for a purely sinusoidal supply utilizing both results computed by utilizing
two-dimensional finite element analysis as well as measurement results obtained
from the test bench. In addition, the harmonic content of the machine’s windings is

obtained from measurements at the test bench for various power converter supplies.
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Kurzfassung

Der weitere Ausbau von erneuerbaren Energien, wie zum Beispiel Windenergie
und Solarenergie, benotigt Energiespeichertechnologien im grofien Mafistab. Hier-
tiir sind grofse Pumpspeicherkraftwerke besonders gut geeignet. In Kombination mit
einer drehzahlvariablen Technologie, wie zum Beispiel der vollumrichtergespeisten
Synchronmaschine, kann bei Verwendung einer Pumpturbine die Wirkleistung nicht
nur im Turbinenbetrieb, sondern auch im Pumpbetrieb beliebig variiert werden.
Dies ermoglicht dem Pumpspeicherkraftwerk, zusitzlich am Ausgleichsenergie-
markt teilzunehmen, was wiederum die erzielbaren Einnahmen erhoht. Durch die
variable Drehzahl konnen aufierdem die beiden unterschiedlichen optimalen Dreh-
zahlen im Turbinen- und Pumpbetrieb realisiert werden, die sich bei der Verwen-
dung einer kombinierten reversiblen Pumpturbine ergeben. Weiters kann die Dreh-
zahl im Turbinenbetrieb den aktuellen Betriebsbedingungen angepasst und somit
auch ein hoherer Turbinenwirkungsgrad erzielt werden, der besonders stark von
der Fallhohe abhéngt.

Da der Synchrongenerator durch den Betrieb am Vollumrichter nicht mehr direkt
mit dem Netz verbunden ist, ergeben sich zusitzliche Freiheitsgrade fiir das Design
der elektrisch erregten Schenkelpol-Synchronmaschine. Zum Beispiel kann die Fre-
quenz fiir das Generatordesign frei gewdhlt werden. Aufiferdem muss der Generator
nicht mehr Blindleistung in das Netz einspeisen, da diese Aufgabe bereits vom
Vollumrichter erfiillt wird. In dieser Dissertation werden eben diese zusitzlichen
Aspekte herausgearbeitet und auch die mogliche Kostenreduktion der Synchron-
maschine bei Vollumrichterbetrieb untersucht. Es zeigt sich anhand eines Beispiel-
generators, dass es moglich ist, die Kosten einer Synchronmaschine speziell fiir
Vollumrichterbetrieb im Vergleich zu einer konventionellen direkt netzgebundenen
Synchronmaschine um 18 % zu reduzieren.

Der Betrieb von grofien Wasserkraftgeneratoren entspricht einer Mittelspannungs-
Hochleistungs-Anwendung, fiir die bidirektionaler Leistungsfluss notwendig ist.

Zusatzlich miissen die vom Vollumrichter erzeugten Spannungsverldufe moglichst

F&E/ X Ty



Kurzfassung

sinusformig sein, damit in der Synchronmaschine keine zusétzlichen Verluste verur-
sacht werden und auch keine zusitzliche Beanspruchung fiir die Wicklungsisolation
entsteht. Diese Anforderungen konnen mit einem Modular Multilevel Converter
erfiillt werden, weshalb diese Umrichtertopologie im Rahmen dieser Dissertation
tiir den Einsatz als Vollumrichter in grofien Pumpspeicherkraftwerken untersucht
wird. Der Gesamtwirkungsgrad von Vollumrichter und Synchrongenerator wird
tiir Nennlast- und Teillastbetrieb sowohl im Turbinen-, als auch im Pumpbetrieb
berechnet und dargestellt. Der Oberschwingungsgehalt in Stator-, Dampfer- und Er-
regerwicklung bei Betrieb mit reinem Sinus wird am Beispiel einer speziell konstru-
ierten Synchronmaschine untersucht. Einerseits geschieht dies anhand einer theore-
tischen Herleitung, andererseits anhand eines zweidimensionalen Modells mithilfe
der Finite-Elemente-Methode, sowie zuséatzlich messtechnisch am Priifstand. Aufser-
dem wird der Oberschwingungsgehalt in den Wicklungen der Synchronmaschine
bei Betrieb mit unterschiedlichen Umrichtertopologien messtechnisch am Priifstand

untersucht.
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Chapter 1

Introduction

Further implementation of renewable energy sources like wind and solar has in-
creased the requirements placed upon energy generation and storage with conven-
tional power plants. The need to reduce the response time for quickly storing and
releasing large amounts of energy has increased the interest in the integration of
power converters in pumped storage power plants. The use of a variable rotating

speed provided by the full-size converter represents a reasonable approach [1-5].

Benefits of the Full-Size Converter Operated Synchronous Motor-Generator

The main reason to implement a variable-speed technology in a pumped storage
power plant is the active power control in pumping mode. The active power gen-
erated in turbine mode can always be controlled by the water flow rate across the
turbine. However, the power consumption of a pump is linked to the rotational
speed and therefore, with a conventional directly line-connected synchronous ma-
chine, it is not possible to control the absorbed power in pumping mode because
of the fixed frequency of the grid. The only option to allow for a variable power
consumption with a fixed-speed arrangement is the use of a separate turbine and
pump which requires two hydraulic machines and additional hydraulic equipment.

With the full-size converter operated synchronous motor-generator both turbine
and pumping modes can be achieved with a single combined reversible-speed pump-
turbine, which requires two different directions of rotation. With the use of this
technology, the active power can be controlled in both operating modes.

For these combined pump-turbines, the optimum rotational speed differs for tur-
bine and pumping modes. Hence, depending on the operating mode, adjusting the
rotational speed increases the efficiency of the pump-turbine. Furthermore, the tur-

bine efficiency can be optimized for a certain operating point, which largely depends
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Chapter 1 Introduction

on the hydraulic head and the load.

Being able to control the active power both in turbine and pumping modes allows
the pumped storage power plant to participate in the balancing energy market which
increases the achievable earnings significantly compared to participation in energy
markets only, as the conventional approach does [6-8].

Furthermore, the reactive power can be provided to the grid by the full-size
converter, even during machine standstill.

Especially the compliance with the low voltage ride-through requirements of
today’s grid codes has gained a lot of attention. It can be achieved more easily
with a full-size converter operated synchronous machine than with a doubly-fed
induction machine [9,10], which represents the second possible topology to enable
variable-speed operation. In contrast to the doubly-fed induction machine, the full-
size converter operated synchronous machine also allows pump start-up directly in
water and hence, fast start-up times can be realized. The full-size converter operated
synchronous machine also allows for a larger variable-speed range, and therefore, a

larger adjustable power range than the doubly-fed induction machine.

Generator Design Possibilities for Full-Size Converter Operation

With the absence of a direct grid connection of the synchronous motor-generator due
to the full-size converter, certain design parameters of the machine can be more freely
chosen: The design frequency can be chosen independently of the grid frequency,
the power factor can be used for an optimized machine design, and the synchronous
reactance is no longer set by the requirements of the grid [11].

Design parameters that do not change at full-size converter operation compared
to a conventional design are the rotational speed, since this parameter is set by the
optimum pump-turbine design by the hydraulic head of the power plant, and the
mass moment of inertia, which is required to prevent temporary over-speed and

turbine runaway [12].

Requirements for the Full-Size Converter

The full-size converter operation of large hydropower generators in pumped storage
power plants corresponds to a medium-voltage (>13.5kV) high-power (> 100 MW)
regenerative power (bidirectional power flow) application. These requirements need

to be fulfilled by the power converter topology in addition to providing smooth
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1.1 Motivation

sinusoidal voltage waveforms for the synchronous motor-generator to reduce the
additional power loss during operation and to not cause additional stress for the
winding insulation. Particularly the damper winding of the electrically excited
synchronous machine, which was originally designed to protect the field winding
from large induced voltages caused by unbalanced loads, mechanical oscillations,
and transient conditions, is now also subject to the additional harmonics in the air-
gap field caused by the full-size converter. Itis difficult to achieve smooth sinusoidal
waveforms and to fulfill the requirements for the voltage and power rating with
conventional multilevel power converter topologies used in today’s industrial drive
applications. Hence, modular multilevel converter topologies have gained a lot of

attention because of their arbitrary scalability and excellent performance [13,14].

1.1 Motivation

Being able to react to the current grid requirements more quickly and to increase the
earnings by participating in the balancing energy market requires a variable-speed
topology to drive the combined reversible-speed pump-turbines in large pumped
storage power plants. This is enabled by the full-size converter operated syn-
chronous motor-generator, forming a highly flexible energy storage technology. As a
matter of fact, thus far power converters for pumped storage power plants have been
mainly selected to meet the demands of conventionally designed machines and of
retrofit applications. The new optimization possibilities for the synchronous motor-
generator design given by the full-size converter operation have not yet found much
attention in the literature. However, when planning and realizing a new pumped
storage power plant, the investment cost is, of course, of high importance. Exploit-
ing the modified generator design requirements that are identified in this thesis, due
to the full-size converter operation, it is possible to reduce the total cost of the elec-
trically excited salient-pole synchronous motor-generator by 18 %, see Section 4.7.
The full-size converter operation of large pumped storage power plants corre-
sponds to a medium-voltage high-power application with bidirectional power flow.
Operating the electrically excited synchronous motor-generator with a full-size con-
verter can result in additional stress for the machine winding insulation and addi-
tional power loss which largely depends on the utilized power converter topology.
Therefore, identifying a power converter topology capable of supplying the large
hydropower generators is of utmost importance. Particularly, the more common
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Chapter 1 Introduction

power converter topologies for industrial applications cannot be scaled arbitrarily
toachieve the required voltage and power rating and they also lead to a quite stressful
operation for the synchronous machine. This is investigated in Section 8.3, utilizing
measurements for the harmonic content of the stator, damper, and field windings of
a custom-built synchronous machine at the test bench supplied by various full-size
converter topologies.

1.2 Thesis Objectives

The aim of this thesis is to elaborate the design criteria for electrically excited
salient-pole synchronous motor-generators for full-size converter operation in large
pumped storage power plants. Therefore, the additional aspects and degrees of free-
dom for the synchronous motor-generator design when being decoupled from the
grid are identified. Utilizing a tailored generator design tool for this particular type
of operation, which needed to be developed, the effects of various design parameters
on the total cost of the synchronous motor-generator, which considers both costs for
materials as well as costs for power loss during operation, should be analyzed.

Out of the various power converter topologies available, a promising power con-
verter topology for the operation of large synchronous motor-generators in pumped
storage power plants is identified which needs to allow for medium-voltage high-
power bidirectional power flow. The aim is to develop tools to characterize the
operational behavior of this power converter topology and to then identify the total
efficiency of the system comprising both the machine and the full-size converter.

The additional harmonic content in the stator, damper, and field windings of the
synchronous machine should be analyzed utilizing measurements obtained from a
custom-built synchronous machine at the test bench for various full-size converter

topologies.

1.3 Assumptions and Limitations

Within this thesis, the definition of a large pumped storage power plant transfers to
a minimum power rating of 100 MW for a single machine. A typical voltage rating of
such an electrically excited salient-pole synchronous motor-generator is a line-to-line
voltage of 13.5kV [5] which is defined as the minimum line-to-line voltage within this
thesis. A typical voltage rating of a 500 MVA synchronous motor-generator would
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1.3 Assumptions and Limitations

be 21kV [15] which represents the upper limit for the machine’s rated voltage. It
is assumed that the machine is connected to the grid at a higher voltage level via a

block transformer, i.e., to a voltage level of 110kV.

The possibilities for the synchronous motor-generator design due to the full-size
converter operation are investigated for the example case of a 135 MW, 13.5kV,
200 rpm electrically excited salient-pole synchronous motor-generator. To identify
the relationships between the sources of power loss, a simplified power loss model is
utilized. It is assumed that the additional power loss due to a non-ideal waveform of
the full-size converter can be neglected when utilizing a multilevel power converter
topology with a high number of levels. Use of such an extremely high number of
levels is assumed to be necessary considering the investigated voltage and power
rating. The damper winding power loss and the pole-shoe surface power loss are
not taken into account in the simplified power loss model.

While the cost of the synchronous motor-generator is computed using typical
values for the active material and the power loss [11], for the full-size converter
only the power converter topology is assumed, since accurate data for the cost of
the full-size converter is not available. For the full-size converter it is assumed, that
the voltage rating on the machine side and the grid side is identical. To compute
the power conversion efficiency of the full-size converter, an analytic average loss
model for the modular multilevel converter topology is used. This model utilizes
average currents and assumes sinusoidal waveforms [16] to compute the switching
and on-state power losses. Additional power loss caused by the passive components,
i.e., the submodule capacitors and the arm inductors, are neglected. It is assumed
that the utilized power semiconductor devices in parallel are turned on and off

simultaneously and carry the same current.

The harmonics in the stator, damper, and field windings caused by the full-size
converter are analyzed for a custom-built electrically excited synchronous machine
at the test bench for motor operation only. This machine has a rated mechanical
power of 3.9 kW. The harmonics in the stator, damper, and field windings at a purely
sinusoidal supply are also analyzed by finite element analysis for a two-dimensional
model of the machine. Hence, potential additional effects due to the end-winding

region are neglected within the simulation.
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Chapter 1 Introduction

1.4 Original Scientific Contribution

The additional degrees of freedom for the synchronous motor-generator design
given by the full-size converter operation have not yet found much attention in the
literature. This thesis elaborates the design criteria for electrically excited salient-pole
synchronous motor-generators for full-size converter operation in large pumped
storage power plants. The potential savings of the machine’s cost are investigated
when applying the various identified generator design aspects, namely, the free
choice of the design frequency, the power factor, and the synchronous reactance, as
well as considering operation at a load profile.

Several reviews of power converter topologies for medium-voltage applications
are available. However, they do not specifically deal with the required voltage and
power rating, namely > 13.5kV and > 100 MW, and the investigated power converter
topologies generally do not allow for bidirectional power flow. This thesis closes this
gap by providing an overview of the possible choices of power converter topologies
for operating large synchronous motor-generators in pumped storage power plants

as well as by identifying their individual advantages and disadvantages.

This thesis shows results for the efficiency of the system comprising the syn-
chronous motor-generator and the full-size converter for operation at a load profile
in both turbine and pumping modes. These results are compared to the efficiency of
a conventional directly line-connected synchronous motor-generator also operating
at a load profile, where partial load operation is only possible in turbine mode due
to the fixed operating frequency.

When operating large synchronous motor-generators with a full-size converter, the
additional harmonic content in the stator, damper, and field windings is of interest
because of the additional power loss caused and the additional stress for the winding
insulation. While such an analysis is often carried out utilizing finite element analy-
sis, this thesis shows results for the measured harmonic content of the stator, damper,
and field windings for a custom-built electrically excited synchronous machine. To
this aim, the synchronous machine is equipped with a measurement system that
allows the voltage drops to be measured at six damper bars corresponding to one
pole of the four-pole machine. The measured power consumption at the machine
terminals as well as the harmonic spectra for various full-size converter supplies are

compared to measurements carried out for operation at a purely sinusoidal supply.
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1.5 Thesis Overview

1.5 Thesis Overview

Chapter 2 reviews the established concepts of conventional pumped storage power
plants and identifies the advantages when utilizing a variable-speed topology com-
pared to a conventional fixed-speed topology. It also presents the full-size con-
verter operated electrically excited salient-pole synchronous motor-generator topol-
ogy which is investigated throughout this thesis.

Chapter3 describes the generator design and optimization process developed to
allow creating generator designs specifically for full-size converter operation, in-
cluding the additional aspects and possibilities enabled by the full-size converter
operation which are identified in this Chapter as well.

Chapter4 presents the various electrically excited salient-pole synchronous motor-
generator designs that have been created and provides a suggestion for the generator

design specifically for full-size converter operation.

Chapter5 analyzes the various power converter topologies available for medium-
voltage high-power drive applications, particularly for application in large pumped
storage power plants. It also identifies the modular multilevel converter as a promis-

ing full-size converter topology to operate the large synchronous motor-generators.

Chapter 6 describes the implemented models to compute the total harmonic distor-
tion as well as the efficiency of the modular multilevel converter. The total efficiency
of the system, comprising the machine and the full-size converter, is presented as

well.

Chapter 7 depicts the test bench setup to measure the harmonic content of the sta-
tor, damper, and field windings of a custom-built synchronous machine at various

tull-size converter supplies.

Chapter8 shows the measurement results for the harmonic content of the syn-
chronous machine’s windings and illustrates the importance of choosing a suit-
able full-size converter topology to operate synchronous motor-generators in large

pumped storage power plants.
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Chapter 2

State-of-the-Art in Variable-Speed

Pumped Storage Power Plants

This Chapter reviews motivations and solutions for variable-speed operation in large hy-
dropower plants with a special emphasis on full-size converter operated electrically excited
salient-pole synchronous generators. The established concepts of conventional pumped stor-
age power plants are briefly described. Next, the implemented applications with the use
of power converters and synchronous machines in hydropower plants, their power ratings,
the power converter topologies used, and the experiences obtained during operation are re-
viewed. The variable-speed capability offered by doubly-fed induction machines with respect
to variable-speed pumped storage power plants is briefly described. The requirements for
today’s power converters and synchronous machines for utilization in large pumped storage
power plants as full-size converter operated synchronous generators are identified. Economic
considerations concerning the implementation of variable-speed technologies in pumped stor-

age power plants as well as the impact on the total investment cost conclude this Chapter.!

2.1 Pumped Storage Power Plants

Pumped storage power plants (PSPP) offer large scale energy storage by converting
electrical energy into potential energy. With this aim, water is pumped from the
lower reservoir to the upper reservoir, see Figure2.1. The water from the upper
reservoir can then be used to produce electric energy if needed [12]. Therefore, the
operating principle of a PSPP is to store excess energy by operating the pump with
the synchronous motor, and to produce electrical energy during peak load periods

by operating the turbine and using the electrical machine as a generator.

!Selected material of this Chapter has also been published in [1].
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Chapter 2 State-of-the-Art in Variable-Speed Pumped Storage Power Plants

Upper
Reservoir

Lower
Reservoir

Figure 2.1: Block diagram of a pumped storage power plant (PT = Pump-Turbine

and SG = Synchronous Motor-Generator).

The choice of the turbine type basically depends on the power plant’s hydraulic
head (net head) [17]: Kaplan-turbines are typically used up to a net head of 80 m
and hence, they are used for run-of-river plants. For PSPPs which have higher net
heads Francis-turbines can be used for up to 800 m net head and Pelton-turbines are
utilized for applications up to 2000 m net head. Using a Pelton-turbine in a PSPP also
requires a separate pump, see Section 2.2.1, while a Francis-turbine can be operated
as a pump when reversing the rotational speed [2], see Figure2.1. Hence, when
utilizing a reversible speed Francis pump-turbine, only one hydraulic machine is
required for the PSPP.

When designing a turbine, the net head H and the water flow rate Q are the main
parameters to consider. The mechanical speed for the turbine’s design is linked to
the net head [18], where a higher net head results in a higher mechanical speed.

Since turbines are designed to achieve high efficiency for one specific parameter
set, variations on the hydraulic head as well as partial load operation can lead to a

severe reduction of the turbine efficiency [4].
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2.2 Conventional Operation of Pumped Storage Power Plants

2.2 Conventional Operation of Pumped Storage Power
Plants

2.2.1 Conventional Directly Line-Connected Arrangements

Two main arrangements for the electrical and mechanical machines operating in a

PSPP are distinguished from one another:

D @ =

Figure 2.2: Block diagram of a PSPP utilizing a ternary machine set (T = Turbine,
P = Pump, and SG = Synchronous Motor-Generator).

The first arrangement consists of three machines (ternary machine set, see Fig-
ure2.2): turbine, motor-generator, and pump. These three machines are linked by
a common shaft. The rotating direction for this configuration is the same for both
turbine and pumping mode. The active power generation in turbine mode can be
controlled by the water flow rate across the turbine. For pumping mode, due to
the fixed frequency of the directly line-connected motor-generator, the active power
is set to one specific value given by the machine design and cannot be controlled.
The start-up of the pump is achieved by synchronizing the motor-generator with
the turbine. The only option to control the absorbed power in pumping mode is
to use the hydraulic short circuit. In this mode, the synchronous machine operates
as a motor driving the pump, and additional water is used to operate the turbine.
Therefore, the total power consumption of the PSPP can be controlled. However,
this mode of operation comes along with additional power loss.

The second arrangement consists of a pump-turbine and a motor-generator, see
Figure2.3. Again, the active power generation in turbine mode can be controlled
by the water flow rate across the turbine. For the combined pump-turbine arrange-
ment, the turbine mode and the pumping mode have different rotating directions.
Therefore, additional equipment is needed to synchronize the motor-generator in
pumping mode. Due to the fixed speed at directly line-connected operation, the ac-

tive power is set to one specific value and cannot be controlled. One option to allow
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Chapter 2 State-of-the-Art in Variable-Speed Pumped Storage Power Plants

for adjusting the active power with this arrangement is to utilize a larger number
of smaller sized machines for a given PSPP. In this case, the absorbed active power
in pumping mode can be adjusted in the form of discrete steps by starting up or

shutting down a different number of machines.

(s QD o

Figure 2.3: Block diagram of a PSPP utilizing a combined pump-turbine
(PT = Pump-Turbine and SG = Synchronous Motor-Generator).

2.2.2 Start-Up Converter

The first use of a power converter in PSPPs was as a start-up converter [19] for
the operation in pumping mode, see Figure2.4. In this operation, the generator is
accelerated to nominal speed with the power converter and then synchronized to
the grid. After this process, the power converter is bypassed and the additional
power loss of the power converter is removed for the steady-state operation of the
motor-generator. Compared to power converter technologies nowadays, these first
power converters had poor efficiencies and voltage waveforms which additionally
stressed the motor-generator. However, due to the short times of operation with
the power converter, these drawbacks were accepted. Such start-up converters are
listed for up to 21kV and 40 MW in [20].

Bypass Switch
- O o

PC

Figure 2.4: Block diagram of bypass operation of a PSPP (PT = Pump-Turbine,
SG = Synchronous Motor-Generator, and PC = Power Converter).
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2.2 Conventional Operation of Pumped Storage Power Plants

2.2.3 Power Converter for Pumping Mode

The next step, which has been implemented in a few large PSPPs utilizing combined
pump-turbines, was the use of a power converter for pumping mode only, see the
presentation of the PSPPs Grimsel 2 and Forbach in the next Section. In this case,
the power in the pumping mode can be widely controlled by simply adjusting the
feeding frequency of the motor-generator. Also, the two different rotational direc-
tions for the use of a combined pump-turbine can be realized with this arrangement.
For turbine mode, the converter is bypassed with a power switch, in which case the
motor-generator operates directly on the grid.

Having the power converter bypassed provides two further advantages. Notably,
it is possible to service the power converter while the directly line-connected syn-
chronous machine is fully operating. Furthermore, the bypassed power converter

can be used as a source or sink of reactive power [14].

2.2.4 Example Cases for Power Converter Operation

A few conventional hydropower plants (HPPs) have implemented a synchronous
generator with a power converter. Three representative projects are described in this
Section: “Grimsel 2,” which is currently the largest implemented project, “Forbach,”
which is the oldest facility with a power converter for pumping mode in Germany
which served as a prototype, and “Forte Buso,” which shows the excellent usability

of variable-speed operation in turbine mode for a small HPP.

Grimsel 2

The PSPP Grimsel 2 in Switzerland [5], which was built between 1974 and 1980
[21], first operated four directly line-connected synchronous machines integrated in
ternary machine sets. Then, the power in pumping mode was simply controlled
by selecting the number of active units and utilizing the hydraulic short circuit
to obtain intermediate power levels which reduced the total efficiency significantly.
The power of the PSPP is 4 x 80 MW in turbine operation, and 4 x 90 MW in pumping
operation. The average hydraulic head is 400 m and the water flow rate is 4 x 22 m?/s.
The synchronous speed of the motor-generators is 750 rpm.

In 2013, to react more efficiently to the current demands, one of the synchronous

machines was equipped with a 100 MVA power converter with an active front-end
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Chapter 2 State-of-the-Art in Variable-Speed Pumped Storage Power Plants

(see Section 5.3.5) and a bypass switch. Figure2.5 shows the topology of the unit
equipped with the power converter.

Bypass Switch
H - (D o

PC

Figure 2.5: Block diagram of bypass operation of a PSPP utilizing a ternary
machine set (T = Turbine, P = Pump, SG = Synchronous Motor-Generator,

and PC = Power Converter).

At that time, this 100 MVA power converter was the most powerful realized volt-
age source converter (VSC) for a drive application.

The machine set equipped with the power converter can vary its power continu-
ously between 60 MW and 100 MW. The possible operation modes are turbine mode,
pumping mode without the power converter (fixed-speed), pumping mode with the
power converter (variable-speed), and phase-angle correction using the power con-
verter. Potential turbine operation with the power converter was not considered due
to the relatively small variation of the hydraulic head.

As per [5], the power converter showed good usability already within the first
11 months of operation. During this time, it operated for 3500 h (which corresponds
to 43.5 % of the observed time) in controlled pumping mode and for 850 h (which
corresponds to 10.6 % of the observed time) in synchronous condenser mode (source

or sink of reactive power).

Forbach

The PSPP Forbach [22], which was built at the end of the 1920s, consists of two
ternary machine sets. The total power of the PSPP in turbine mode is 43 MW, the
total power in pumping mode is 20 MW. The pumps were shut down in the 1970s
due to technical defects, and the power plant was only operated in turbine mode.
The reactivation project, which was decided upon in 1988 and finished in 1993, was

used to not only enable the 20 MW pumping mode again, but also to introduce
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2.2 Conventional Operation of Pumped Storage Power Plants

power converter operation of one of the motor-generators, which was 35 years old
at that time. The HPP served as a prototype facility for testing a new dimension of
converter-fed PSPPs. The idea was to retain as much of the electrical equipment as
possible to keep the project costs low. Additionally, the machine should be able to
also operate directly line-connected to keep the total efficiency high.

Figure 2.5 shows the topology of the unit equipped with the power converter. The
single power converter operating one of the motor-generators of PSPP Forbach is
a 21.3 MW current source converter.

The dynamic load on the pump and the hydraulic system is reduced by using the
power converter when operation modes change. In particular, for pumping opera-
tion, the pump of the power converter operated ternary machine set is discharged
and filled at a reduced rotational speed of 197 rpm, in contrast to the synchronous
rotational speed of 500 rpm. Also, the converter operation allows the machine set to
shut down via electrical braking, thereby recuperating the braking energy back into
the grid. This approach is faster and less demanding on the system’s mechanical

structure than the conventional method of using braking nozzles at the turbine.

Forte Buso

The HPP at Forte Buso [23] optimizes the plant’s operating efficiency utilizing a
power converter. The total efficiency of the small HPP has been increased by ad-
justing the turbine’s rotational speed, depending on the actual hydraulic head of the
reservoir. This small HPP was realized because of a new measure enacted by the
Italian legislation that requires large HPPs to ensure minimum ecological flow at the
foot of the dam. The dam was built in the early 1950s. The machine operating in the
small HPP which was subsequently added went into operation in 2012. This small
HPP was built so as to not waste the required water flow. The water flow rate varies
depending on the season according to the guideline and the hydraulic head varies
naturally depending on the season.

Table2.1 shows the seasonal data for the hydraulic head H and the water flow
rate Q. It also shows the design conditions for the turbine and therein, the significant
difference between the minimum and maximum values. The nominal values for the
final turbine design are Q,, = 549 l/s and H,, = 102 m. The Pelton-turbine is designed
for a hydraulic power of 549 kW and a nominal speed of 600 rpm.

By adapting the turbine’s rotational speed through operating the generator with

F&E/ 15 Ty
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Table 2.1: Reference conditions for the HPP at Forte Buso. [23]

Dec-Mar Apr-Jul Aug-Sep Oct-Nov Max Min

Hinm 86.1 91.6 103.3 102 110 45
Qinl/s 392 549 470 549 549 392

a power converter, the turbine efficiency at lower hydraulic heads was increased
when compared with directly line-connected operation. It was even possible to
obtain equal turbine efficiency at even lower hydraulic heads of up to H/H,, =0.44.

An evaluation over a 10 month period showed that the variable-speed Pelton-
turbine operation increases the HPP’s efficiency on average by 11 % compared to
tixed-speed turbine operation [23].

2.3 Doubly-Fed Induction Machine

—{ DFIM . .) Grid
(D

Figure 2.6: Block diagram of a DFIM for operation in a PSPP (PT = Pump-Turbine,
DFIM = Doubly-Fed Induction Machine, and RPC = Rotor Power Converter).

The doubly-fed induction machine (DFIM) is state-of-the-art when it comes to
variable-speed PSPPs, due to its high efficiency of about 98 % [24] and the low
additional cost for the power converter compared with full-size converter (FSC)
operation. The power converter of the DFIM is connected to the rotor, and is
only rated for a fraction of typically less than 1/3 of the machine’s rated power [3].
Figure 2.6 shows an exemplary schematic of a DFIM with a power converter for
providing the rotor power. The maximum possible rotor power is limited due to
the complex rotor construction which, in turn, reduces the range of variable-speed
operation [5]. Because of the DFIM’s low-start-up torque it is not possible to start

the pump directly in water. Therefore, start-up requires the pump to be de-watered
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before starting, and, in turn, increases the time required for the transition between
the modes of operation [25]. The challenging behavior of the DFIM under fault
condition, i.e., low-voltage ride through (LVRT), has been well described in [4] and
in [26] and might pave the way for FSC operated synchronous machines in the future
as well.

Two of the four pump-turbines of PSPP Goldisthal [27] are equipped with a DFIM
with a generative power capability of 340 MVA each. A cyclo-converter with a
power rating of 100 MVA allows for the speed to be adjusted by -10 % to +4 % of the
rated speed. This translates into a power range of 190 MW to 290 MW in pumping
mode [28].

The two 433 MVA DFIMs operating in PSPP Frades I [29] form the largest variable-
speed PSPP in Europe. The DFIMs’ rotors are equipped with VSCs with a rated
power of 82 MVA each. The hydraulic head of the PSPP is 420 m, and the water flow
rate per machine is 100 m?/s. With a speed range of 350 rpm to 380 rpm in pumping
mode, the active power consumption of each machine can be varied between 304 MW
and 390 MW. The power in turbine mode can be controlled between 25 % and 100 %
of the nominal load by adjusting the water flow rate across the turbine. For this
mode of operation, it is possible to adjust the rotational speed slightly to achieve

higher efficiency at certain operating points compared to operation at fixed speed.

2.4 Full-Size Converter Operated Electrically Excited

Salient-Pole Synchronous Machine

O (= Fo =

Figure 2.7: Block diagram of full-size converter operation of a synchronous
generator in a PSPP (PT = Pump-Turbine, SG = Synchronous Motor-Generator,
and FSC = Full-Size Converter).

Figure2.7 shows the block diagram for the full-size converter (FSC) operation
of a large PSPP. During operation, all power produced or absorbed by the motor-
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Chapter 2 State-of-the-Art in Variable-Speed Pumped Storage Power Plants

generator needs to pass through the power converter which is why it is referred to
as FSC. Especially when compared with the DFIM, the FSC operated synchronous
generator offers advantages such as large speed range, pump start-up directly in
water (fast response), as well as compliance with the latest grid requirements con-
cerning LVRT [4]. Depending on the choice of power converter topology, the FSC
offers a reactive power capability even at standstill as well as a built-in fault toler-
ance concerning the semiconductor power switches due to redundancy, which is an
important feature.

When compared with the synchronous motor-generator’s directly line-connected
operation, FSC operation comes with additional investment cost, additional power
loss, and additional complexity, as well as increased space requirements. The higher
flexibility of the whole system must compensate for these drawbacks. Other prob-
lems that occur at FSC operation are additional voltage stress of the winding insu-
lation as well as additional power loss due to the harmonic content of the voltage
waveforms. These aspects are investigated in Chapters5-8.

The 100 MVA power converter operated synchronous motor-generator at PSPP
Grimsel 2 is still considered the largest implemented FSC project, although the
power converter is bypassed during turbine operation, see Section2.2.4. Refer-
ence [30] shows that mid-sized pump-turbines with FSC operated synchronous
motor-generators are readily available up to a power rating of 50 MW.

2.5 Economic Considerations

Renewable energy sources like wind and solar require energy storage technologies
to compensate for their volatile energy generation. In addition, due to the high
energy production of solar power plants, particularly at noon, the span between peak
and base energy prices has become smaller. Therefore, the conventional operation
strategy of PSPPs utilizing this price span leads to fewer earnings [6].

The economic benefits of upgrading fixed-speed PSPPs to variable-speed PSPPs
have recently been studied: Reference [7] computes the achievable earnings for fixed-
speed (line-connected pump-turbine, ternary machine set, and ternary machine set
utilizing hydraulic short circuit) and variable-speed technologies (FSC operated syn-
chronous motor-generator and DFIM) in PSPPs considering the Austrian-German
spot market and the Austrian balancing market. It shows that the main parameter

for increasing earnings is the achievable operating range of the PSPP to effectively
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participate in the balancing energy market, and that the FSC operated synchronous
motor-generator offers the highest flexibility for the operation of pump-turbines.

Reference [31] analyzes the benefits of upgrading from fixed-speed to variable-
speed technology for the PSPP Grimsel 2 in Switzerland and considers FSC operated
synchronous motor-generators as well as DFIMs. This case study shows that the ben-
efit of the variable-speed upgrade for participation of the power plant in the energy
market only leads to an increase of earnings of only 4 %. By participating in energy
markets and balancing energy markets, earnings can be increased by 58 % when
utilizing variable-speed technologies (FSC operated synchronous motor-generator
or DFIM) compared to the fixed-speed operation.

In summary, providing balancing energy can significantly increase the earnings of
PSPPs. Thisis not possible for directly line-connected synchronous motor-generators
operating at fixed-speed without utilizing the hydraulic short-circuit. For participa-
tion in the balancing energy market without the hydraulic short-circuit, a highly flex-
ible variable-speed technology is required. The FSC operated synchronous motor-
generator is well suited for this application.

The FSC topology comes at the price of the additional investment cost for the
FSC. As [32] shows, the FSC topology increases the total cost of the power plant
by 12 % when compared to a conventional fixed-speed pump-turbine arrangement.
Therefore, the presented cost reduction of the motor-generator alone (see Section 4.7)
cannot compensate for the additional investment cost for the FSC topology, because
the cost for the motor-generator is only a fraction of the cost of the total power
plant. Providing balancing energy would require a hydraulic short-circuit when
utilizing a fixed-speed arrangement. According to [32], a PSPP utilizing a hydraulic
short-circuit would have approximately the same total investment cost as the FSC
operated synchronous motor-generator due to the additional costs for the water way
and the hydraulic equipment while having a round-trip efficiency (considering both
turbine and pumping mode) of 42 % compared to the round-trip efficiency of 74 %
of the FSC topology.
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Chapter 3

Generator Design for Full-Size
Converter Operation - Design

Techniques

This Chapter reviews the conventional design process for electrically excited salient-pole
synchronous motor-generators for application in large pumped storage power plants and
identifies the shortcomings related to this approach when applied to designs for operating
frequencies other than 50 Hz. It also demonstrates the additional aspects and possibilities
of the motor-generator design due to the full-size converter operation. Furthermore, this
Chapter presents the generator design and optimization approach that has been developed for

designs over a large range of design frequencies.!

3.1 Generator Design Approach for Conventional

Directly Line-Connected Operation

The conventional hydropower synchronous generator design process is based on the
apparent power S, the mechanical speed 7, as well as the mass moment of inertia J,
which is a requirement of the turbine to reduce temporary over-speed and turbine
runaway. A large mass moment of inertia allows appropriately compensating load
fluctuations in the grid. As per [12], the main dimensions of a large hydropower

synchronous machine are chosen as follows:

!Selected material of this Chapter has also been published in [33] and [34].
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First, the stator inside diameter d (air-gap diameter) is determined as

(3.1)

where C is the Esson utilization coefficient that quantifies the electromagnetic uti-
lization. On the one hand, it is limited by the stator and rotor core saturation (that
limit the air-gap flux density). On the other hand, it is also restricted by the cooling
capability of the machine (that limits the maximum possible linear current density),
which is a function of the utilized cooling system. Typical values for the utiliza-
tion can be found for common operating frequencies (50 Hz and 60 Hz) based on
built machines, i.e., C is between 5 kVA - min/m? and 8 kVA - min/m?3 for a 150 MVA,
50 Hz, 200 rpm synchronous machine utilizing air-cooling [35]. The parameter kj is
a design-dependent coefficient that considers the structure of the rotor and is only
available for common operating frequencies (50 Hz and 60 Hz) [12]. The relationship
between J, kj, d, and the total axial length of the machine / is given by

J=k-d*1, (3.2)

and illustrates the strong influence of the stator inside diameter d on the mass
moment of inertia J. From these parameters, the total axial length [ is derived:

(3.3)

In contrast to this approach, the synchronous machine design in [36] is realized
via the air-gap shear stress and typical values for I/d, while [35] and [37] utilize typ-
ical values for I/7,. However, as stated, the important parameter for hydropower
generators is the mass moment of inertia which results from the rotor construction,
and is therefore hard to predict during the rough design process. Hence, utiliz-
ing (3.1) initially results in machine designs closer to the desired mass moment of
inertia. However, this approach cannot be applied when designing synchronous
motor-generators for a wide range of design frequencies. Therefore, the approach
developed in this thesis and presented in Section 3.2 is used to compute the generator

designs for full-size converter (FSC) operation presented in Chapter 4.
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3.2 Generator Design Approach for Full-Size Converter

Operation

Compared with directly line-connected operation, the synchronous machine, when
operated by an FSC, operates in an island situation, and the FSC takes on some of
the requirements for the conventional synchronous motor-generator. Notably, the
FSC regulates the active power P (which, of course, the turbine must provide) and
reactive power Q exchanged with the grid [10]. The motor-generator’s electrical
frequency f is no longer fixed at a certain value (e.g., 50 Hz or 60 Hz) and can be

chosen for the optimization of the machine design [38].

The main advantage of the FSC operated synchronous machine is the active power
control in pumping mode due to the variable-speed operation. For further efficiency
improvement, the turbine control can choose the best suited rotational speed for the
currently transferred power, the hydraulic head, and the discharge [3]. Therefore,
the turbine and pump of such an FSC operated motor-generator can operate at a
certain band of rotational speeds rather than at a single line-synchronous rotational
speed. Hence, the machines operate at partial load more often in comparison to a

conventional directly line-connected PSPP.

Another major advantage of the FSC operation for the motor-generator design is
that the machine no longer needs to provide reactive power to the grid, as this partis
taken over by the FSC [14]. This results in a smaller and lighter generator design for
a given power plant. Low voltage events on the grid side (including short circuits)
mainly translate to the machine as a load rejection behind the FSC. The motor-
generator and turbine accelerate corresponding to their mass moments of inertia,

which translates into certain requirements for the generator’s minimum inertia.

Since values for k; in (3.1) and (3.2) have only been established for grid frequency
operation (50 Hz and 60 Hz), the developed design approach follows the idea of
minimizing the cost function (3.34) given in Section 3.2.2. This includes the material
costs of the generator as well as the costs of the power loss during operation, while
not violating any constraints on the mechanical stability of the construction (which,
for instance, limits the lowest possible design frequency) and while maintaining the

required mass moment of inertia.
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3.2.1 Electrically Excited Salient-Pole Synchronous Machine

Design Process

This Section presents the conventional design equations for electrically excited
salient-pole synchronous motor-generators used to also create the generator designs
for FSC operation. In contrast to the design for conventional directly line-connected
operation, the additional degrees of freedom for the generator design at FSC opera-

tion, i.e., the free choice of the design frequency and the power factor, are utilized.

Design Specifications

The design specification for the generator design process include the apparent
power S, the power factor cos ¢, the stator phase voltage Uy, the number of phases m,
the rotational speed n, the design frequency f, as well as the Esson utilization coef-

ficient C.

Main Dimensions

Utilizing an initially chosen stator inside diameter d, the total axial length [ is de-
rived [12]:

S

l — m. (3.4)

The number of pole-pairs p is related to f and n according to
f
= 3.5

p=: (5)

and leads to the pole-pitch 7, as follows:
d-m

Tp = ﬂ (36)

Stator Winding

Utilizing an initially chosen fundamental air-gap flux density Bs; (typically between
0.8 T and 1.05T [35]), the fundamental air-gap flux ¢s; can be computed:

2
Po1 = p “Bs1-1- . (3.7)
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Assuming an initial winding factor k1 (typically 0.92 [36]), the number of phase

winding turns wp, results from:
Uph
\/E'T('f'km '(Pal

Large hydropower generators utilize a two-layer Roebel bar winding, and, there-

Wph = (3 8)

fore, the number of conductors per slot is z,=2. The number of parallel paths a
is chosen to obtain a proper slot-pitch (typically around 70mm for this type of

machine [35]). The relation between these quantities is
Won -
g= - (3.9)
Zs P

Next, the number of stator slots Qs can be computed using

Qs=2-p-q-m, (3.10)
and the slot-pitch 7, results from

_d-m
Qs
With a coil pitch y for sufficiently suppressing the 5th and 7th order harmonics,

(3.11)

Ts

which needs to be evaluated for each individual design, the winding factor k,, can
be calculated for each harmonic order v [39]:

sin(;—;ﬁ) ' ( y vn)
—) . Sln T .

Ky = (3.12)

VTt

g-sin (qu
Note that for (3.12) 7, is an integer describing the number of slots within one pole-

pitch. Having computed the actual winding factor ki, the fundamental air-gap
flux ¢s1 and the air-gap flux density Bs; need to be corrected accordingly.

Slot Geometry, Conductors, and Insulation

The phase current I, can be calculated with

S

[ = 3.13
ph m- uph ( )
which results in the machine’s linear current density A [39]:
2-M-Wpp - I
A= EhRh (3.14)

2:p-7p
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Chapter 3 Generator Design for FSC Operation - Design Techniques

A is restricted by the cooling capability of the utilized cooling technology and is
typically limited at 120 A/mm for air-cooled machines [35]. The required copper
cross section for the stator winding A, can be calculated using a typical current

density J., (between 3 A/mm? and 7 A/mm? [35]) for this type of machine:

Lo
Aa= o (3.15)

With z; conductors per slot, the cross section of the stator slot A; can be computed

via a typical slot fill factor for a high-voltage winding for this type of machine
of ¢ =0.5[35]:
Acu - Zs
o
With a given slot height to slot width ratio for the stator slots hs/ws, the slot

geometry can be derived from

A, = (3.16)

A = hy - ws. (3.17)

Assuming the conductors’ geometry within the slots follows the same ratio as
the slot geometry, which is a simplified approach, the conductor geometry can be

computed with

(3.18)

and

hew = Wey » E. (3.19)

s

To reduce the stator winding’s load dependent power loss to an acceptable level,
the conductor needs to be subdivided into a number of strands to form a Roebel
bar, with a number of strands arranged side by side in the slot, a,, and a num-
ber of strands stacked on top of each other, a,. This results in a total number of

subconductors as. = a, - a, per conductor.

Air-Gap Length, Reactances, and Excitation Demand

A typical upper limit for the synchronous reactance x4 for this type of machine is
xq =1.2pu[11]. The relation between the synchronous reactance x4, the magnetizing

reactance x, and the leakage reactance of the stator winding x, is

X4 = Xy + Xn. (3.20)
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3.2 Generator Design Approach for Full-Size Converter Operation

The equivalent air-gap length 6’ can be computed utilizing the pole field factor
for the utilized rotor pole geometry [39]:

[-7p-p
p-Xn

, 4
o = ;.m.‘uo.f.wéh.kzl.

w

(3.21)

This equivalent air-gap length 6’ includes the geometrical air-gap, the openings of
the slots and the cooling ducts, and the magnetomotive force (mmf) drop in the
iron due to saturation effects. The geometrical air-gap length 6 is assumed to be

responsible for 70 % of the total mmf drop [36], and, therefore
6=0.7-9. (3.22)

Note that due to mechanical constraints, a minimum air-gap length is required
and hence, a mechanical air-gap length of less than 10 mm is not realistic for large
hydropower generators.

With the voltage drop at the leakage reactance U,
uU = XU : Iph/ (323)

the internal voltage U, is derived via the geometric sum, see Figure 3.1, as follows:

3
Uy, = \/uf)h + U2 =2 Uy, - Ug-cos(?n - go). (3.24)
The corresponding main flux at load ¢y results from
U
Pn = Po1 - u—h (3.25)
ph

The overall mmf ®,, and the stator winding mmf ®, can be computed as follows [36]:

@, = 0"-Bn CUn (3.26)
o Upn
and
I
@Szg-m-zs-q-kw-%h. (3.27)

The required rotor winding mmf ©s results from the geometric sum of these two

quantities, see Figure 3.1:

9.=0 -0. (3.28)

—=f —m =s
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j Xolph
A

Un l_]ph

lph

Figure 3.1: Phasor diagram of the synchronous machine for over-excited generator

operation including the mmf relations.

Stator Geometry Calculation
Assuming a typical stator yoke flux density By between 1T and 1.45T [35] and an
iron fill factor k., the stator yoke height ks can be computed

Pn
_ 2
hy,s 7. BY,S 1. kfe’ (3 9)

which results in the stator outside diameter d, of
do=d+2-hg+2-hyg. (3.30)
From these parameters, the inner machine volume V; as well as the total construction

volume V can be computed:

_d*m

! (3.31)

Vi
and

V="0"1 (3.32)
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3.2 Generator Design Approach for Full-Size Converter Operation

Rotor Geometry Design

Analyzing the generator dimensions used in simulations of four high-power hy-
dropower generators with power ratings between 50 MVA and 500 MVA, as pub-
lished in [11,15,40,41], typical values for the parameter ratios of the rotor pole
dimensions are derived. Figure3.2 illustrates the parameters of interest, and Ta-

ble 3.1 shows the value ranges for the relations describing the rotor pole geometry.

Pole Tip
Pole Body
Field Winding

Rotor Yoke —— ! »

Rotor Spider ————
\
\
\
\
\

Figure 3.2: Pole construction and parameters of interest.

Parameter ratio Wpt/Tp Wpb [ Wpt o/ wpy hoo/Tp

Value range 0.69-0.76 0.67-0.73 0.13-0.15 0.20-0.32

Table 3.1: Value ranges for the parameter ratios describing the rotor pole geometry.

Power Loss Distribution

Based on a simplified model, the total power loss Py comprises the load dependent
power loss P4, the stator iron power loss Pg, as well as the mechanical power

10sS Prech:
Piotal = Pload + Pte + Prmech- (3.33)

The load dependent power loss Pi,.q comprises the resistive power loss in the

stator winding, the additional power loss in the Roebel bars, the power loss due to
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skin effect, and the field winding power loss. The stator iron power loss P¢. consists
of hysteresis and eddy current losses which are computed by using the Steinmetz
equation. The total mechanical power loss Pnesn comprises the bearing friction and
the windage losses. The damper winding power loss as well as the pole shoe surface
power loss are not taken into account. This simplified model is utilized to identify the
relationship between the losses of the different loss components and the generator
design for FSC operation. More details of the computation of the individual power
losses are provided in Appendix A.

It is assumed that the additional power loss due to the non-ideal power supply
of the FSC can be neglected when utilizing a multilevel power converter topology
with a high number of levels. Use of such an extremely high number of levels is
considered necessary considering the investigated voltage and power rating, see
Chapter 5.

Generator Mass, Mass Moment of Inertia, and Mechanical Strength

For the cost evaluation presented in Section 3.2.2, the masses of the active materials
of the synchronous generator are required. These include the copper masses of
the stator winding and the field winding as well as the masses of the electric steel
of the stator and the rotor. In addition, to calculate the rotor’s mass moment of
inertia, the masses of the rotor spider and the shaft are computed as well. The
rotor construction’s mechanical stability for standstill, nominal-speed, as well as

runaway-speed is calculated using the approach presented in [42].

3.2.2 Optimization Process

The optimization algorithm minimizes the total cost function (3.34) using the cost
factors presented in this Section. The optimization algorithm is linked to the gen-
erator design process presented in Section3.2.1. The generators are designed and
optimized automatically utilizing an evolutionary algorithm for each individual de-
sign frequency investigated. The optimization algorithm can vary the stator inside
diameter d which transfers directly to the total axial length I via (3.3) via Esson’s
utilization coefficient C. The initial air-gap flux density Bs; can be chosen by the op-
timization algorithm and is used as a starting point for designing the winding. Also,
the different options for the winding design, namely the number of parallel paths

and the configuration of the fractional slot winding, are investigated extensively
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3.2 Generator Design Approach for Full-Size Converter Operation

within the generator design process. The rotor’s geometry is computed from typical
relations for salient-pole hydropower generators, see Section 3.2.1. The desired mass
moment of inertia J, which is an important requirement for hydropower generators,
see Section 3.1, is a constraint during the optimization process. It can be obtained by

adjusting d and the cross section of the rotor yoke Ay, which is the last optimization

yr
variable. The other main constraints include the flux density at the smallest cross
section of the stator teeth, the maximum allowed current in the conductors, as well
as the mechanical stress on the rotor construction.

The parameters used in the optimization process, i.e., the design specifications,
the optimization variables, the initial values, and the optimization constraints, are
summarized in the following. The initial values and the bounds of the constraint

variables have been chosen from literature and experience.

Design Specifications

S ... Apparent power
cos@ .. Power factor

Upn ... Stator phase voltage
m ... Number of phases

n ... Rotational speed

f ... Design frequency

Optimization Variables

d ... Stator inside diameter
Bsi .. Fundamental design air-gap flux density
Ayr ... Cross section of the rotor yoke (hy, - I)
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Optimization Constraints

J ... Required mass moment of inertia
Amax ... Maximum allowed linear current density of the stator winding
Bimax ... Maximum allowed flux density at the smallest

cross section of the stator teeth

Umax - Maximum allowed circumferential speed of the rotor

Omax ... Maximum allowed mechanical stress on the utilized
materials of the rotor construction

Tpmax -~ Maximum allowed pole-pitch to ensure mechanical feasibility

of the rotor poles (based on built machines)

Cost Evaluation and Target Function

The cost of the different generator designs is calculated using the costs for the
following active parts: stator iron Cg.s, rotor iron Cg,, and copper Cg,. In addition,
the costs for the load dependent power losses Cioaq as well as the costs for the constant
power losses (load independent power losses) Ceonst during operation are taken into

account, as presented in [11]:

Cies = 4EUR/Kg; Cror = 6 EUR/Kg; Coy = 11 EUR/Kg;

Cload = 2000 EUR/KW; Cconst = 3000 EUR/KW;

The optimization algorithm minimizes the synchronous generator’s total cost Ciotal

using the following equation:

Ctotal = Myes Cfe,s + Meer Cfe,r + (mcu,s + mcu,r) Ccu‘i' (3 3 4)
+P load Cload + (P fe T P mech) Cconst/

where 14, ¢ is the stator iron mass (stator core), 1., is the rotor iron mass (rotor poles
and yoke), m,s is the stator copper mass, and m,, is the rotor copper mass. The
load dependent power loss Poag is rated using the power loss evaluation cost factor
for load dependent power losses Cj,aq, While the stator iron power loss Pg and the
mechanical power loss P are rated using the power loss evaluation cost factor

for constant power losses (load independent power losses) Ceonst-
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3.2 Generator Design Approach for Full-Size Converter Operation

The total cost of the various generator designs presented in Section 4 are mainly
computed for operation at nominal load with fixed-speed. In addition, Section 4.3
shows the total cost of the generator designs when considering a load profile which
represents the operational behavior of the PSPP, including nominal and partial load
turbine operation with fixed-speed as well as nominal and partial load pump oper-
ation utilizing variable-speed.

Note that due to the motor-generator’s variable-speed operation in large PSPPs,
not only does the stator current change depending on the operating point, but
the rotational speed does likewise, and therefore, the electrical frequency as well.
Although in reality, the iron power loss as well as the mechanical power loss change
with the load, which is also included in the computational results presented in
Section 4.3, the techniques defined by the standard [43] are used to evaluate these
losses with the power loss evaluation cost factors for constant power loss.

The cost analysis considers both the initial cost, i.e., the material cost, and the cost
for the power loss occurring during operation to allow for a direct comparison of
various generator designs.

The additional investment cost for the FSC as well as a profitability analysis of
the PSPP are not covered in this analysis. Reference [32] provides a cost comparison
of PSPPs utilizing fixed-speed and variable-speed technologies, including costs for
the entire power plant. References [7] and [31] analyze the economic perspective
of various pumped storage power schemes. An excerpt of the results presented in
these studies can be found in Section 2.5.

Utilizing the generator design optimization process presented in this Chapter in
combination with the additional aspects and degrees of freedom at FSC operation,
which are identified in Chapters1 and 4, it is possible to reduce the synchronous
motor-generator’s total cost by 18 % compared to a machine design for conventional

directly line-connected operation, see Section4.7.
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Chapter 4

Generator Design for Full-Size
Converter Operation - Computational
Results

This Chapter presents the computational results for various electrically excited salient-pole
generator designs utilizing the generator design and optimization approach presented in
Section 3.2. First, operation at unity power factor, as possible at full-size converter operation,
is investigated. Next, the optimum design frequency is determined, in which the influence
of the rotational speed, the Esson utilization coefficient, as well as the cost factors on the
synchronous generator designs are analyzed. Then, this Chapter discusses the influence
of the partial load profile on the generator design, the requirements for the synchronous
reactance, as well as the power factor of the synchronous generator. At the end, this Chapter
presents the suggested newly identified generator design for full-size converter operation.!

4.1 Example Case for Operation at Unity Power Factor

This Section investigates how the machine design is influenced by operating at
unity power factor (cos ¢ =1), as is possible at full-size converter (FSC) operation
(considering an AC-DC-AC voltage-source converter arrangement). Table 4.1 shows
the differences between a conventional 150 MVA, 50 Hz, 200 rpm motor-generator
operated at a power factor cos ¢ =0.9 and the design of a motor-generator designed
for active power only. Table 4.2 shows the different design values for the two designs
in relation to the reference design, which is the unity power factor design and is used

for comparison throughout this Chapter.

!Selected material of this Chapter has also been published in [33] and [34].
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Table 4.1: Comparison of a conventional motor-generator design and the design for

unity power factor (absolute values).

Motor-generator design Conventional design Unity power factor design

Sin MVA 150 135
Upn in kV 7.8 7.8
cos ¢ 0.90 1.00
finHz 50 50
nin rpm 200 200
din m 7.4 7.5
[in m 1.6 1.4
Vin m3 84 75
V;in m3 69 62
mgin t 88 81
m,in t 253 221
nin % 98.87 99.09
Cost in 10° EUR 5.52 4.67

Table 4.2: Comparison of a conventional motor-generator design and the design for
unity power factor (relative values compared to the

unity power factor reference design).

Motor-generator design Conventional design Unity power factor design

S in MVA 150 135
P in MW 135 135
Q in Mvar 65 0
cos @ 0.90 1.00
finHz 50 50
Vinpu 1.11 1.00
Viin pu 1.11 1.00
ms in pu 1.09 1.00
m, in pu 1.14 1.00
nin % 98.87 99.09
Cost in 10° EUR 5.52 4.67
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4.2 Optimum Design Frequency

Volume and Mass

The unity power factor design shows a significant reduction of the inner machine
volume V; and the total construction volume V of 10 %, and, correspondingly, also

of the stator mass mg and the rotor mass mi,.

Efficiency

Even with this reduction in mass and therefore material cost, the computed efficiency
increases by 0.22 percentage points, which is very beneficial for large hydropower
plants and helps to compensate for the FSC’s additional power loss. Note that only

tixed-speed nominal load operation is considered in this Section.

Cost

The total costs of the generator designs, which comprise both the costs for material
as well as the costs for power loss during operation, are computed using (3.34) and
the cost factors presented in Section 3.2.2. Compared to the directly line-connected
cos @ =0.9 generator design, the cosp =1 design for FSC operation shows a cost
reduction of 15.4 %.

In the following, this unity power factor design for operation at 50 Hz cos p =1 is

used as the reference design.

4.2 Optimum Design Frequency

4.2.1 Example Case for Design Frequencies Different than 50 Hz

This Section investigates the influence of the design frequency on the generator de-
sign. The free choice of the design frequency is possible due to the decoupling of
the synchronous machine via the FSC from the grid. Figure4.1 compares the vol-
umes, masses, efficiencies, and the total costs of unity power factor designs for de-
sign frequencies between 30 Hz and 140 Hz and their conventional 50 Hz cos ¢ = 0.9
counterpart.

All the designs operate at the same machine utilization, have identical inner

machine volumes and start-up time constants.
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Figure 4.1: Construction volume, total mass, efficiency, and cost of the conventional
design and the unity power factor designs for various design frequencies;

+ = conventional design for 50 Hz cos ¢ =0.9, X = designs for operation at cos p =1.

Volume and Mass

The construction volume decreases with higher design frequencies, as is commonly
known for machines used in industrial and traction applications, at much smaller
powers. For constant speed, as it is the case in the application investigated here, such
a design has a higher number of poles and hence reduced stator yoke height due to
the reduced air-gap flux. However, for this type of large synchronous machine, the
savings in machine masses are significantly less when compared to much smaller
power machines. This is due to the required mass moment of inertia and the
mechanical stability of the rotor construction. The rotor has a much larger impact on
the total mass compared to the stator, see Figure4.2. In addition, for higher design
frequencies, the rotor shows a smaller mass reduction than the stator.

While the masses of the investigated machine designs for design frequencies
between 30 Hz and 140 Hz vary in a range from +25.7 % to -22.3 % compared to the
reference design for 50 Hz, the construction volumes vary in a more narrow band
from +8.1 % to -7.8 %, see Figure 4.1.
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Figure 4.2: Mass distribution of the unity power factor designs for various design

frequencies; X = total mass, + = stator mass, ¥ = rotor mass.

Efficiency

The efficiency of the unity power factor synchronous generator designs is highest
for design frequencies around 50 Hz. Particularly for higher design frequencies, the
stator iron power loss becomes quite dominant (see Appendix B), thus reducing the
efficiency.

The efficiencies of the investigated machine designs for design frequencies be-
tween 30 Hz and 140 Hz vary, ranging from 98.83 % to 99.09 %. The 50 Hz design has
the highest efficiency.

Cost

The total costs of the various generator designs are computed using (3.34) and the cost
factors presented in Section 3.2.2. Figure 4.1 shows the curve’s optimum (minimum
total cost) for the 60 Hz design. This highlights the significant role of the operating
costs over the course of a generator’s lifetime when compared to only the material
costs. For higher design frequencies, the construction material cost is significantly
reduced. However, since the costs for power losses are considerably high for large
hydro generators [11], the presented cost minimized designs with a high design
frequency are of less interest because of their reduced efficiencies. For more details
on the distribution of the costs see Appendix B.

The 60 Hz machine design results in the minimum cost for this analysis, and
is 0.64 % cheaper than the reference design for 50 Hz. The most expensive design is
the 140 Hz design, representing the highest investigated design frequency. The costs
are 13.3 % higher than the reference design for 50 Hz.
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4.2.2 Influence of the Rotational Speed

The generators presented in Sections 4.1 and 4.2.1 are designed for a rotational speed

of 200rpm. Figure4.1 shows that the optimum design frequency for this specific

parameter set would be 60 Hz. This Section discusses the influence of the rotational

speed on the optimum design frequency. Figure 4.3 shows the construction volumes,

the total masses, the efficiencies, and the total costs of unity power factor generator

designs at various design frequencies for different rotational speeds, namely 100 rpm,

Construction volume in pu

Mass in pu

200 rpm, and 400 rpm.?
2.0 T -
+
1.8} T+ + + + + +
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Figure 4.3: Construction volume, total mass, efficiency, and cost of the unity power

factor designs for various design frequencies and rotational speeds; + =100 rpm,

X =200rpm, % =400 rpm, o = generator design with minimum costs for the

corresponding rotational speed.

Since the start-up time constant (acceleration time constant) T, is [12]

Ta=]'

2
a)mech

S 7

(4.1)

ZNote that it is not possible to design a 400 rpm generator for operation at 30 Hz or 50 Hz, because

these designs would require an uneven number of poles. Therefore, Figure 4.3 does not show

results for these combinations of rotational speed and frequencies.
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4.2 Optimum Design Frequency

asignificantly larger mass moment of inertia | is required for low mechanical angular
frequencies wmech at a given apparent power S to maintain an equal T,. The two
parameters that affect the mass moment of inertia | are the rotor diameter (which is
close to the stator inside diameterd) and the rotor massm,. The mass moment of

inertia for a solid cylinder is

2
1 dcylinder Tt 4
] cylinder = E * Meylinder * 4 = 3_2 U eylinder © chl'mder P, (42)

indicating the significant impact of the diameter on the mass moment of inertia:

4
] cylinder ™~ dcylinder' (43)

Volume and Mass

Therefore, to achieve an equal T,, the 100 rpm generator designs have almost double
the construction volumes of the corresponding 200 rpm generator designs. Mean-
while, the 400 rpm generator designs have almost half the construction volume of
the corresponding 200 rpm generator designs. On average, the masses of the rotors
of the 100rpm generator designs are only 43 % larger than those of the 200 rpm
generator designs, and the masses of the rotors of the 400 rpm generator designs are
only 37 % less than those of the 200 rpm generator designs.

Efficiency

The maximum generator efficiency is highest for the 400 rpm generator designs and
lowest for the 100 rpm generator designs. The maximum efficiency for the 100 rpm
generator designs is 99.02 % and can be found at 40 Hz; for the 200 rpm generator
designs it is 99.09 % at 50 Hz, and for the 400 rpm generator designs it is 99.10 % for
both 60 Hz and 80 Hz.

Cost

The generator cost includes costs for material as well as costs for power loss during
operation. The higher the generator’s rotational speed, which is set by the turbine
for a specific application, the lower the generator’s cost. This results from the
combination of the reduced amount of material required and the increased efficiency.
For all the investigated rotational speeds, the minimum individual cost is at 60 Hz.
Therefore, the rotational speed does not influence the choice of the design frequency

for the here investigated generator designs.
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4.2.3 Influence of the Machine Utilization

The generators presented in Sections4.1 and 4.2.1 are designed for an Esson uti-
lization coefficient of 8.5kVA -min/m? [12].

design frequency for this specific parameter set would be 60Hz.

Figure4.1 shows that the optimum
This Section
discusses the influence of the machine utilization on the optimum design fre-
quency. According to [35], 8.5kVA - min/m® represents the upper limit for high-
power hydropower generators utilizing air-cooling and therefore, utilizations of
8.5 kVA - min/m?, 7.0 kVA - min/m?, and 5.5 kVA - min/m? are investigated in this Sec-
tion, which should cover the typical range. Figure4.4 shows the construction vol-
umes, total masses, efficiencies, and costs of unity power factor generator designs at

various design frequencies for the different machine utilizations.
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Figure 4.4: Construction volume, total mass, efficiency, and cost of the unity power

factor designs for various design frequencies and utilization factors;
X =8.5kVA - min/m?, + =7.0kVA - min/m?, ¥ =5.5kVA - min/m?, o = generator

design with minimum costs for the corresponding utilization factor.
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4.2 Optimum Design Frequency

Volume and Mass

With a lower electromagnetic utilization, the amount of material required for the gen-
erator construction increases. Therefore, the total construction volume as well as the
total mass are lowest for the generator designs with a utilization of 8.5 kVA - min/m?

presented in Figure 4.4, which represents the highest investigated utilization.

Efficiency

While the generator designs with a utilization of 8.5 kVA - min/m?® have its maximum
efficiency at 50 Hz, the efficiencies for generator designs using a lower utilization
factor are highest for the lowest considered design frequency of 30 Hz. However,

much more material is needed.

Cost

Since the generator cost includes costs for material as well as costs for power loss dur-
ing operation, the minimum total cost can be found at 60 Hz for the 8.5kVA - min/m?
and the 7.0kVA -min/m® designs, and at 50Hz for the 5.5kVA - min/m® design.
Therefore, the utilization factor has only a marginal influence on the optimum design

frequency.

4.2.4 Influence of the Cost Factors

The presented computed generator costs in Sections4.1 and 4.2.1 utilize the cost
factors given in Section 3.2.2. Figure4.1 shows that the optimum design frequency
for this specific parameter set would be 60 Hz. The total cost function (3.34) includes
costs for materials as well as costs for power loss during operation. Therefore, a
different allocation of the power loss evaluation cost factors, as could be the case
for a specific practical application, may influence the resulting optimum design

frequency. The initial cost factors, as presented in Section 3.2.2, are as follows:
Ctes = 4EUR/kg; Cror = 6 EUR/kg; Coy = 11 EUR/kg;
Cload = 2000 EUR/KW; Ceonst = 3000 EUR/KW;

To analyze the influence of the cost factors on the machine design, the same
135 MW, 50 Hz, 200 rpm, unity power factor motor-generators, as designed in Sec-

tion4.2.1, were designed again by minimizing the total cost function (3.34), but this
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time with different power loss evaluation cost factors for the load dependent and

the constant power losses:

Cioad /2 = 1000 EUR/KW; Ceonst /2 = 1500 EUR/KW;

Cload = 2000 EUR/KW; Ceonst = 3000 EUR/KW;

2 Cioad = 4000 EUR/KW; 2 Const = 6000 EUR/KW;

The cost factors for the materials are kept constant. Figure 4.5 shows the construc-

tion volumes, the total masses, the efficiencies, and the costs of unity power factor

generator designs at various design frequencies for different power loss evaluation

cost factors for the load dependent and the constant power losses. The individual

minimum cost for one parameter set is marked with a circle.
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Figure 4.5: Construction volume, total mass, efficiency, and cost of the unity power

factor designs for various design frequencies and power loss evaluation cost
factors; + = Cipaq /2 and Ceonst /2, X = Cioad and Ceonsts ¥ = 2 Cloaq and 2 Ceonst,

o = generator design with minimum costs for the corresponding power loss

evaluation cost factors.
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4.2 Optimum Design Frequency

Volume and Mass

For high costs for power losses, the optimization algorithm aims for high efficiency
by increasing the value of active material in the synchronous motor-generator. There-
fore, when utilizing 2 Cjp,q and 2 C.onst, the total mass is on average 15.4 % higher
compared to the initial parameter set of Cipaq and Ceonst. When utilizing Cioaq /2 and
Ceonst/ 2, the total mass is on average 13.6 % lower compared to the initial param-
eter set of Cipag and Ceonst- The total construction volume is largest when utilizing
high costs for power losses, namely 2 Cjpog and 2 Coonst. However, the effect on the

construction volume is not as pronounced as for the total mass.

Efficiency

The maximum efficiency is 99.12 % when utilizing 2 Cjoaq and 2 Ceongt, 99.09 % when

utilizing Cipaq and Ceonst, and 99.04 % when utilizing Cioaq /2 and Ceonst /2.

Cost

The higher the costs for power losses are, the lower the optimum design frequency
is. Because of the trade-off between the material required to realize the generator and
the achieved generator efficiency, the optimum design frequency shifts from 80 Hz
to 60 Hz towards 50 Hz when the power loss evaluation cost factors for the power
losses increase. Note that the different power loss evaluation cost factors depend on
the individual practical application and the customer’s requirements.

Knowing that the power loss evaluation cost factors can shift the optimum design
frequency, the generator designs presented in the following Sections are computed
using the initial power loss evaluation cost factors of Section 3.2.2 to ensure compa-
rability. One single exception for the use of the initial power loss evaluation cost
factors is in Section 4.3.3, in which a larger difference between the costs for load de-
pendent and constant power losses (Cioaqg =4000 EUR/KW and Const = 8000 EUR/KW)
is used to better illustrate the role of the operating profile in the generator design
process.
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4.3 Operation at a Load Profile

The motivation for implementing the FSC operated synchronous motor-generator in
large pumped storage power plants (PSPPs) is the flexibility to adjust the produced
as well as the absorbed power to the current needs of the grid. The active power
generated in turbine mode can always be controlled by the water flow rate Q across
the turbine. The rotational speed n is constant for turbine operation. A pump’s
power consumption is linked to the rotational speed 1 and therefore, when utilizing
a variable-speed technology like the FSC operated synchronous motor-generator,
the power consumption in pumping mode can be controlled as well. Being able to
control the active power both in turbine and pumping modes allows the PSPP to
participate in the balancing energy market. This, in turn, increases the achievable
earnings significantly compared to participation in energy markets only, see Sec-
tion2.5. Therefore, this topology will not operate at nominal load all the time and
knowing the load profile during operation might influence the optimum design of

the generator itself.

Table 4.3 shows an exemplary load profile for operating the PSPP. The parameters
‘mode,” ‘load,” and ‘operating time’ are the given values for the load profile. In
this example, the power plant operates in turbine mode for half of the time and in
pumping mode for the other half of the time. The power plant operates at nominal
load for 10 % of the time, at 75 % of the nominal load for 20 % of the time, and at 50 %
of the nominal load for 20 % of the time, both in turbine mode T and pumping
mode P. Note that the chosen load profile shows quite severe partial load behavior
(operating 80 % of the time at <75 % of the nominal load) and a real power plant
might not require such drastic behavior. The characteristic operating parameters of
the generator operating at this load profile (presented in the lower part of Table 4.3)
are then computed utilizing the relations presented in Section 3.2.

4.3.1 Turbine Mode

For the investigation of the load profile’s influence during operation, at first, only
the turbine operation T in Table 4.3 of the PSPP is considered.
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Table 4.3: Exemplary load profile for operation of the pumped storage power plant
and computed motor-generator operating parameters;

T = turbine mode, P = pumping mode.

Operating point T100 T75 T50 P100 P75 P50

Mode of operation T T T P P P
Loadinpu 1.00 0.75 050 1.00 0.75 0.50
Operating timeinpu 0.10 020 020 0.10 0.20 0.20

ninpu 100 1.00 1.00 1.00 091 0.79
finpu 1.00 1.00 1.00 1.00 091 0.79
Upinpu 100 1.00 1.00 1.00 091 0.79
Lninpu 1.00 075 050 1.00 0.83 0.63
U,inpu 100 099 098 1.00 090 0.79
¢pinpu 1.00 099 098 1.00 1.00 0.99
Oninpu 100 098 096 1.00 099 098
®,inpu 1.00 075 050 1.00 0.83 0.63
®;inpu 1.00 0.83 069 1.00 089 0.78
Iiinpu 1.00 083 069 1.00 089 0.78

Operating Mode Explanation

In turbine mode, the active power can be controlled by the water flow rate Q and
hence, the rotational speed 7 remains constant even at partial load operation. Note
that the rotational speed of the turbine and the synchronous generator could be
varied at FSC operation in turbine mode to better adjust to the current hydraulic
head H to increase the turbine efficiency for a specific operating point. However,
as discussed in Section2.2.4, this becomes significant only for large variations of
the hydraulic head [5]. In addition, at FSC operation of the synchronous generator,
the rotational speed could be adjusted to better fit the optimum rotational speed
for turbine mode of the combined pump-turbine. This can be 15 % lower than the
nominal speed in pumping mode [19]. However, this still transfers to a constant
rotational speed in turbine mode.

Therefore, the variation of the rotational speed n and the electrical frequency f
are neglected for this investigation. Hence, these values remain constant for all

operating points in turbine mode. As a result, in this investigation, the turbine
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mode is treated similarly to the conventional turbine operation of a fixed-speed

directly line-connected synchronous motor-generator, as described in Section 2.2.

Effect on the Motor-Generator’s Operating Parameters

The generator stator phase voltage U, remains constant in turbine mode. Therefore,
the stator phase current I, is directly proportional to the load of the current operating

point for a constant power factor because
P =3-Upn - I - cose. (4.4)

Figure 4.6 shows the phasor diagram of the synchronous generator operating at
unity power factor. Therein included are the magnetomotive force (mmf) relations
to better describe the behavior presented in Table 4.3. It illustrates the relations for
operation at unity power factor not only at nominal load (T100, Figure 4.6 (a)) but
also for operation at 50 % thereof (T50, Figure 4.6 (b)). The influence of the stator
resistance is neglected which is common practice for large synchronous machines.
At half the stator phase current I,;,, the voltage drop across the leakage reactance X, is
halved as well, but the magnitude of the internal voltage U}, remains fairly constant
(Unjrso = 0.98 Unri00), as does the main flux ¢p. Therefore, the overall mmf ©,, remains
fairly constant as well at partial load operation. The stator winding mmf ©; is directly
proportional to the stator current Loh. The geometrical sum of the overall mmf ®,
and the stator winding mmf ©; results in the required mmf for the rotor winding
(field winding) ©¢. The excitation current (field current) I; is directly proportional
to the rotor winding mmf ©; which decreases significantly (O¢rso =0.69 Ofr100) at

partial load operation.

Conclusion

Summarizing, the only quantities that change significantly at partial load operation
in turbine mode are the stator phase current I, and the field current I;. Since the

resistive power loss increases with the square of the current,
P cu ™ 12/ (45)

the load dependent power loss Pjo.q changes significantly. The mechanical power
loss Pech remains constant because of the constant rotational speed 1, and the stator
iron power loss Pf remains constant because of the constant electrical frequency f

and the fairly constant air-gap flux ¢pm,.
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Figure 4.6: Phasor diagram of the synchronous generator operating at unity power
factor in turbine mode including the mmf relations; (a) nominal load
operation (T100); (b) partial load operation at 50 % of the nominal load (T50).

4.3.2 Pumping Mode

Next, the motor-generator operating parameters in pumping mode P in Table 4.3 are

analyzed.

Operating Mode Explanation

The synchronous machine’s power consumption in pumping mode, due to the

pump’s mechanical characteristic, follows the relation
P ~nd, (4.6)

which leads to a reduced power consumption P at reduced rotational speed n.
Therefore, the power plant’s power consumption can be controlled in pumping
mode when utilizing a variable-speed technology like the FSC operated synchronous
motor-generator. When operating the PSPP in pumping mode, the synchronous
machine operates as a motor, and the flux in the machine needs to be kept at a
constant level throughout the entire speed range. Therefore,

Uph ~ f (4.7)
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operation is required. As a result, the stator phase current I, is no longer directly
proportional to the output power as in turbine mode.

Effect on the Motor-Generator’s Operating Parameters

Because of (4.7), the main flux ¢y, remains fairly constant at partial load operation
(Pnipso = 0.99 Prypi0o), see Table 4.3, as does the overall mmf Oy, (Opmpsp = 0.98 Omp100)-
The stator winding mmf ©; is directly proportional to the stator current I, which
is now higher compared to the turbine mode (Ogpsp =1.26 Og1509). The geometrical
sum of the overall mmf ©,, and the stator winding mmf ©; results in the required
mmf of the rotor winding (field winding) ©; which, again, remains at a higher level
compared to the turbine mode. The excitation current (field current) I; is directly
proportional to the rotor winding mmf ©; which, again, decreases significantly at
partial load operation, but remains at a higher level compared to the turbine mode
(Ogpso = 1.13 Ogsp).

Conclusion

To summarize, partial load operation in pumping mode leads to a reduced rotational
speed 1, reduced stator phase voltage Uy, reduced stator phase current I, and
reduced field current I;. This reduces all sources of power losses in the machine,
namely the mechanical power 10ss Ppech, the stator iron power loss Py, and the load
dependent power loss Pjad.

4.3.3 Generator Design for Operation at a Load Profile

The load profile of the motor-generator influences the power loss distribution during
operation and thus affects the generator designs created by the cost minimization
generator design algorithm, as long as the power loss evaluation cost factors for
load dependent and for constant power losses differ. To better illustrate this effect,
the values presented in Tables4.4 and 4.5 are the results for a 135 MW, 120Hz,?
200rpm, cos@ =1 generator design with the power loss evaluation cost factors
Cioad =4000 EUR/KW and Const = 8000 EUR/KW. To highlight the role of the load and

Preliminary studies have shown that the overall effect of the load profile on the generator design
is quite low for 50 Hz designs. Therefore, the effect is illustrated for 120 Hz synchronous motor-
generator designs in this Section. The results for 50 Hz generator designs are given in Appendix C.
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thus operating profile, i.e., partial load operation, the power loss evaluation cost fac-
tors are chosen significantly larger than the initial values presented in Section 3.2.2.
The cost for materials remain, however, unchanged. In addition, the two power loss
evaluation cost factors used here differ even by a factor of two (and not by a factor
of 1.5, as the initial cost factors). The load profile shown in Table 4.3 is used. Again,
this load profile shows quite severe partial load behavior (operating 80 % of the time
at <75 % of the nominal load), and a real power plant might not require such drastic
behavior. However, these values are chosen to illustrate the role of the load profile

in the generator design.

Three different generators have been designed, each with a different optimization

objective:

- SG1: minimum costs for nominal load operation

- 5G2: minimum costs occurring over the course of the operating profile for
turbine mode only (T)

- SG3: minimum costs occurring over the course of the operating profile for both

turbine and pumping modes (T + P)

Thereby, the role of the operating profile, i.e., consideration of partial load operation,

in the generator design shall be identified.

Table 4.4 shows the power loss distribution (load dependent power losses Pjy,q and
constant power losses P.onst) Of the three generator designs evaluated for nominal
load in comparison to the reference motor-generator design SG1. It illustrates the
changes in the power loss distribution of the motor-generator designs when using
the various optimization objectives listed above.

Table 4.5 shows the actual cost of SG1 (comprising costs for materials and costs for
power loss), which was originally designed to minimize the cost for nominal load
operation, when operating SG1 at the load profile including turbine mode only (T)
and also when operating SG1 at the load profile including both turbine and pumping
modes (T +P). These costs are compared with the costs of the generators specifically
designed to minimize the cost for these operating profiles (SG2 and SG3). Note
that operation in pumping mode only is not addressed individually, because it is

analyzed within the evaluation for operation in both turbine and pumping modes.
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Table 4.4: Power loss distribution of the generator designs evaluated for nominal
load compared to the reference design SG1; T = turbine mode only,

T + P = turbine and pumping modes.

Design Minimization Pload  Peonst

target pu pu

SG1 Nominal load 1.00 1.00
SG2 Load profileT ~ 1.30 0.88
SG3  Load profileT+P 1.17 0.93

Table 4.5: Total cost of the generator designs evaluated for operation at the load
profile presented in Table 4.3; T = turbine mode only,
T + P = turbine and pumping modes.

Design Minimization Modes of Cost

target operation 10° EUR
SG1 Nominal load T 9.07
SG1 Nominal load T+P 8.58
SG2 Load profile T T 8.92
SG3  Load profile T+ P T+P 8.52

Generator Design for Operation at a Load Profile in Turbine Mode Only

Per the machine’s operating principle, in turbine mode, the only power loss type that
changes with the load is the load dependent power loss. Hence, the optimization
algorithm aims to reduce the constant power losses Ponst, namely the stator iron
power loss P and the mechanical power 10ss Ppecn, Since these power losses remain

constant throughout the entire operating range.

Table 4.4 shows that the constant power losses Pconst decrease from 1.00 pu for SG1
to 0.88 pu for SG2, while the load dependent power losses Pjy,4 increase from 1.00 pu
to 1.30pu. Table4.5 shows a cost reduction of SG2 of 1.7 % when comparing the
costs of SG1 and SG2 operating at the load profile presented in Table 4.3 in turbine
mode only (T).
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Generator Design for Operation at a Load Profile in Turbine and Pumping Modes

In pumping mode, not only the load dependent power losses Pi,,q decrease with
reduced load, but also the constant power losses P, namely the stator iron power
loss Pre and the mechanical power loss Ppewn, because of the reduced rotational
speed n and electrical frequency f. Therefore, all the power loss sources decrease at
partial load operation. Thus, the ratios between the different types of power loss do
not change significantly and thus no power loss type can be specifically addressed
during the design.

Table 4.4 shows that for SG3, considering both turbine and pumping modes (T + P),
the constant power losses Pt decrease from 1.00 pu for SG1 to 0.93 pu for SG3,
while the load dependent power losses Pjo.q increase from 1.00 pu to 1.17 pu. This
is not as drastic as for the turbine mode only (T) presented earlier and leads to a
cost reduction of 0.7 % when comparing the costs for SG1 and SG3 operating in both
turbine and pumping modes (T + P), see Table 4.5.

4.3.4 Summary of the Generator Design for Operation at a Load
Profile

The possibility for operating at variable speed only translates in a significant cost
reduction of the synchronous motor-generator if the following holds true: the load
profile includes operation at <75 % of the nominal load for 80 % of the time (like
the partial load profile used during this investigation), the power loss evaluation
cost factors for the load dependent and the constant power losses differ significantly,
and the design frequency is chosen to be quite high (like the 120 Hz used during
this investigation). In contrast, with the more common applications, with generator
design frequencies between 40 Hz and 80 Hz and similar power loss evaluation
cost factors for load dependent and constant power losses - in contrast to common
assumptions - the operating profile including partial load only marginally affects the

synchronous motor-generator design.

4.4 Synchronous Reactance

Reference [11] showed that with FSC operation, and therefore a decoupling of the
synchronous machine from the grid, the conventional requirement for the syn-

chronous reactance to provide static stability to the grid no longer applies. Therefore,
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at FSC operation, the synchronous reactance can be adjusted to further optimize the
generator design. The synchronous reactance x4 is inversely proportional to the
equivalent air-gap length (including the geometrical air-gap, the effect of slot open-

ings and cooling ducts, and the mmf drop in the iron) 6’:

1

- (4.8)

Xd

Therefore, an increase of x4 reduces the air-gap length, hence excitation, and thus
the field winding power loss.

The generator designs presented so far were computed using a synchronous re-
actance of x4 =1.1pu. Reference [11] investigates 105 MVA hydropower generator
designs for pumped storage applications with x4 =1.2pu, x4=2pu, as well as no
limitation of the synchronous reactance.

For the calculations presented in this Section, the synchronous reactance is set to
xqa=1.1pu, x4 =13 pu, and x4 = 1.6 pu. For small ratios of air-gap length to slot width
(caused by a large x4), the pole shoe surface power loss can increase significantly.
This, however, is not computed in this Section, because of the low values for x4
used in this analysis compared to [11]. No additional boundaries are set on the
parameters, i.e., the air-gap can take on any value in the theoretical design. To ensure
comparable results, as with the previous analyses, the Esson utilization coefficient C
is held constant and the different synchronous generator designs have identical
inner machine volumes and start-up time constants. The optimization algorithm
aims, again, to minimize the total cost function for nominal load operation (3.34)
using the cost factors presented in Section 3.2.2.

Table 4.6 shows the characteristic values of the generator designs for design fre-
quencies of 50 Hz and 100 Hz and the different values of the synchronous reactance.
In addition to the characteristic machine parameters, it shows the excitation demand
per pole O, the equivalent air-gap length ¢, the mechanical air-gap length 6, and
the total cost of the generator. Note that the design for operation at 50 Hz cos ¢ =1
xq =1.1pu is again used as the reference design.

The excitation demand per pole decreases from the xq4=1.1pu design to the
xq =1.3 pu design by 7.4 % and 7.3 % for the 50 Hz and 100 Hz designs, respectively.
Increasing x4 from x4 = 1.3 pu to x4 = 1.6 pu decreases the excitation demand per pole
by 7.0 % and 7.3 % for the 50 Hz and 100 Hz designs. The synchronous reactance is
mainly determined by the mechanical air-gap length which reduces drastically for

high values of x4, particularly for high frequency designs. Because of the rotor’s
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Table 4.6: Generator designs for various synchronous reactances for design
frequencies of 50 Hz and 100 Hz.

P cosp f x4 O o 0 m n Cost
MW - Hz pu pu mm mm pu % 10°EUR

135 1 50 1.1 1.00 233 163 1.00 99.09 4.67
135 1 50 13 093 192 134 1.00 99.10 4.63
135 1 50 1.6 086 151 10.6 1.00 99.11 4.59

135 1 100 1.1 050 11.7 82 0.88 99.00 4.85
135 1 100 1.3 046 9.6 6.7 0.88 99.01 4.81
135 1 100 1.6 043 76 53 0.89 99.03 4.78

radial extension during operation and a possible eccentricity, a mechanical air-gap
length of less than 10 mm is difficult to manufacture and hence not realistic for this
size of machine. The cost mainly decreases due to the increased efficiencies at higher
values of x4 because of the smaller equivalent air-gap 6’ of the synchronous machine
and hence excitation requirements. The cost for the 50 Hz design decreases by 1%
when increasing the synchronous reactance from x4 =1.1pu to x4 =1.3 pu, while
the cost decreases by 0.8 % when increasing x4 from x4 =13 pu to x4 =1.6 pu. The
cost for the 100 Hz design decreases by 0.8 % when increasing x4 from x4 =1.1pu
to xq=1.3pu, while the cost decreases by about 0.7 % when increasing x4 from
xq=13putoxg=1.6pu

Therefore, for frequencies close to 50 Hz, the synchronous reactance may take
larger values than with conventional designs which additionally reduces the cost
of the generator design for FSC operation. Hence, the synchronous reactance could
be included directly in the generator design optimization tool as an optimization

variable while setting the minimum air-gap length as an optimization constraint.

4.5 Power Factor

As per Section4.1, the synchronous generator does not have to provide reactive
power when operated by an FSC (considering an AC-DC-AC voltage-source con-
verter arrangement), since the reactive power is provided by the FSC independently

to the grid. Therefore, so far, designs for unity power factor operation have been

F&E/ 55 Ty



Chapter 4 Generator Design for FSC Operation - Computational Results

considered and compared in Sections 4.2 - 4.4. However, the optimum design power
factor of the synchronous generator to achieve minimum cost does not necessarily
need to be cos ¢ =1 [44].

At unity power factor, the stator phase current I}, is minimum, since

P

= — 4.
3+ Upn - cos @ (49)

Lo

The field winding power loss and the stator iron power loss are independent of this
relation. The field current I is directly proportional to the back-electromotive force
(emf) U,

It ~ U, (4.10)

Therefore, the field winding power loss decreases with reduced machine excitation.
Alternatively, a conductor with a smaller cross section could be utilized for the field
winding, thus reducing the rotor’s mass.

The stator iron power loss depends on the main flux ¢, and the frequency f. The
latter is constant, but the former is directly proportional to the internal voltage Uy,

¢Pn ~ Uy, (4.11)

which can be computed from the phasor diagram, and decreases with reduced
excitation. Therefore, the stator iron power loss decreases with reduced machine

excitation.

4.5.1 Power Loss Distribution for Various Power Factors

Figure 4.7 shows the computed total power loss as well as the power loss distribution
of the 150 MVA (135 MW), 50Hz, 200 rpm, cos ¢ =0.9 conventional directly line-
connected synchronous generator that was used as a starting point for the analysis,
see Section 4.1, operating at power factors between 0.9 over-excited and 0.8 under-
excited. The load dependent power loss of the stator follows the power factor and
has a minimum at cos ¢ =1. The field winding power loss decreases with reduced
machine excitation, with a more drastic reduction for the over-excited side of the
curve. The stator iron power loss decreases with reduced machine excitation as
previously described. The mechanical power loss remains constant throughout the
whole region since the rotational speed # is fixed. The minimum total power loss

Piota1 0ccurs around cos ¢ = 0.975 under-excited.
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Figure 4.7: Power loss distribution of the 150 MVA (135 MW), 50 Hz, 200 rpm,
cos @ = 0.9 directly line-connected synchronous generator operating at power
factors between 0.9 over-excited and 0.8 under-excited; + = total power loss,

= load dependent power loss of the stator, * = field winding power loss,

o = stator iron power loss, - = mechanical power loss.
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Figure 4.8: Total cost of the 150 MVA (135 MW), 50 Hz, 200 rpm, cos ¢ = 0.9 directly
line-connected synchronous generator operating at power factors

between 0.9 over-excited and 0.8 under-excited.

Cost

Figure 4.8 shows the cost of the 150 MVA (135 MW), 50 Hz, 200 rpm, cos ¢ = 0.9 con-
ventional directly line-connected synchronous generator operating at power factors
between 0.9 over-excited and 0.8 under-excited. The total cost is evaluated for each
individual operating point, because the power loss distribution changes with differ-
ent power factors. Since the costs for materials are constant, because only one single
generator design is operated at various power factors, the curve’s shape of the total
cost follows the total power loss presented in Figure 4.7. It shows that the minimum

cost does not occur at cos ¢ =1, but somewhere around cos ¢ = 0.975 under-excited.
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4.5.2 Generator Design for Under-Excited Operation

Table 4.7 depicts a generator design specifically optimized for the optimum under-
excited power factor of 0.98 for a 135 MW, 50 Hz, 200 rpm synchronous generator
and the given cost factors in Section 3.2.2, and also compares the results with the
earlier presented unity power factor design in Table 4.2.

The 135 MW, 50Hz, 200rpm, cos @ =0.98 under-excited generator design has
larger volume and mass compared to the design for unity power factor because
of the increased apparent power S. The efficiency is increased by 0.05 percentage
points which is obtained by an increase of the amount of materials used. The re-
duced operating costs of the generator outweigh the increase of material costs. This
leads to a cost reduction of 2 % which represents a decent improvement. Note that
the under-excited power factor of 0.98 is the optimum for this particular parameter
set and the cost factors given in Section 3.2.2. For different parameters and cost
factors, the optimum power factor for the generator design needs to be determined
anew. Hence, the power factor could be included directly in the generator design

optimization tool as an optimization variable.

Table 4.7: Comparison of the generator design for unity power factor and the

design for under-excited operation.

Motor-generator design Unity power factor design Under-excited design

S in MVA 135 138
P in MW 135 135
Q in Mvar 0 27
cos @ 1.00 0.98
finHz 50 50
Vin pu 1.00 1.03
Viinpu 1.00 1.02
ms in pu 1.00 1.07
m, in pu 1.00 1.03
nin % 99.09 99.14
Cost in 10° EUR 4.67 4.58
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4.6 Summary of the Generator Design Aspects for FSC

Operation

Operating the synchronous motor-generator of a PSPP with an FSC instead of oper-
ating it directly line-connected at the grid provides additional aspects and degrees
of freedom for the machine’s design process. One powerful aspect to reduce the
generator’s total cost is the free choice of the power factor. The machine’s design
frequency can also be chosen freely since it is no longer fixed to the grid frequency.
The operating profile including partial load is also an interesting aspect to consider

in the design process as is the opportunity to adjust the synchronous reactance.

4.6.1 Power Factor

The synchronous generator does not need to provide reactive power to the grid,
as this part is taken over by the FSC. Therefore, the machine can be designed for
operation at unity power factor only in a first optimization step. This results in
a smaller and more efficient machine compared to the conventional directly line-
connected synchronous generator. Table4.2 shows a cost reduction of the unity
power factor generator design of 15.4 %, including both the costs for material as well
as the costs for power loss during operation, compared to the conventional design.
However, the minimum total cost of the generator does not necessarily occur at
unity power factor where the apparent power of the machine is at its minimum.
The minimum for the total power loss of the synchronous machine can be found for
slightly under-excited operating points, as illustrated in Figure 4.7. As per Table4.7,
optimizing the generator for a slightly under-excited operating point results in a
turther cost reduction of 2 % of the synchronous motor-generator for FSC operation.
This, of course, increases the stator current compared to unity power factor operation

and hence, increases the power loss of the FSC, which is investigated in Section 6.2.3.

4.6.2 Design Frequency

The free choice of the design frequency is possible due to the decoupling of the
synchronous machine via the FSC from the grid. The optimum design frequency
results from the trade-off between required material, which decreases for higher

design frequencies, and power loss during operation, which increases for higher
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design frequencies. Depending on the power loss evaluation cost factors, the opti-
mum design frequency shifts between 50 Hz and 80 Hz, as shown in Figure 4.5. The
rotational speed does not affect the optimum design frequency, see Figure 4.3, and

the utilization factor has only a marginal influence, see Figure 4.4.

4.6.3 Operation at a Load Profile

The main advantage of the FSC operation of synchronous motor-generators in PSPPs
is the ability to adapt the absorbed power by adjusting the machine’s rotational
speed in pumping mode which allows the PSPP to also participate in the balancing
energy market and hence, increases the achievable earnings. Therefore, this topology
operates at partial load for a substantial part of the time. Although the partial load
profile leads to changes in the machine design when the overall cost is minimized,
the savings related to the motor-generator for a realistic partial load profiles, design
frequencies between 40Hz and 80 Hz, and common power loss evaluation cost

factors are negligible.

4.6.4 Synchronous Reactance

As described in [11], an FSC operated synchronous generator is not subject to the
requirement for the static stability of a directly line-connected machine. Therefore,
the synchronous reactance can be increased which results in a smaller air-gap length
and, in turn, reduces the machine’s excitation demand. This leads to a more efficient,
and therefore, cheaper synchronous generator. However, because of the manufactur-
ing of the synchronous generator and the pole shoe surface power loss, a minimum

air-gap length needs to be maintained.

4.7 Suggested Generator Design for FSC Operation

Table 4.8 shows the conventional example-case directly line-connected 150 MVA,
50Hz, 200 rpm, cos ¢ = 0.9 motor-generator, the motor-generator designed for active
power only, i.e., cos ¢ =1, for 50 Hz, as presented in Table 4.2, the unity power factor
design for 60 Hz, and the suggested generator design for FSC operation. All the
designs operate at the same machine utilization and have the same start-up time
constants. The suggested generator design combines the free choice of the design

frequency f presented in Section 4.2, the reduced requirements for the synchronous
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reactance presented in Section4.4, as well as the adjustment of the power factor
for rated under-excited operation presented in Section4.5. The information on the
operating profile including partial load operation presented in Section4.3 is not
used for the design process. The reason for this is that, as previously discussed, the
influence on the total generator cost for the utilized cost factors given in Section 3.2.2
is negligible. The optimization process to create the suggested generator design for
tull-size converter operation is carried out step-by-step. The performed steps are

outlined in the following;:
1. Set the design specifications for the generator design.

2. Run the optimization to minimize the total cost for each individual design

frequency for unity power factor.
3. Select the design frequency which results in the minimum total cost.
4. Run the optimization to minimize the total cost for various power factors.
5. Select the power factor which results in the minimum total cost.

6. Run the optimization to minimize the total cost for a range of values for the

synchronous reactance.

7. Select the design with the minimum total cost which maintains the minimum

required air-gap length.

The 60 Hz design would result in minimum costs for the unity power factor design
approach, as illustrated in Figure4.1. Compared to the reference design for unity
power factor for 50 Hz, the 60 Hz design shows a reduced construction volume V
and stator mass m, because of the reduced flux at higher design frequencies. The
inner machine volume V; is the same for both machines because of the same machine
utilization and the same apparent power. The rotor mass m, decreases slightly for
the 60 Hz design, since a larger inside diameter of the machine allows for a smaller
rotor mass to obtain an equal mass moment of inertia J.

Compared to the unity power factor operation 135 MVA design for 50 Hz, which
represents the reference for this comprehensive analysis, the suggested generator
design for FSC operation is designed for a larger apparent power of S=138 MVA.

This results in a larger construction volume V, a larger inner machine volume V;,
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Table 4.8: Comparison of a conventional directly line-connected motor-generator
design, the reference design for unity power factor for 50 Hz, the design for unity

power factor for 60 Hz, and the suggested generator design for FSC operation.

Motor-generator Conventional Unity power Unity power Suggested

design design factor design factor design design
Sin MVA 150 135 135 138
Pin MW 135 135 135 135
Q in Mvar 65 0 0 27
cos ¢ 0.90 1.00 1.00 0.98
finHz 50 50 60 60

X4 in pu 1.1 1.1 1.1 1.2
Vin pu 1.11 1.00 0.98 1.01
Viin pu 1.11 1.00 1.00 1.02
ms in pu 1.09 1.00 0.88 0.97
m, in pu 1.14 1.00 0.99 1.03
nin % 98.87 99.09 99.08 99.14
Cost in 10° EUR 5.52 4.67 4.64 4.54

and therefore, larger stator and rotor masses m; and m, compared to the 60 Hz unity
power factor design. The synchronous reactance for the suggested generator design
is set to x4 = 1.2, compared to x4 = 1.1 for the reference design. The suggested design
has a significantly higher efficiency 7, which directly results in overall minimum
total cost.

Compared to the conventional directly line-connected synchronous generator de-
sign for 50 Hz cos ¢ = 0.9 over-excited, the suggested generator design for FSC oper-
ation for 60 Hz cos ¢ = 0.98 under-excited shows a total cost reduction of 18 %, which

is significant and represents a valuable advantage.
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Chapter 5

Power Converter Topologies for
Medium-Voltage High-Power
Applications

This Chapter discusses the particularities of today’s power converter topologies when operat-
ing large electrically excited salient-pole synchronous motor-generators in pumped storage
power plants, which is a medium-voltage high-power application. First, the ratings and
characteristics of the available and commonly utilized semiconductor power switches are
analyzed. Then, the limitations of established multilevel voltage source converters are re-
viewed, particularly the individual maximum achievable operating voltage, and the usability
of direct AC-AC converters is discussed. Next, modular multilevel converter topologies are
given special attention, because of their arbitrary scalability and excellent performance. The
characteristics of the two main arrangements, the modular multilevel converter and the mod-
ular multilevel matrix converter, are analyzed with respect to the torque-speed characteristic
of the installed reversible-speed pump-turbines. A review of commercially available power
converters for medium-voltage high-power drive applications and their specifications as well
as the identification of promising power converter topologies for operation in large pumped

storage power plants complete this comprehensive analysis.!

!Selected material of this Chapter has also been published in [13].
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5.1 Particularities of Power Converter Application in

Large Pumped Storage Power Plants

The full-size converter (FSC) operation of large hydropower generators corresponds
to a medium-voltage (> 13.5kV) high-power (> 100 MW) regenerative power (bidi-
rectional power flow) application. These particularities of application in large
pumped storage power plants (PSPPs) represent a challenging task for today’s com-
mercially available power converters. Especially the scalability of the power con-
verters towards higher voltages is problematic. The power converters used in large
PSPPs so far have been specifically designed and produced for each application [5].
Several reviews of power converter topologies for medium-voltage applications are
available. Reference [45] specifically addresses 2.3kV line-to-line voltage applica-
tions, reference [46] provides a more general overview including low-power and
high-power converters ranging from about 2.3kV to 13.8 kV. Reference [47] offers a
good overview of the recent developments of modular multilevel power converter
topologies. Many details about high-power converters can also be found in [48].
However, these do not specifically deal with the required voltage and power rating
and generally do not allow for bidirectional power flow.

This Chapter closes this gap by providing an overview of the possible choices
of power converter topologies for driving large synchronous motor-generators in
PSPPs as well as by identifying their individual advantages and disadvantages.

Special attention is paid to the practical limitation given by the maximum achiev-
able voltage rating of the individual power converter topologies, since, as already
mentioned, a medium-voltage rating of > 13.5kV is required for application of syn-
chronous motor-generators in large PSPPs.

Note that only voltage source converters (VSCs) are considered in this analysis
because of their relevance in today’s industrial drive and high-power applications.
The current source converter for application in large PSPPs would be another aspect
of extensive research, which is beyond the scope of this thesis.

The bidirectional power flow requires the AC-DC-AC VSCs, presented in Sec-
tion 5.3, to utilize an active front-end (back-to-back configuration), see Section 5.3.5.
The second option to allow for bidirectional power flow is to utilize a direct AC-AC
power converter topology, see Section 5.4.

In general, when choosing the power converter topology for a given application,

the following components are subject to a design trade-off of the power converter:
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The number and rating of the semiconductor power switches, power diodes, flying
capacitors, and DC-link capacitors, the necessity of a phase-shifting transformer, as

well as the filter requirements.

5.2 Review of Semiconductor Power Switches for

High-Power Applications

Today’s power converter market is dominated by VSCs. For voltages of some kV,
integrated gate commutated thyristors (IGCTs) and insulated gate bipolar transistors
(IGBTs) are used.

Reference [49] offers a good comparison of the properties, advantages, and dis-
advantages of IGBTs and IGCTs. Compared to IGCTs, IGBTs offer snubber-less
operation, a simple parallel connection of devices, as well as low gate drive power
loss. However, they have higher on-state power loss. The maximum achievable
power of a single IGBT is less than that of a single IGCT because of the higher
on-state resistance and the lower silicon utilization [50,51].

Table 5.1 presents an overview of the voltage and current ratings of examplarily
chosen IGBTs from Infineon [52] which represent a good general market overview.
The Table illustrates that choosing an IGBT always presents a trade-off between high
voltage and high current.

Table 5.2 shows currently available exemplary high-voltage semiconductor power
switches from Mitsubishi [53] and ABB [54,55]. It also illustrates that IGCTs are a
powerful semiconductor power switch technology for medium-voltage high-power

applications due to the high voltage and current rating of one single power switch.

Table 5.1: Ratings of IGBT modules available from data-sheets from Infineon [52],
as per August 2019.

Blocking Voltage 6.5kV 45kV 33kV 17kV
Current 0.75kA 12KkA 15kA 3.6kA

In medium-voltage high-power converter applications it is mandatory to only
utilize about 50 % of the semiconductor power switches” blocking voltage capabil-
ity [56,57], i.e., 50 % of the data-sheet values for the blocking voltages presented in
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Table 5.2: Ratings of IGCTs available from data-sheets from Mitsubishi [53] and
ABB [54,55], as per August 2019.

Mitsubishi ABB  ABB

Blocking Voltage 6 kV 6.5kV 45kV
Current 6 kA 3.8kA 5KkA

Tables 5.1 and 5.2, to ensure the required reliability.

Both Tables 5.1 and 5.2 show that high blocking voltages, as necessary for the appli-
cation in large PSPPs, can only be obtained by a series connection of semiconductor
power switches.

A series connection of semiconductor power switches, which would require them
to operate simultaneously imitating a single switch, impedes achieving high power
quality and is hardly possible. This is due to the unequal distribution of the blocking
voltage between the semiconductors, resulting from the different static and dynamic
characteristics of the semiconductor power switches and their gate drives [58], which
requires additional measures. Equal voltage sharing in blocking mode requires an
additional circuit which adds to the total number of components and produces
additional power loss. Therefore, the conventional two-level (half-bridge) VSC (see
Figure 5.1 (a)) cannot be used when the application requires high blocking voltages.

This problem does not occur with multilevel power converter topologies, see
Section 5.3, because the semiconductor power switches are not connected in series
directly and hence, they operate individually.

Today’s commercially available industrial drives (see Section 5.6) both use mul-
tilevel power converter topologies and a series connection of two (or even three)
semiconductor power switches to increase the maximum operating voltage, which
can be usually achieved with a specific multilevel power converter topology, see
Section 5.3, even further.

Modular multilevel converters (MMCs), see Section 5.5, can be scaled arbitrarily
to meet the desired operating voltage without connecting semiconductor power
switches directly in series. This scaling is achieved by simply increasing the number
of voltage levels by adding a certain number of identical building blocks [59], i.e., to
build 15 levels as for the MMC presented in Chapter 6. Although switches capable
of blocking 6.5kV are commercially available, the trend for the MMC topology is
moving towards the use of low-voltage (1.7 kV) IGBTs because they are significantly
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more mature and less costly [60]. Therefore, high-power MMCs are built from these

low-voltage IGBTs [61], utilizing a high number of voltage steps.

5.3 Multilevel Voltage Source Converter Topologies

Most established conventional power converter topologies do not allow for meeting
the requirements for medium-voltage (>13.5kV) high-power (>100 MW) bidirec-
tional power flow and hence, as already mentioned, they have been specifically
designed for each individual application in PSPPs so far. This Section reviews the
conventional multilevel power converter topologies and their limits.

Multilevel power converter topologies not only allow achieving high blocking
voltages. Utilizing a multilevel topology also reduces the total harmonic distortion,
lowers the du/dt of the voltage waveform, reduces the common-mode voltage, and

allows for operation at lower switching frequencies [62].

5.3.1 Neutral Point Clamped and Flying Capacitor Voltage Source

Converters

The most established multilevel topologies are the neutral point clamped (NPC)
VSC and the flying capacitor (FC) VSC. Figure 5.1 (b) shows a 3-level NPC VSC and
Figure 5.1 (c) shows a 4-level FC VSC, respectively. In principle, these multilevel
power converter topologies can be extended to a higher number of voltage levels
and therefore, a higher operating voltage without putting semiconductor devices
directly in series. However, the number of power switches and diodes or flying
capacitors increases significantly. (I.e., the number of switches and clamping diodes
required for a three-phase 3-level NPC is 12 and 6 respectively, while the number
of switches and clamping diodes required for a three-phase 5-level NPC is 24 and
36 respectively, assuming equal voltage rating of the components [62].) In addition,
the capacitor voltage balancing becomes challenging. Therefore, the NPC and FC
VSCs are not commercially available with a high number of voltage levels. The NPC
VSC for high-power applications is typically limited to a 3-level configuration, while
the FC VSC is rarely seen, see Table5.3. The 3-level NPC is commercially used for
a voltage range of 2.3-4.16 kV without series connection of devices, realized with
IGBTs with the maximum blocking voltage of 6.5kV [58].
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Figure 5.1: Per-phase diagrams of VSC topologies: (a) half-bridge, (b) neutral point
clamped, and (c) flying capacitor.
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Figure 5.2: Per-phase diagrams of VSC topologies: (a) cascaded H-bridge and
(b) H-bridge NPC.
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5.3.2 Cascaded H-Bridge Voltage Source Converter

The cascaded H-bridge (CHB) VSC (see Figure5.2 (a)) consists of a number of H-
bridges which are all fed by individual DC-link voltages. This usually requires
a phase-shifting transformer (see Section 5.3.5) to produce the individual isolated
voltages. By adding additional H-bridges with individual DC-links, the number of
voltage levels and therefore the operating voltage can be increased [63]. Due to the
size and the cost of the phase-shifting transformer, the operating voltage is limited
to a maximum of 13.8kV [47].

5.3.3 H-Bridge Neutral Point Clamped Voltage Source Converter

The H-bridge NPC (HNPC) VSC is a further development of the CHB VSC which
utilizes 3-level NPCs instead of H-bridges. Therefore, the number of output levels
is increased as well as the maximum operating voltage. Although it is possible to
cascade this power converter topology like the CHB, due to the complex control this
is not seen in commercially available industrial drives, and the topology is therefore
limited to the configuration shown in Figure 5.2 (b). Without a series connection of

semiconductor power devices, this topology is limited to 7.2kV [58].

5.3.4 Advanced Multilevel Topologies

Power converter topologies for medium-voltage drive applications are continuously
developed, notably, with the aim to reduce the number of required components
(semiconductor power switches, diodes, capacitors) and to eliminate the phase-
shifting transformer [64]. However, such as the NPC VSC and FC VSC, these
topologies are not arbitrarily scalable due to economic constraints. They are only
developed for one specific voltage rating, such as the 5-level converter presented
in [65] for a 6.6kV application and thus, they are not considered for application in
large PSPPs, and hence, preclude the scope of this Chapter.

5.3.5 Bidirectional Power Flow of Multilevel Voltage Source
Converters
Most of the commercially available power converters for high-power drive applica-

tions utilize a diode front-end (DFE) which only allows for motor operation (uni-

directional power flow). DFEs normally come as multi-pulse diode rectifiers with
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a phase-shifting transformer which leads to advantages like reduced grid-side har-
monics to meet the standards, increased input power factor, and low-order harmonic
cancellation [48].

Figure 5.3 shows an example of a 24-pulse diode rectifier. The required phase-
shifting transformer has four secondary windings in different configurations (star,
delta, and zig-zag) and phase-shifts. This allows for different resulting phase-shifts
for all the secondary side windings feeding the 6-pulse diode rectifiers. The number
of windings on the secondary side differ to obtain equal output voltages for all four

secondary windings.

6-Pulse o +
Diode
Rectifier [

6-Pulse |—
Diode
Rectifier [

Grid Side

sa®,

6-Pulse |—
Diode
Rectifier [

6-Pulse [—
Diode
Rectifier O -

PEEY

Figure 5.3: 24-pulse series-type diode rectifier.

Supplying a reversible-speed pump-turbine also requires a regenerative power
capability (bidirectional power flow) which makes an active front-end (AFE) at the
grid side necessary, when an AC-DC-AC power conversion is taken into consider-
ation. An AFE is normally achieved with a back-to-back arrangement where the
grid-side converter has the same topology as the motor-side converter, i.e., a 3-level
NPC VSC, see Figure5.1. The second option to allow for bidirectional power flow
is to utilize a direct AC-AC power converter topology (no intermediate DC-link), as
discussed in the following Section.
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5.4 Direct AC-AC Power Converters

5.4.1 Matrix Converter

The matrix converter (MC) is a direct AC-AC converter (see Figure5.4 (a)) and
therefore, it has no intermediate DC-link. It offers bidirectional power flow capability
and has a fast dynamic response due to its single-stage energy conversion [58]. A
grid-side filter is required to reduce the high-frequency switching harmonics [66].
The core element of the MC are the bidirectional switches which can each both
carry the current and block the voltage in both directions. (E.g., Figure 5.4 (b), where
two IGBTs are used as one bidirectional switch.) At any time of operation, the filter
capacitor must not be short-circuited, and the inductive load current must not be
interrupted. Therefore, a complex multi-step commutation technique needs to be
implemented, and only three switches must be turned on each time [67].

5.4.2 Multi-Modular Matrix Converter

To increase the MC’s voltage and power rating, a phase-shifting transformer can be
utilized to obtain a multi-modular matrix converter, see Figure5.5 (a). The multi-
modular matrix converter also requires a complex multi-step commutation technique
where the same constraints as already identified for the MC are applicable. At the
time of writing, the largest commercially available multi-modular matrix converter,
the “FSDrive MX1S” by Yaskawa, has a power rating of 6 MVA and a voltage rating
of 6.6kV. It comprises a phase-shifting transformer supplying 18 3x1 MC modules
(see Figure 5.5 (b)) and allows for bidirectional power flow [48,68].
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Figure 5.4: Direct AC-AC converters and their building blocks: (a) MC topology
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5.5 Fully Scalable Modular Multilevel Converter
Topologies

In addition to the medium-voltage (> 13.5kV) high-power (> 100 MW) bidirectional
power flow requirements for the application in large PSPPs, the realized voltage
waveform is critical. The lower the number of voltage levels, the higher the voltage
stress on the motor-generator winding insulation, and the higher the total harmonic
distortion which leads to additional power loss in the synchronous machine. There-
fore, an additional filter is often required. The same applies to the grid-side power
converter when it comes to a back-to-back arrangement to fulfill the grid require-
ments regarding the harmonic content.

Two power converter topologies are given special attention in this Chapter due to
their arbitrary scalability to higher voltages: the modular multilevel converter (MMC)
which is already commercially available and the modular multilevel matrix con-
verter (MMMC) which has been proposed recently for FSC operation in PSPPs [69].

5.5.1 Modular Multilevel Converter

Originally developed for application in high-voltage DC transmission (HVDC) [16,
70], the MMC has been adapted for application in medium-voltage drives. Fig-
ure 5.6 (a) shows the topology of a single DC-AC stage of an MMC. It consists of
three legs which are each split into two arms. Each arm consists of n submodules
of half-bridge type, see Figure5.8 (b). The corresponding number of levels of the
output phase voltage of the MMC is n + 1.

Each submodule consists of two IGBTs with built-in anti-parallel diodes and a
capacitor. Thus, in contrast to the direct placement of the capacitors in the DC-
link of conventional multilevel VSCs, the capacitors are distributed over the entire
power converter topology. Furthermore, no isolated DC supplies, which are needed
in other multilevel topologies, are required in the MMC topology. Each submodule
voltage Usy can either be zero (Q, conducts) or take on the capacitor voltage Ucsm
(Q1 conducts) [58]. The combination of voltages inserted in the upper and the lower
arm of the MMC results in the output voltage.

Due to the modular multilevel structure, the voltage ratings of the components
in the submodules can be relatively small, which presents an immense benefit.

Therefore, cost-effective and reliable low-voltage (1.7 kV) IGBTs can be used to realize
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Figure 5.6: Modular multilevel converter: (a) topology for DC-AC conversion and
(b) half-bridge submodules.

this power converter topology.

The challenge of operation is the proper capacitor voltage balancing of the sub-
modules during operation. Due to the different voltage levels of the submodules
during operation, currents between the phase legs may occur, also known as circulat-
ing currents. These currents cause additional power loss in the MMC. So-called arm
inductors L,m, are installed in each arm to limit these circulating currents. However,
the implementation of a proper circulating current control to further reduce these
circulating currents is of utmost importance [58].

In addition, especially at low-frequency operation of the MMC, the capacitor volt-
age ripple may exceed the capacitor voltage ratings if no counter measures are taken,
since at constant load torque, the capacitor voltage ripple is inversely proportional
to the output frequency. One option is to choose higher rated capacitors which
requires additional space and is costly. Another possibility to keep the capacitor
voltages within the required limits is to implement special control strategies. For

this approach, circulating currents and common-mode voltage are usually injected
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to reduce the capacitor voltage ripple during low-frequency operation. However,
injecting these additional circulating currents at low-frequency operation exceeds
the current ratings of the MMC for nominal frequency operation (50 Hz or 60 Hz)
and hence, the current rating of the MMC needs to be increased [71]. Another option
is to operate the MMC with a reduced DC-link voltage [72]. This could be realized,
e.g., with a silicon controlled rectifier [48]. However, to obtain the required bidirec-
tional power flow for pumped storage applications, the power converter topology
utilizes MMCs both for the grid side and the motor side (back-to-back configura-
tion). The common MMC with half-bridge submodules is not capable of reducing
the DC-link voltage. Therefore, to enable reduction of the DC-link voltage with the
MMC, H-bridge submodules would be required. This approach doubles the num-
ber of semiconductor power switches and therefore adds significantly to the power
converter’s cost.

Pumped storage applications have an T ~ n* characteristic in pumping mode and
therefore need less current at low-frequency operation compared to constant torque
applications. However, the start-up torque might be considerably high for pumped
storage applications to start-up the pump directly in water. Reference [73] shows
that a start-up torque of 40 % of the nominal torque T, can be achieved with an MMC
without exceeding any ratings of the devices.

Summarizing, because of the arbitrary scalability to higher voltages, the low volt-
age stress on the winding insulation, as well as the low total harmonic distortion, and
the possibility to operate the synchronous motor-generator at variable-speed with-
out exceeding the component ratings compared to nominal frequency operation, the
MMC is a good choice for medium-voltage (> 13.5kV) high-power (> 100 MW) PSPP
applications. (Figure5.7 shows the block diagram of FSC operation of the SG in a
PSPP utilizing two single MMC DC-AC stages.)

Machine- Slde Grid-Side
h e MMC MMC (.) Gr‘d

Figure 5.7: Block diagram of FSC operation of the SG in a PSPP utilizing two single
MMC DC-AC stages (PT = Pump-Turbine, SG = Synchronous Motor-Generator,
and FSC = Full-Size Converter).
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Therefore, the MMC is further analyzed in Chapter 6 for application in PSPPs and
the voltage waveforms of the MMC are used for the investigations carried out at the
test bench presented in Chapters 7 and 8.

5.5.2 Modular Multilevel Matrix Converter

The MMMC is a more recent development in direct AC-AC power converters. Fig-
ure 5.8 (a) shows the schematic of this topology. It utilizes a number of H-bridge
cells (see Figure 5.8 (b)) depending on the supply voltage and the ratings of the used
semiconductor power switches. It is fully scalable to higher voltages which is a sig-
nificant difference to conventional AC-AC converters, like MCs and multi-modular
MCs. It also offers the bidirectional power flow required for operation in PSPPs.
Each of the grid phases is connected via an inductor and a series connection of cells
with each phase of the machine.

Capacitor voltage ripple balancing also has to be encountered with the MMMC. In
contrast to the MMC, the MMMC suffers from increased cell capacitor voltage ripple
for output frequencies close to the feeding frequency (grid frequency). Therefore,
capacitor voltage ripple mitigation is required for high operating frequencies, i.e.,
50Hz or 60 Hz [74].

U, Up U. Grid Side
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o
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Figure 5.8: Modular multilevel matrix converters: (a) circuit configuration and

(b) H-bridge cells.
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5.6 Power Converter Manufacturer Overview

Reference [69] proposes the MMMC for application in large PSPPs and suggests an
upper limit for the generator design frequency of 35 Hz for reasonable operation of
the MMMC. However, the analysis presented in Chapter 4 shows that the optimum
design frequency for FSC operated synchronous motor-generators in large PSPPs is
around 60 Hz. Therefore, considering this comprehensive analysis, the MMMC is
not the recommended choice for FSC operation of large PSPPs and hence, it is not
further investigated.

5.6 Power Converter Manufacturer Overview

This Section shows currently commercially available power converters for operation
in PSPPs at lower power than investigated here. Even though they do not meet the
requirements for medium-voltage (>13.5kV) high-power (> 100 MW) bidirectional
power flow, a few classical multilevel topologies are reviewed as well in this Section
to show their previously discussed limitations with respect to voltage and power
ratings. Table 5.3 gives an overview of commercially available power converters for

medium-voltage high-power applications.

Table 5.3: Ratings of commercially available power converters for medium-voltage

high-power application.

Name Voltage  Power Topology Front-end  Manufacturer

Sinamics SM150  3.3kV  26.7MVA  3-level NPC AFE SIEMENS [75]

MV7000 10kV  26.7MVA  3-level NPC AFE GE [76]
MV7000 10kV 101 MVA  3-level NPC DFE GE [76]
MV7 13.8kV 100 MW 5-level AFE GE [77]
TMdrive-XL85 72kV 100 MW  5-level HNPC DFE TMEIC [78]
M2L 3000 72kV 12 MVA MMC DFE BENSHAW [61]
Sinamics Perfect
11 kV 47 MVA MMC DFE SIEMENS [79]
Harmony GH150

5.6.1 Details on the Individual Power Converters

The “Sinamics SM150” from Siemens is a 3-level NPC power converter and available
for 3.3kV, 26.7 MVA with an AFE (3-level NPC for bidirectional power flow). It uti-

lizes IGCTs as semiconductor power switches and achieves an efficiency of 99 % [75].
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The “MV7000” from GE is a 3-level NPC power converter and available for up
to 10kV, 26.7 MVA with an AFE, and therefore bidirectional power flow. A version
that only allows for unidirectional power flow (i.e., that does not have an AFE but
only DFE) is available for up to 10kV, 101 MVA. The “MV7000” utilizes a series
connection of IGBTs as semiconductor power switches and achieves an efficiency of
up to 99 % [76].

The “MV7” from GE is a 5-level VSC with an AFE (bidirectional power flow)
capable of 13.8 kV and up to 100 MW. It is, therefore, fully applicable for the operation
of large synchronous generators in PSPPs. It uses a series connection of IGBTs to
achieve the high blocking voltage [77,80].

The “TMdrive-XL85” from TMEIC is a 5-level HNPC power converter and avail-
able for 7.2kV, 100 MW (4 parallel 25 MW banks) with a DFE (no bidirectional power
flow). The power converter has an efficiency of 98.6 % [78].

The “M2L 3000” from Benshaw is an MMC and available for 7.2kV, 12 MVA with
a DFE (no bidirectional power flow). It utilizes low-voltage (1.7 kV) IGBT power
cells, and it achieves a converter system (DFE + transformer + MMC inverter stage)
efficiency of 97 % [61].

The “Sinamics Perfect Harmony GH150” from SIEMENS is an MMC and available
for 11kV, 47 MVA with a DFE (no bidirectional power flow) [79].

5.6.2 Evaluation for Application in Large PSPPs

From the presented commercially available power converters, the “MV7” from GE
tulfills the requirements for application in large PSPPs, particularly the medium-
voltage rating of > 13.5kV and the bidirectional power flow.

The MMC topologies “M2L 3000” and “Sinamics Perfect Harmony GH150” are
promising as well, even though they do not meet the aforementioned requirements.
As the MMC topology is not limited to a specific voltage and power level it can
be adjusted to meet the requirements. The challenges with MMCs for use in drive
applications, i.e., the start-up and low-frequency operation of the motor side, have
already been addressed for these power converters.

The 3-level NPC VSC ([75,76]) and the 5-level HNPC VSC ([78]) are the common
power converter topologies used in industrial applications. They are conventionally
limited to 4.16kV and 7.2KkV, respectively without a series connection of power
semiconductor devices and thus not suitable for application in large PSPPs.

At the time of writing, the MMMC topology is not commercially available.
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5.7 Summary of Power Converter Topologies for

Application in Large PSPPs

The power converter operation of large PSPPs refers to a medium-voltage (> 13.5kV)
high-power (> 100 MW) bidirectional power flow application. This cannot be easily
achieved with today’s commercially available power converter topologies. The
topologies commonly used for industrial medium-voltage drives are the 3-level
NPC VSC and the 5-level HNPC VSC which cannot achieve the required operating
voltage without a series connection of semiconductor power switches. In addition,
the DC-link is often supplied by multi-pulse diode rectifiers which do not allow for
bidirectional power flow.

The MMC and the MMMC do allow for bidirectional power flow and can be
adopted to high operating voltages because of their modular structure consisting
of a single building block. Particularly, the MMC is identified as suitable topology
for application in large PSPPs because of its operational behavior. Due to the high
number of voltage levels, i.e., 15 levels for the MMC presented in Chapter 6, the
total harmonic distortion as well as the du/dt of the voltage waveforms supplied to
the motor-generator are very small and thus, the potential additional stress on the

synchronous machine at FSC operation is possibly negligible.
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Chapter 6

Analysis of the Modular Multilevel
Converter for Application in Large

Pumped Storage Power Plants

This Chapter analyzes the modular multilevel converter topology and describes its compo-
nents as well as the characteristic voltage waveforms. For further investigation, a pulse width
modulation voltage waveform generation tool, a simulation model, as well as an analytic av-
erage loss model are presented. These are used to compute the total harmonic distortion of
the output voltage waveforms, the switching frequency of the semiconductor power devices,

and the efficiency of the modular multilevel converter during operation.!

6.1 Analysis of the Modular Multilevel Converter -

Tools

6.1.1 Model Parameters of the MMC

The modular multilevel converter (MMC) has been identified as a promising power
converter topology for operation of synchronous motor-generators in large pumped
storage power plants in Section5.5.1. This Section describes the parameters of the
MMLC that are used for modeling a single DC-AC stage, see Figure 6.1.

The IGBT-module “FZ800R33KF2C” from Infineon [81] is used for this analysis.
The overall findings do not change with a different module, because the detailed de-

sign with all the power loss in the inductors and capacitors is beyond the scope of this

!Selected material of this Chapter has also been published in [33] and [34].
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Figure 6.1: Modular multilevel converter: (a) topology for DC-AC conversion and
(b) half-bridge submodules.

thesis. The IGBT-module has a maximum collector-emitter voltage of Ucgs =3.3kV,
of which 50 % are used during normal operation, see Section 5.2, thus 1.65kV. The
number of submodules 1 required to block the DC-link voltage of Upc =24 kV nec-
essary for a machine voltage of 13.5kV line-to-line is determined as

Ubc
= . 6.1
"7 Ucws 05 6.1
For the here investigated case, it is
24kV
n Uoc  _ = 14.5. 6.2)

" Ucs 05 1.65kV

Next, the IGBT has a maximum continuous DC collector current I- of 1300 A
and 800 A at 25°C and 80°C, respectively. To carry the rated phase current of the
synchronous generator of I, =5.77 kA, niggr IGBTs in parallel are required (rather
than one single IGBT):

Ion

NIGBT = 57— (6.3)
Ic
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Estimating from the data-sheet Ic =1.05kA, it is

Iph _ 5.77 kA

MGBT = 77 = T05KA

For the implemented MMC simulation model, the number of submodules per

=5.5. (6.4)

arm n is 14, which leads to a 15-level phase voltage waveform, and the number of
IGBTs in parallel njgpr is 6. It is assumed that the 6 IGBT-modules are turned on and

off simultaneously and carry the same current.

6.1.2 Objectives for the MMC Analysis Tools

The values of interest of the MMC are as follows:

- The total harmonic distortion (THD) of the output voltage waveforms Upp ymmc-
- The switching frequency f; of the semiconductor power switches.

- The efficiency of the DC-AC stage of the MMC 7pc.ac.

The THD on the machine side causes additional power loss in the synchronous
motor-generator, and the THD on the grid side is subject to certain requirements
of the grid code and should be <5 % at the point of common coupling (PCC) for
the phase voltage [82]. The actual switching frequency of each individual semicon-
ductor power device is of interest, since for high-power applications the switching
frequency should be f; <1000 Hz to reduce the switching power loss and the stress
on the semiconductor power switches. For full-size converter operation of large hy-
dropower generators, the total efficiency of the MMC reduces the overall efficiency

of the power plant, since it is in operation all the time, see Section 2.4.

6.1.3 MMC PWM Voltage Waveform Generation Tool

Implementation

The MMC pulse width modulation (PWM) voltage waveform generation tool im-
plemented in MATLAB uses triangle-shaped carrier signals to enable a level-shifted
carrier modulation [58] and the parameters identified in Section6.1.1. Figure 6.2
illustrates an example of a 5-level PWM utilizing 4 level-shifted carrier signals. If
the reference signal (positive half-wave) is higher than the respective carrier signal,
the corresponding voltage level is set to high (see lower graph in Figure 6.2). For the

negative half-wave, the same procedure with negative signs is applied.
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Figure 6.2: Reference signal, carrier signals, and corresponding output phase

voltage waveform of a 5-level PWM.

Results

Figure 6.3 displays the computed waveforms utilizing the MMC PWM voltage wave-
form generation tool to represent a 15-level MMC suitable for supplying the syn-
chronous motor-generators presented in Chapter 4 with a modulation index of m =1
(ratio between the peak value of the reference signal and the maximum value of
the carrier signals, see Figure6.2). Upnmmc is the phase voltage generated by the
MMC. Uy is the resulting line-to-line voltage applied to the synchronous machine.
Upn is the phase voltage at the synchronous machine terminals which results from
a superimposition of Uj and the floating neutral point of the synchronous machine
with respect to the ground. This neutral-to-ground voltage is also referred to as
common-mode voltage. This common-mode voltage causes additional stress for the
motor winding [48] as well as bearing currents [83]. Strategies for mitigating this
common-mode voltage are well described in [48].

Figure 6.4 shows the harmonic spectra derived by discrete Fourier transform of the
voltage waveforms presented in Figure 6.3 for a 15-level MMC. The carrier frequency
of f. =1050 Hz is the only dominant peak in the harmonic spectrum of Upp mvc which
is very low due to the multilevel topology. The carrier frequency has been chosen
because it can be divided by three and hence, due to the three-phase transmission,
it is no longer present in U. Figure 6.4 shows that the harmonic spectrum of U,y

provided by a 15-level MMC has almost no harmonic content.

LGE/ 84 Ty



6.1 Analysis of the Modular Multilevel Converter - Tools
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Figure 6.3: Computed voltage waveforms for a 15-level MMC for a carrier
frequency of 1050 Hz: phase voltage of the MMC, line-to-line voltage at the motor
supply line, and phase voltage at the machine terminals.

02 T T T T 1 I I
<— Ulson, = 1pu Uphmmc
0.1 i
= 0 | momom |I mE e m m Hiw - [ lm W ml m -
2‘ 02 I I I I I T T
> <— Ulson, = 1pu Ui
501 i
&
E 0 L m m m 1 mm L - lm L m -
< 0.2 . . . . . . .
<« UlSOHz = 1pu Uph
0.1 i
0 1 - - 1 M 1 - Lam 1 Lam 1 - -
0 0.5 1 1.5 2 2.5 3 3.5 4
Frequency in kHz

Figure 6.4: Computed voltage harmonics for a 15-level MMC for a carrier
frequency of 1050 Hz: phase voltage of the MMC, line-to-line voltage at the motor

supply line, and phase voltage at the machine terminals.
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Post-Processing

From this computed harmonic content the THD can be derived as follows [84]:

yE U

THD = ,
th

(6.5)

where, v is the harmonic order, U, is the magnitude of the individual harmonic,
and U is the magnitude of the fundamental voltage. As per [82], harmonics up to
Vmax = 50 are taken into account for the computation of the THD.

6.1.4 Simulation Model of the MMC for Analysis of the Switching

Behavior

To compute the switching power loss of the MMC, the switching frequency of the in-
dividual semiconductor power switches is required. The sinusoidal PWM waveform
does not directly transfer to a switching procedure of the individual submodules,
because the voltage levels of the MMC result from the combination of upper and
lower arm submodules, and thus several combinations may be chosen. Hence, a cer-
tain switching state requires a certain amount of submodules being inserted within
one arm. But the choice of the specific submodules can be used for the capacitor
voltage balancing [58]. Therefore, the individual submodules of the MMC, and also
the semiconductor power devices, have different individual switching frequencies.
Hence, certain submodules are turned on and off more often than others. Investi-
gating all the individual semiconductor power devices in the MMC, the maximum
switching frequency f; max that occurs during operation as well as the average switch-
ing frequency f; can be derived. Note, that the average switching frequency f; is
not linked to the carrier frequency but depends on the utilized capacitor voltage
balancing control scheme which can be used to reduce f; [85]. As per [86], it is even
possible to reduce f; further while keeping the magnitude of the capacitor voltage
ripple AUcgu.

Implementation

To analyze the switching behavior of the submodules, a model of a single DC-AC
conversion stage of a 15-level MMC with the parameters identified in Section 6.1.1
has been implemented in MATLAB / Simulink. It utilizes ideal models for the IGBTs
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with anti-parallel diodes. The DC-link is modeled with an ideal voltage source. A
three-phase series RLC load is used to set the desired apparent power. As stated
in Section 5.5.1, a proper capacitor voltage balancing control is critical for the MMC
operation and was implemented in the MATLAB / Simulink model of the MMC.

Results

Figure 6.5 depicts the capacitor voltages of the upper arm submodules of phase a

under load with implemented capacitor voltage balancing control.

il e

o T T T
O

g ' ' ' ' |

1.4 142 144 146 148 1.5 1.52 154 156 158 1.6
Timein s
Figure 6.5: Capacitor voltages of the 14 submodules of the upper arm of phase a
with capacitor voltage balancing implemented in the MMC simulation model,

nominal load.

The capacitor voltages of the submodules Uc sy (see Figure 6.1) shown in Figure 6.5
spread over a certain band with AUc gy = 330 V. The size (capacity) of the submodule
capacitors is a design criteria of the MMC and is selected to meet a desired capacitor
voltage ripple for nominal load operation, see Section5.5.1. The voltage does not

drift over time, and each submodule voltage remains in the same voltage band.

Post-Processing

From the switching patterns of the individual semiconductor power switches the

average switching frequency fs can be derived, which can be used to compute the
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switching power loss of the MMC during operation utilizing the analytic average
loss model presented in the next Section.

6.1.5 Analytic Average Loss Model of the MMC

The analytic average loss model allows computing the efficiency of the two single
DC-AC stages of the MMC for both rectifier and inverter modes. Note that for turbine
operation of the synchronous motor-generator, the motor-side DC-AC conversion
stage operates in rectifier mode, while for pumping operation, the motor-side DC-AC

conversion stage operates in inverter mode.

Implementation

The calculation method for the analytic average loss model described in [16] has
been implemented in MATLAB using the parameters identified in Section 6.1.1.

Note that this calculation approach does not depend on the output frequency f
of the MMC but on the average switching frequency of the IGBT-modules f;, which
is derived from the simulation model of the MMC implemented in MATLAB /
Simulink, see Section 6.1.4.

The analytic average loss model of the MMC is reviewed in Appendix D. It utilizes
average currents through the individual semiconductor power devices, assuming
sinusoidal waveforms [16], to compute the on-state power loss P,, as well as the
switching power loss Ps. The former requires the output characteristics of the IGBT
and the diode given in the data-sheet. The latter requires the turn-on and turn-off
energy loss per pulse of the IGBT and the reverse recovery energy of the diode,

which are also given in the data-sheet.

Post-Processing

The total power loss of a single DC-AC conversion stage of the MMC Py pc.ac is

computed with
Pd,DC-AC = Pon + Ps- (66)

Note that for the presented power loss evaluation the passive components (submod-

ule capacitors and arm inductors) are neglected.
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The efficiency of a single DC-AC conversion stage of the MMC fpc.ac results
from Py pc.ac and the active power P delivered:

P —Pypc.ac
—s

The total efficiency of the MMC nyc results from the product of one DC-AC

conversion stage operating as a rectifier and one DC-AC conversion stage operating

NIbc-ac = (6.7)

as an inverter:

IMMC = T]DC-AC rectifier * T]DC-AC,inverter- (68)

6.2 Analysis of the Modular Multilevel Converter -
Results

6.2.1 Analysis of the THD of the MMC

Figure 6.6 shows the computed PWM phase voltages for the 15-level MMC for 50 Hz
and 100 Hz, respectively. At constant carrier frequency f. the number of step changes

per period becomes smaller for a higher frequency, which has a negative influence
on the THD.
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Figure 6.6: 15-level MMC phase voltages for operation at 50 Hz and 100 Hz at

constant carrier frequency.
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Table 6.1 shows the computed THD for the phase voltage of the MMC U,y mmc,
the line-to-line voltage Uy, and the phase voltage at the machine terminals U, up
to the 50" order, see (6.5), for operating frequencies f of 25Hz, 50 Hz, and 100 Hz.
In contrast to the earlier analyses, the carrier frequency for the analysis presented
in this Section is set to f.=1500Hz, since f. is typically an integer multiple of the
operating frequency f and needs to be divisible by three. Therefore, the carrier
frequency of f.=1050Hz used throughout this Chapter would not meet the criteria
because of the analysis of operating frequencies including f =100 Hz. For constant
carrier frequency f., the THD increases with the operating frequency f.

However, the values of the THD of the MMC are extremely low in general. Sec-
tion 8.2.2 shows that no additional power consumption (which could be attributed
to additional power loss) is measured at the machine terminals of a synchronous

machine when operating at an MMC supply compared to a purely sinusoidal supply.

Table 6.1: THD of the phase voltage of the MMC U, mvic, the line-to-line voltage
Uy, and the phase voltage at the machine terminals U, at constant carrier
frequency for operating frequencies of 25 Hz, 50 Hz, and 100 Hz.

f fe THD(Upnmmc) THD(Uy) THD(Upn)

Hz Hz % % %

25 1500 1.90 1.31 1.31
50 1500 6.51 2.81 2.81
100 1500 7.63 2.93 2.92

6.2.2 Analysis of the Efficiency of the MMC at Nominal Load

Utilizing the MMC simulation model presented in Section6.1.4, the maximum
switching frequency f;max as well as the average switching frequency f; of the semi-
conductor power devices can be determined, where f; =300 Hz + 5 %. Therefore, in
the following analysis the average switching frequency is kept constant at f, = 300 Hz.

Table 6.2 shows the computed power loss distribution and the efficiency for the
single DC-AC stages of the MMC for a 135 MW, 50Hz, cos ¢ =1 MMC operating

with a carrier frequency of f. =1050 Hz in inverter (I) and rectifier (R) modes.
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Table 6.2: Maximum switching frequency, average switching frequency, power loss
distribution, and efficiency of the single DC-AC stages of the MMC for 50 Hz

nominal load inverter and rectifier operation.

Mode P cos¢ f  fo  fsmax fs  Pon Ps  Tpcac
- MW - Hz Hz Hz Hz kKW kW %

I 135 1.00 50 1050 360 300 1135 312 98.93
R 135 1.00 50 1050 360 300 1047 312 98.99

Table 6.2 also shows the on-state power loss P,,, the switching power loss P,
and the efficiency of a single DC-AC conversion stage npc.ac for inverter and recti-
tier modes at nominal load which are computed utilizing the analytic average loss
model presented in Section6.1.5. For these computations, the average switching
frequency f; is used. P; is the same for both inverter and rectifier modes, since f; is
constant. P, differs by approximately +4 % because of the different current distri-
butions between the semiconductor power devices in inverter and rectifier modes
and the different output characteristics of the IGBTs and the diodes. This results in
a slightly increased efficiency in rectifier mode by 0.06 percentage points for a single
DC-AC conversion unit. This power loss distribution and therefore, the difference
in efficiency of the inverter and the rectifier stage, of course, depends on the utilized
IGBT-modules.

6.2.3 Efficiency of the Full-Size Converter and the Synchronous

Motor-Generator at Nominal Load and Partial Load

Efficiencies of the Suggested Motor-Generator, the Full-Size Converter, and the
Overall System

Table 6.3 shows the computed efficiencies of the suggested synchronous motor-
generator design for FSC operation presented in Section 4.7 (138 MVA, 60 Hz, 200 rpm,
cos @ = 0.98), of the FSC comprising two single MMC DC-AC stages, as well as of the
FSC operated synchronous motor-generator for nominal and partial load operation,
both for turbine (T) and pumping (P) modes. The individual efficiencies of the two
single MMC DC-AC stages, see Figure5.7, and their modes of operation, namely
inverter mode (I) and rectifier mode (R), are listed as well. The grid-side MMC
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Table 6.3: Computed efficiencies of the suggested SG and the FSC (comprising two
MMC stages) for nominal load and partial load operation of the PSPP.

Operating point T100 T75 T50 P100 P75 P50
PSPP Mode of operation T T T P P P
Loadinpu 1.00 0.75 050 1.00 075 0.50
G Uinpu 100 100 100 1.00 091 0.79
finHz 60 60 60 60 545 476
(cos ¢ =0.98) nin% 99.14 99.05 98.77 99.14 99.11 99.05
Machine-Side Mode R R R I I I
Uinpu 100 100 100 1.00 091 0.79
MMC :
finHz 60 60 60 60 545 476
(cos ¢ =0.98) nin% 98.97 99.07 99.18 9891 98.92 98.92
Grid-Side Mode 1 I I R R R
Uinpu 100 1.00 1.00 1.00 1.00 1.00
MMC )
finHz 50 50 50 50 50 50
(cos p=0.9) nin% 98.81 98.93 99.07 98.88 98.98 99.11
FSC nin% 97.79 98.01 98.26 97.80 97.91 98.04
SG+FSC nin% 96.95 97.08 97.05 96.96 97.04 97.11

operates with a power factor of 0.9 to supply reactive power to the grid, as would be
the case for a conventional directly line-connected synchronous machine in PSPPs.

Preliminary studies have shown, that the increase of the SG’s efficiency, when
designing the SG for a power factor of 0.98 under-excited compared to unity power
factor, outweigh the reduction of the motor-side MMC'’s efficiency caused by the
increased current at power factor 0.98 compared to unity power factor. Hence,
operating the SG at a power factor of 0.98 results in an overall efficiency improvement
of the system comprising SG and FSC in this particular analysis.

The efficiency of the SG decreases by 0.37 percentage points for partial load op-
eration at half the nominal load in turbine mode. The efficiency reduction is less
pronounced in pumping mode due to U ~ f operation, hence 0.09 percentage points
at half the nominal load. The efficiency of the FSC increases by 0.47 percentage
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points for partial load operation at half the nominal load in turbine mode and in-
creases by 0.24 percentage points for partial load operation at half the nominal load
in pumping mode. Therefore, the overall efficiency including both the SG and the
FSC (SG+FSC) increases slightly for partial load operation, namely 0.10 percentage
points for partial load operation at half the nominal load in turbine mode and 0.15
percentage points for partial load operation at half the nominal load in pumping

mode.

Comparison with the Conventional Directly Line-Connected Synchronous

Motor-Generator

Table 6.4 shows the computed efficiencies of the FSC operated SG from Table 6.3 (SG+
FSC) and of the conventional directly line-connected synchronous motor-generator
presented in Section 4.1 (150 MVA, 50 Hz, 200 rpm, cos ¢ =0.9) for nominal and par-
tial load operation for turbine mode (T) and nominal load operation in pumping
mode (P) (see Figure 2.3 for the conventional fixed-speed PSPP topology).?

Table 6.4: Computed efficiencies of the suggested SG and the FSC (comprising two
MMC stages) for nominal load and partial load operation of the PSPP.

Operating point T100 T75 T50 P100

Mode of operation T T T P

PSPP .
Loadinpu 100 0.75 050 1.00
SG+FSC nin% 96.95 97.08 97.05 96.96
Line-Connected SG nin % 98.87 98.81 98.57 98.87

Anin %-points -1.92 -1.73 -1.52 -1.91

The FSC operated SG has a smaller overall efficiency compared to the directly line-
connected SG, namely -1.92 percentage points in turbine mode and -1.91 percentage
points in pumping mode. The efficiency of the conventional directly line-connected
SG decreases by 0.30 percentage points for partial load operation at half the nominal
load in turbine mode. Since the efficiency of the FSC operated SG is quite constant for

21t is not possible to operate the conventional directly line-connected synchronous motor-generator
at partial load in pumping mode because of the fixed frequency.
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partial load operation, the difference in efficiency between these two topologies An
decreases for partial load operation, namely from -1.92 percentage points to -1.52

percentage points at half the nominal load in turbine mode.

6.3 Summary

With the tools created to analyze the operational behavior of the MMC operating
as an FSC supplying large synchronous motor-generators in PSPPs, the THD, the
switching frequency, and the efficiency can be computed. The THD increases with
increased operating frequency at constant carrier frequency. However, the values of
the THD of the MMC are extremely low in general (i.e., the THD of the line-to-line
voltage is < 3 % for the example presented in Table 6.1).

The individual switching frequency of the semiconductor power devices needs to
be evaluated utilizing the MMC simulation model, since the PWM voltage wave-
form does not directly transfer to the switching states of the submodules. With
the resulting average switching frequency of the semiconductor power devices, the
efficiency of the individual DC-AC stages of the MMC (machine-side and grid-side)
can be computed utilizing the analytic average loss model. For the MMC, the effi-
ciency increases for partial load operation which counteracts the reduced efficiency
of the synchronous motor-generator at partial load operation, see Table 6.3. Hence,
the efficiency of the overall system comprising synchronous motor-generator and
FSC increases slightly for partial load operation, i.e., it increases by 0.10 percentage
points in turbine mode and by 0.15 percentage points in pumping mode at half the
nominal load compared to nominal load.

Compared to the conventional directly line-connected synchronous machine, the
overall efficiency of the FSC operated synchronous machine is 1.92 percentage points
lower at nominal load, see Table 6.4. However, it is not possible to realize partial
load operation in pumping mode with the conventional directly line-connected
synchronous motor-generator. However, this mode of operation is required to also
participate in the balancing energy market and thus, increasing the earnings of
the PSPP, which is enabled by a variable-speed technology like the FSC operated

synchronous motor-generator.
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Chapter 7

Damper Winding Harmonics Analysis
at Full-Size Converter Supply -

Techniques

The damper winding is subject to the additional harmonics in the air-gap field when operating
the synchronous motor-generator with a full-size converter. This Chapter describes the
test bench setup for measuring the harmonic content of a custom-built electrically excited
synchronous machine during operation. With this aim, the machine can be supplied by
various voltage waveforms of typical power converter topologies via a power amplifier. The
three different voltage waveforms chosen for the analysis are presented in this Chapter as
well. Next, the shielding and the damping effects of the two damper circuits (i.e., the built-in
damper cage and the solid rotor) are analyzed numerically using a two-dimensional finite
element analysis by assessing the induced voltage in the field winding. These results are then
compared to the experimental results obtained from the test bench.!

7.1 Test Bench Setup

A custom-built electrically excited synchronous machine (SM) is mounted on a
test bench to analyze the harmonic content during operation when the machine is
supplied by various power converter topologies simulated with a power amplifier.
Figures7.1 and 7.2 show the test bench setup, the motor geometry is displayed in
Figure 7.3, and selected machine parameters are provided in Table7.1. More details

on the utilized equipment and the measurement system can be found in Appendix E.

!Selected material of this Chapter has also been published in [87].
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Power Power
Converter Amplifier
[ [
PMSM T n SM Unur
Driving Machine Machine Under Test
\ Y, ﬁ -
Z AN Z AN

Figure 7.1: Block diagram of the test bench for evaluation of the damper bar

voltages (PMSM = Permanent Magnet Synchronous Machine, SM = custom-built

electrically excited Synchronous Machine).

Figure 7.2: Test bench for evaluation of the damper bar voltages (1 = PMSM =

Permanent Magnet Synchronous Machine, 2 = SM = custom-built electrically

excited Synchronous Machine, 3 = torque measurement system, 4 = slip ring

transducer, 5 = slip rings for excitation, 6 = solid rotor, and

7 = damper winding = built-in damper cage).
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7.1 Test Bench Setup

Figure 7.3: Geometry of the SM utilized for the 2D-FEA full model (1 = two-layer
stator winding, 2 = stator yoke, 3 = stator teeth, 4 = field winding,
5 = damper winding, 6 = rotor teeth, 7 = rotor yoke, 8 = shaft).

Table 7.1: Selected parameters of the custom-built electrically excited SM.
r U f n p d l o Qs O

Nm V Hz rpm - mm mm mm - -

25 230 50 1500 2 150 216 05 36 24

The SM allows the voltage drops to be measured at six damper bars corresponding
to one pole of the four-pole machine. The voltage drops are transmitted to the
measurement system via the slip ring transducer. To accommodate the modular
damper cage in the rotor, the electromagnetic utilization of the SM under test is
much smaller compared to standard machines of the same size. Hence, the machine
operates at a reduced voltage of U; =230V (instead of Uy =400V). However, this
does not affect the measurement results.

Measurements for the electrical and mechanical quantities of the SM are imple-

mented at the test bench as well, namely the stator phase voltages Uy, the stator
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currents Iy, the field current I;, the rotational speed n, as well as the torque T.
A permanent magnet synchronous machine (PMSM) drives the SM via the torque
measurement system and can also be used to apply a load to the SM. The data are
collected with a DEWE-5000 measurement system. Both the driving PMSM and the
power amplifier are easily capable of powering the custom-built SM under nominal
load conditions.

7.2 Theoretical Analysis of the Synchronous Machine’s

Harmonics

The harmonic content present in the SM’s windings results from a combination of
the harmonics caused by both the machine geometry itself and the full-size converter
supply. Therefore, the SM’s harmonic content will be analyzed both for a purely
sinusoidal supply as well as for an FSC supply. For the latter, two different power
converter topologies are investigated.

7.2.1 Harmonics Caused by the Synchronous Machine’s Geometry

The stator magnetomotive force (mmf) harmonic orders can be computed utiliz-
ing [39]:

v=1+2-m-g, (7.1)

where m is the number of phases and ¢=0, £1, +2, +3, etc. Therefore, the harmonic
orders of a three-phase winding are v =+1, -5, +7,-11, +13, etc. The sign of the ordinal
number specifies the direction of the rotation of the corresponding wave, which can
be either in positive or negative direction [39].

Especially for large hydropower generators, the stator slot harmonics and the
rotor slot harmonics are decoupled from each other by a large air-gap. However, the
custom-built SM under test has a very small air-gap 6 of only 0.5 mm and no skewed
slots. It does have open rotor slots which vary the magnetic conductance along
the circumference. These design features result in a somewhat worst-case more
pronounced harmonic response. Hence, the harmonics are measurable, particularly
in the damper winding. In addition, when exploiting additional generator design
possibilities for full-size converter operation, particularly adjusting the requirement

for the synchronous reactance, see Section 4.4, the air-gap becomes smaller compared
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to a conventional directly line-connected synchronous motor-generator. Hence, the
harmonic response behavior increases for the FSC operated synchronous motor-
generator as well.

The slot harmonics for the stator and the rotor can be computed utilizing [39]:
y=1+%-g, (7.2)

where Q is the number of slots, p is the number of pole pairs, and g ==+1, +2, £3, etc.
When the machine rotates with its synchronous speed, the slips for the higher

harmonics can be computed utilizing [39]:
s, =1-. (7.3)

Therefore, the harmonics -5,+7, -11,+13, and -17, +19, which result from (7.1) for
a three-phase winding, transfer to the following slips:

S.5=6,5.7=-6,5_11=12,5,13=-12,5_17 =18, 5,19 =-18.

These harmonics should be present to certain extents in the SM during operation,
which is discussed in Chapter 8.

7.2.2 Harmonics Caused by the Full-Size Converter Supply

For the investigated motor operation of the SM under test, the SM is supplied
by a power amplifier which can generate arbitrary voltage waveforms. The voltage
harmonics caused by the switching pattern and the level count of the different power
converter topologies lead to additional harmonics in the SM’s main stator winding

and subsequently also in the different rotor windings.

15-Level Modular Multilevel Converter Supply

As stated in Section 5.5.1, the modular multilevel converter (MMC) is a good choice
for medium-voltage (>13.5kV) high-power (>100 MW) applications in pumped-
storage power plants (PSPPs). This is because of its arbitrary scalability to higher
voltages without the need of putting the semiconductor power switches directly in
series. The resulting high level count for blocking the required voltage results in
very smooth sinusoidal waveforms. Hence, the voltage stress for the motor winding
insulation and the total harmonic distortion are extremely low, which should result
in little to no difference for the SM during operation compared to a purely sinusoidal
voltage supply. This aspect is investigated in Section 8.2.
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Figure7.4 displays the computed sinusoidal PWM scheme as it is applied to the
SM at the test bench utilizing the power amplifier. Especially the phase voltage
waveform at the machine terminals Uy, is very sinusoidal.

Figure?7.5 illustrates the harmonic spectra of the voltage waveforms presented
in Figure7.4. The carrier frequency of 1050 Hz is the only dominant peak in the
harmonic spectrum of Upnrsc, which corresponds to the carrier frequency. The
carrier frequency is purposely chosen to be 1050 Hz, as this is a multiple of three, and
thus does not occur in Uy. A different carrier frequency, however, such as 1000 Hz,
would transfer directly to the machine terminals, as discussed in Section 6.1.3. The
harmonic spectrum of U, provided by a 15-level MMC has almost no harmonic

content.

3-Level Neutral Point Clamped Voltage Source Converter Supply

Although the 3-level NPC VSC is not commercially available for the medium-voltage
high-power requirements for large PSPP applications (>13.5kV and >100 MW), it
is still the preferred power converter topology for traction applications. Without
a series connection of semiconductor power devices, this topology is limited to
4.16kV, see Section5.3.1. Utilizing a series connection of devices, as realized by
some manufacturers, could bring this state-of-the-art power converter topology for
large drive applications close to the operating voltage requirements for large PSPPs,
see Table 5.3. Therefore, the 3-level NPC VSC is chosen to represent the worst-case
power converter topology for application in large PSPPs resulting in a quite stressful
supply voltage waveform for a large synchronous hydropower generator.

Figure 7.6 displays the computed sinusoidal PWM scheme as it is applied to the
test bench utilizing the power amplifier. Each phase of the 3-level NPC VSC can
become Upc/2, 0, or —Upc/2, where Upc is the DC-link voltage of the 3-level NPC
VSC. Uy comprises 5 levels while Uy, entails even 9 levels.

Figure?7.7 illustrates the harmonic spectra of the voltage waveforms presented
in Figure7.6. The carrier frequency of 1050 Hz is quite dominant in the harmonic
spectrum of Uy, rsc. However, due to the three-phase transmission, this dominant
harmonic is no longer present in the line-to-line voltage at the supply line Uy, nor in

the phase voltage at the machine terminals Up,.
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Figure 7.4: Computed voltage waveforms for a 15-level MMC for a carrier
frequency of 1050 Hz: simulated phase voltage of the power converter Up rsc,
resulting line-to-line voltage at the motor supply line Uy,
and phase voltage at the SM terminals Upy,.
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Figure 7.5: Computed voltage harmonics for a 15-level MMC for a carrier
frequency of 1050 Hz: simulated phase voltage of the power converter Up rsc,
resulting line-to-line voltage at the motor supply line Uy,
and phase voltage at the SM terminals Upy,.
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Figure 7.6: Computed voltage waveforms for a 3-level NPC VSC for a carrier
frequency of 1050 Hz: simulated phase voltage of the power converter Up rsc,
resulting line-to-line voltage at the motor supply line Uy,
and phase voltage at the SM terminals Upy,.
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Figure 7.7: Computed voltage harmonics for a 3-level NPC VSC for a carrier
frequency of 1050 Hz: simulated phase voltage of the power converter Up rsc,
resulting line-to-line voltage at the motor supply line Uy,
and phase voltage at the SM terminals Upy,.
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7.3 Damper Winding Characterization

7.3 Damper Winding Characterization

The rotor of the SM under test has two independent damper circuits. (See Figure 7.3
for the SM’s geometry:.)

- The first one is the built-in damper cage which consists of copper pipes screwed
to a copper end ring on each side. The voltage induced in the damper winding
is measured as voltage drops along these copper pipes. With this measure-
ment system, the damper winding current distribution of one pole can be
determined.

- The second damper circuit of the SM under test is the solid steel rotor. This
rotor increases all damping effects of the built-in damper cage. The analysis
given in [88] shows that the solid rotor can be described by a second individual
damper circuit. The penetration depth, the electric conductivity of the mate-
rial, and the dimensions are the most important parameters for computing the
equivalent winding. According to [88], for small motors such as the SM under
test, the equivalent winding resulting from the solid rotor has comparable pa-
rameters as the built-in damper cage. Such eddy currents, and hence damping
effects, hardly occur with synchronous motor-generators in large PSPPs with

a laminated rotor.

According to [89], the effects of an SM’s damper winding should be analyzed for
two operating points: The damper winding’s shielding effect can be observed at
standstill, while its damping effect can be analyzed when the machine operates close
to the synchronous speed. The current distribution of the damper winding depends
on the mmfs caused by all the other active windings.

In this Section, the damper winding’s effectiveness is analyzed utilizing two-
dimensional finite element analysis (2D-FEA) by supplying the machine with a
symmetrical three-phase 50 Hz system at standstill. The 2D-FEA allows the two
damper circuits to be deactivated, i.e., the built-in damper cage and the solid rotor,
individually by either removing the built-in damper cage or disabling the eddy
currents in the pole face of the solid rotor, respectively. Therefore, the damper circuit
effectiveness can be evaluated for all combinations of active and inactive damper
circuits. For this analysis, the custom-built damper cage is modeled assuming ideal

conductivity of the copper end rings.
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7.3.1 Damper Winding Shielding Effect Analysis

Table 7.2 shows the shielding effect of the two damper circuits, namely, the built-in

damper cage and the solid rotor.

Only Built-In Damper Cage Active

The built-in damper cage alone decreases the induced voltage in the field winding Ug
down to 61 %.

Only Solid Rotor with Eddy Currents Active

When the built-in damper cage is disabled, and the eddy currents in the solid rotor
are enabled, i.e., the damper circuit due to the solid rotor, Us decreases down to 66 %.
In the 2D-FEA, it is assumed that the eddy currents flow uniformly in the axial
direction along the entire machine’s length. However, this is not the case in reality
due to return points of the conductor loops at the ends of the machine. Hence, the
2D-FEA simulation neglects these end-effects, and the shielding effect caused by the
eddy currents in the solid rotor is computed as larger than in reality. Thus, the true
shielding effect of the solid rotor due to eddy currents is more pronounced than in
reality.

Both Built-In Damper Cage and Solid Rotor Active

The induced voltage in the field winding U; decreases down to 44 % when both

damper circuits are active.

Table 7.2: Voltage induced in the field winding for the fundamental frequency at

standstill of the synchronous machine.

2D-FEA model configuration U
Built-in damper cage Pole-face eddy currents %
OFF OFF 100
ON OFF 61
OFF ON 66
ON ON 44
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Conclusion

The results obtained from 2D-FEA for standstill of the synchronous machine show
that the built-in damper cage and the solid steel rotor have a similar shielding effect

for the fundamental frequency.

7.3.2 Damper Winding Damping Effect Analysis

To visualize the damping effect for the higher harmonics, the SM operates close to
its synchronous speed. For this investigation, the stator is fed with a symmetrical
three-phase 50 Hz system, and the machine operates with a slip of s =1/15=0.067,
and therefore, 1400 rpm.

No Damper Circuits Active

Figure 7.8 shows the computed harmonic spectrum including the higher harmonics
caused by the slots and the flux distribution due to the stator winding distribution.
For this simulation, both damper circuits are disabled. Therefore, the higher harmon-
ics are very present in comparison to the magnitude of the harmonic corresponding

to the slip frequency of 3.33 Hz.

Only Built-In Damper Cage Active

Figure 7.9 shows the harmonic spectrum including the higher harmonics caused by
the slots and the flux distribution due to the stator winding distribution when the
built-in damper cage is enabled. In this case, the magnitudes of the higher harmonics
are reduced by a factor of 10 for the 556.7 Hz - component and by a factor of 40 for
the 1683.3 Hz - component when compared to Figure 7.8, where no damper circuit is
enabled.

Only Solid Rotor with Eddy Currents Active

Figure 7.10 demonstrates that the slip frequency’s magnitude decreases by about 19 %
when only the eddy currents are enabled in the 2D-FEA, and therefore, the solid ro-
tor becomes effective. The higher harmonics are not affected as much by the solid
rotor as by the built-in damper cage, since the solid rotor’s damper circuit consists

of many separate conductor loops which are not connected directly to each other.
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Both Built-In Damper Cage and Solid Rotor Active

When both damper circuits are enabled, the largest magnitude of the higher har-
monics is only about 5 % of the slip frequency’s magnitude, see Figure7.11, which is
in line with the experimental results obtained for this operating point, presented in
Figure7.12. The additional 100 Hz - component present in the measured harmonic
spectrum in Figure 7.12 will be discussed in Section 8.1.2.

Conclusion

The results obtained from 2D-FEA for rotation of the synchronous machine close to
synchronous speed, i.e., 1400 rpm, show that the low-order harmonics are mainly
reduced by the solid steel rotor while the higher-order harmonics are mainly reduced
by the built-in damper cage.
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Figure 7.8: Simulated harmonic spectrum of the induced voltage in the field
winding for operation of the SM at 1400 rpm when both damper circuits are
disabled.
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Figure 7.9: Simulated harmonic spectrum of the induced voltage in the field
winding for operation of the SM at 1400 rpm when the built-in damper cage is
enabled and the pole face eddy currents are disabled.
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Figure 7.10: Simulated harmonic spectrum of the induced voltage in the field
winding for operation of the SM at 1400 rpm when the built-in damper cage is

disabled and the pole face eddy currents are enabled.
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Figure 7.11: Simulated harmonic spectrum of the induced voltage in the field
winding for operation of the SM at 1400 rpm when both damper circuits are

enabled. The corresponding experimental results are shown in Figure 7.12.
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Figure 7.12: Measured harmonic spectrum of the induced voltage in the field
winding for operation of the SM at 1400 rpm. The corresponding theoretical results

are shown in Figure 7.11.
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Chapter 8

Damper Winding Harmonics Analysis

at Full-Size Converter Supply - Results

This Chapter investigates the harmonic content occurring within the stator and the damper
windings for unexcited no-load operation as well as the harmonic content occurring within
the stator, damper, and field windings for load operation. The harmonics caused by the
synchronous machine’s geometry during operation at a purely sinusoidal supply, as per the
theory shown in Section 7.2.1, are analyzed utilizing two-dimensional finite element analysis
as well as measurements at the custom-built synchronous machine at the test bench. Next,
the additional harmonic contents caused by operating the synchronous machine under load

with the various full-size converter topologies of Section 7.2.2 are measured and analyzed.!

8.1 Harmonic Spectrum Analysis of the SM at

Line-Connected No-Load Operation

To analyze the harmonic content of the stator winding, the damper winding, i.e.,
the built-in damper cage, and the field winding of the synchronous machine (SM) at
full-size converter (FSC) supply, it is important to know the harmonic content at line-
connected no-load operation with a purely sinusoidal voltage supply. This should
represent the baseline for further investigations at load operation with FSC supply
presented in Section 8.2. The investigations in this Section are carried out utilizing
both two-dimensional finite element analysis (2D-FEA) as well as measurement
results obtained at the test bench.

For this test, the SM rotates at constant 1500 rpm which can be set directly in the

!Selected material of this Chapter has also been published in [87].
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2D-FEA and is realized by driving the SM under test with the permanent magnet
synchronous machine (PMSM) at the test bench. The SM’s stator winding is supplied
by a three-phase 50 Hz purely sinusoidal voltage waveform with a nominal voltage
of Uy =230 V. The field winding is not excited.

8.1.1 2D Finite Element Analysis

Figure 8.1 depicts the computed harmonic content of the stator winding, the damper
winding, and the field winding utilizing 2D-FEA. The present harmonics are caused
by the stator mmf harmonics as well as the slot harmonics as described in Sec-
tion7.2.1. Here, the harmonic contents of the stator winding, the damper winding,
and the field winding are analyzed.

Stator Voltage

The SM’s stator phase voltage Uy, has a single peak at 50 Hz because of the purely si-
nusoidal voltage supply. No other significant harmonics are present in the harmonic

spectrum of Upp.

Stator Current

The stator current I, of the SM has a dominant peak at 50 Hz because of the purely
sinusoidal voltage supply.

As per (7.2), the 24 rotor slots Q, in combination with the two pole pairs of the
SM result in the harmonic orders -11, +13, -23, +25, -35, +37 etc. Multiplying these
harmonic orders with the fundamental frequency of 50 Hz results in the harmonic
frequencies of 550 Hz, 650 Hz, 1150 Hz, 1250 Hz, 1750 Hz, 1850 Hz, etc. These fre-
quencies are present to various extents in the measured harmonic spectrum of I,
shown in Figure 8.1. The expected 550 Hz component is the dominant higher-order
harmonic and is quite present in the spectrum of the phase current. The 650 Hz
component does not exist because of the short-pitching of the stator winding by two

slots and the resulting winding factors.

Damper Bar Voltage

Multiplying the slips for the higher harmonics s_5 =6, 5,7 =-6, s_11 =12, s5,13=-12,
s_17 =18, 54,19 =-18 (see Section 7.2.1) with the fundamental frequency of 50 Hz results
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Figure 8.1: Computed harmonic spectrum of the stator phase voltage Uy, the
stator current I, the voltage drop at damper bar one Upwi, and the induced
voltage in the field winding U utilizing 2D-FEA; magnitudes are each

normalized to their respective maximum values.

in the 300Hz, 600 Hz, and 900 Hz - components. These frequencies are present to
different extents in the measured harmonic spectrum of Upw; in Figure 8.1.

According to Table7.1 and (7.2), the stator slot harmonics of the SM under test
are -17,+18, -35, +37, etc. These slot harmonics result in the 900 Hz and 1800 Hz -
components, etc., which are present to various extents in the measured harmonic
spectrum of Upw; in Figure 8.1 as well.

The 600 Hz - component is the dominant harmonic in this spectrum followed by the
1800 Hz - component. Both harmonics are mainly caused by the dominant harmonics
-11 (550 Hz) and +37 (1850 Hz) present in the stator current Iy,.

Field Voltage

The damper winding’s main purpose is to protect the field winding from large
induced voltages. However, even at a purely sinusoidal supply, the harmonics
penetrate through the damper winding resulting in harmonics in the field winding.
These harmonics in the field voltage Us are distributed analogously to the harmonic
content present in the damper winding (illustrated as the voltage drop at damper bar
one Upwi). The 600 Hz - component and the 1800 Hz - component are the dominant

harmonics in the harmonic spectrum of Uy.
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8.1.2 Experimental Analysis

The harmonic content at line-connected no-load operation with a purely sinusoidal
voltage supply is analyzed at the test bench analogously to the results presented in
Section 8.1.1 utilizing 2D-FEA.

Figure 8.2 depicts the computed harmonic content of the stator winding, the
damper winding, and the field winding which are caused by stator mmf harmonics
as well as slot harmonics as described in Section7.2.1. Here, the harmonic contents

of the stator winding, the damper winding, and the field winding are analyzed.

Stator Voltage

The SM’s stator phase voltage Uy, has a single peak at 50 Hz because of the purely si-
nusoidal voltage supply. No other significant harmonics are present in the harmonic

spectrum of Upy,.

Stator Current

The stator current I, of the SM under test has a dominant peak at 50 Hz because
of the purely sinusoidal voltage supply and the dominant higher-order harmonic
occurs at 550 Hz, which is in line with the results presented in Section 8.1.1 obtained
from 2D-FEA.

Damper Bar Voltage

The harmonic orders present in the spectrum of Upw; are in line with the theo-
retical analysis presented in Section?7.2.1 and the results displayed in Section 8.1.1
obtained from 2D-FEA. In contrast to the results obtained from 2D-FEA in Fig-
ure 8.1, the 900 Hz - component is the dominant harmonic in this measured spec-
trum. In addition, the magnitudes of the harmonics are distributed more evenly
across the harmonic spectrum and, particularly, the 600 Hz-component and the
1800 Hz - component are less pronounced in the measured voltage drop at damper
bar one Upw; compared to the results obtained from 2D-FEA for this operating
point. Note that the built-in damper cage utilizes screw connections between the
damper bars and the short-circuit rings. Therefore, the contact resistance might not

be uniform for all the individual damper bars, which is not implemented in the
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8.1 Harmonic Spectrum Analysis of the SM at Line-Connected No-Load Operation
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Figure 8.2: Measured harmonic spectrum of the stator phase voltage Uy, the stator
current Iy, the voltage drop at damper bar one Upw, and the induced voltage in
the field winding Us; magnitudes are each normalized to their

respective maximum values.

2D-FEA. This could potentially lead to the mismatch between the results obtained
from 2D-FEA and the performed measurements.

A stator current unbalance measured at the machine terminals of the SM under
test, which might be caused by an eccentricity of the rotor, causes the additional

100 Hz - component present in the harmonic spectrum of Upw;.

Field Voltage

The 600 Hz - component and the 1800 Hz - component are the dominant higher-order
harmonics in the harmonic spectrum of U, which is in line with the results for U
obtained from 2D-FEA presented in Figure 8.1.

The 100 Hz - component caused by a stator current unbalance is also present in the

harmonic spectrum of Us.
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8.2 Motor Operation of the SM at Various Supply
Voltages Under Load Condition

Operating the custom-built SM at various supply voltage waveforms under load
condition provides insights into the expected additional stress and power loss for
the stator winding, the damper winding, and the field winding of a large hydropower
motor-generator operating at various FSC topologies. In this Section, the operating
point under load condition is analyzed via 2D-FEA for a purely sinusoidal supply
and compared to the unexcited no-load operation presented in Section8.1. The
various selected FSC voltage waveforms, namely for the 15-level modular multilevel
converter (MMC) and for the 3-level neutral point clamped voltage source converter
(NPC VSC), as discussed in Section7.2.2, will be applied to the custom-built SM
under test directly at the test bench via the power amplifier, see Figure 7.1.

For this test, the SM operates as a motor at constant 1500 rpm. A load of 16.6 Nm is
applied to the SM which corresponds to 2/3 of the nominal load of the custom-built
SM at U; =230V, see Table7.1. This allow for enough reserve when supplying the
machine with the worst-case power converter supply. Applying the load is realized
via setting the proper load angle in the 2D-FEA. The load is applied to the SM under
test with the PMSM at the test bench. The analysis in this Section is carried out for

operation at unity power factor.

8.2.1 2D Finite Element Analysis

Figure 8.3 depicts the computed harmonic content of the stator winding, the damper
winding, and the field winding utilizing 2D-FEA. The present harmonics are caused
by the stator mmf harmonics as well as the slot harmonics as described in Sec-
tion7.2.1. Next, the harmonic contents of the stator winding, the damper winding,
and the field winding are analyzed.

Stator Voltage

The SM’s stator phase voltage Uy, has a single peak at 50 Hz because of the purely si-
nusoidal voltage supply. No other significant harmonics are present in the harmonic

spectrum of Upp.
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Figure 8.3: Computed harmonic spectrum of the stator phase voltage Uy, the

stator current Iy, the voltage drop at damper bar one Upw1,
and the field current I; utilizing 2D-FEA.

Stator Current

The stator current I, of the SM under test has a dominant peak at 50 Hz because of
the purely sinusoidal voltage supply. Compared to the harmonic spectrum for un-
excited no-load operation presented in Figure 8.1, more of the harmonics described
in Section 7.2.1 appear under load condition. However, the dominant higher-order
harmonic still occurs at 550 Hz.

Damper Bar Voltage

The harmonic orders present in the spectrum of Upw; for load operation are in line
with the theoretical analysis presented in Section7.2.1. However, compared to the
unexcited no-load operation illustrated in Figure 8.1, the characteristic harmonics
are more distinct for load operation due to the larger magnitudes of the harmonics
in the stator current I, and particularly the 1800 Hz - component is significantly
larger.

Field Current

The harmonics penetrate through the damper winding resulting in harmonics in the

tield winding which are superimposed on the DC current. These harmonics present
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in the field current I; are distributed analogously to the harmonic content present in
the damper winding (illustrated as the voltage drop at damper bar one Upw;). The
largest magnitude of a higher-order harmonic present in It is 7.8 % of the DC current
and can be found at 600 Hz.

8.2.2 Experimental Analysis

This Section shows the measurement results for load operation of the custom-built
electrically excited SM at the test bench. In line with the earlier analysis, the SM
under test is supplied by a purely sinusoidal voltage supply. In addition, it is
supplied by a 15-level MMC supply as well as a 3-level NPC VSC supply by the
power amplifier, see Section7.1.

Again, a load of 16.6 Nm is applied to the SM under test, utilizing the PMSM at
the test bench, which corresponds to 2/3 of the nominal load of the custom-built SM
at Uy =230V, see Table7.1. To obtain comparable results when using the various
supply voltage waveforms, the rms value of the phase voltage is kept constant at
Upn =130 V. The SM’s excitation current is adjusted to allow for unity power factor
operation.

The instantaneous values as well as the harmonic spectra of the stator phase
voltage Uy, the stator current Iy, the damper bar voltage drop at damper bar one

Upw1, and the field current It are analyzed in the subsequent Sections.

Sinusoidal Supply

A purely sinusoidal voltage supply is applied to the terminals of the SM under test
for the reference measurement. The measured instantaneous values are presented in
Figure 8.4. U,}, shows a purely sinusoidal waveform, I, reveals a dominant 550 Hz -
component, as described in Section7.2.1, and the harmonics penetrate through the
damper circuits, resulting in oscillations of the field current I;.

The harmonic spectra for this purely sinusoidal supply are illustrated in Figure 8.5.
The harmonic content of Upw; for the purely sinusoidal voltage supply has been
described in Section8.1.2. The magnitudes of the individual harmonics slightly
differ compared to Figure 8.2 since the SM is now excited and operating under load
condition, and hence, the current distribution between the individual damper bars
differs. The highest peak in the spectrum of Upw; is at 600 Hz with a magnitude

of 9.7mV. The field current I; shows the same harmonics as Upw;. However, the
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8.2 Motor Operation of the SM at Various Supply Voltages Under Load Condition

100 Hz - component caused by the stator current unbalance of the SM under test is
the dominant harmonic in this measured spectrum.

The total power consumption measured at the stator terminals for operation at 2/3
of the nominal load at unity power factor with a purely sinusoidal voltage supply is
S5 =3.24 kVA. This figure is compared to the values at FSC supply below in Section 8.3.

15-Level Modular Multilevel Converter Supply

The instantaneous values for load operation at the 15-level MMC supply, which
is the proposed FSC topology for application in large PSPPs, are presented in Fig-
ure8.6. Uy, shows a very sinusoidal waveform, which is perfectly in line with
the computed voltage waveform of Upn in Figure7.4, and I, reveals a dominant
550 Hz - component, as already analyzed for a purely sinusoidal voltage supply.

The harmonic spectra for the 15-level MMC supply are illustrated in Figure8.7.
The harmonic content of Upw; shows the same harmonics as the harmonic spectrum
of the purely sinusoidal voltage supply. However, the magnitudes are slightly
higher for the 15-level MMC supply. The 600 Hz-component has a magnitude
of 11.8mV and is therefore increased by a factor of 1.21 compared to the purely
sinusoidal voltage supply. The field current Iy shows the same harmonics as Upw;.
For the 15-level MMC supply, the 600 Hz - component has the largest magnitude in
the spectrum of I;.

The total power consumption measured at the stator terminals for operation
at 2/3 of the nominal load at unity power factor with the 15-level MMC supply
is $=3.22kVA, which is the same as for the purely sinusoidal voltage supply.

Therefore, utilizing the MMC topology, which comes with the advantage of a high
level count, for the FSC, results only in a very small increase of the harmonic content
in the damper winding and the field winding. Meanwhile, the power consump-
tion measured at the machine terminals is identical with the power consumption

measured for a purely sinusoidal voltage supply.

Conclusion

Hence, the MMC topology is well suited for operating synchronous motor-generators
in large PSPPs, when analyzing the aspects of the harmonic content and the addi-
tional power consumption compared to conventional directly line-connected oper-

ation.
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3-Level Neutral-Point Clamped Voltage Source Converter Supply

The stator phase voltage U, presented in Figure 8.8 matches the computed voltage
waveform Uy, in Figure 7.6 for a 3-level NPC VSC perfectly.

The harmonic spectra for the 3-level NPC VSC supply are illustrated in Fig-
ure8.9. The harmonic spectrum of U, shows high order harmonics at 850 Hz,
950Hz, 1150 Hz, 1250 Hz, 1750 Hz, and 1850 Hz, as discussed theoretically in Sec-
tion7.2.2 and presented in Figure 7.7. These harmonics transfer directly to the stator
current [,. Therefore, the magnitudes of the harmonics present in the voltage drop
at damper bar one Upw; are higher compared to operation at a purely sinusoidal
supply. The highest peak can be found at 900 Hz with a magnitude of 20.0 mV which
is increased by a factor of 2.65 compared to the purely sinusoidal voltage supply. The
harmonics at 1200 Hz and 1800 Hz are intensified compared to a purely sinusoidal
voltage supply because of the harmonic content of I,;,. The field current If shows the
same harmonics as Upw;. For the 3-level NPC VSC supply, the 600 Hz - component
has the largest magnitude in the spectrum of I;.

The total power consumption measured at the stator terminals for operation at
2/3 of the nominal load at unity power factor with the 3-level NPC VSC supply is
5 =3.46 kW, which results in an increase of 6.8 % compared to the purely sinusoidal
voltage supply. These are attributed to additional power losses due to the power

converter supply.

Conclusion

Therefore, utilizing a power converter topology with a low level count, such as
the 3-level NPC VSC supply, results in a severe increase of the magnitudes of the
harmonic content present in the damper winding and the field winding. Hence, these
components are exposed to additional stress and power loss. In addition, the power
consumption measured at the machine terminals increases significantly, which must
be taken into consideration when supplying a large hydropower motor-generator
with this type of FSC topology.
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Figure 8.4: Measured instantaneous phase voltage Uy, phase current I, damper
bar voltage drop Upwi, and field current I; for operation at 2/3 of the nominal load
with a purely sinusoidal voltage supply.
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Figure 8.5: Measured harmonic spectra of the phase voltage Upn, phase current Iy,
damper bar voltage drop Upws, and field current I; for operation at 2/3 of the

nominal load with a purely sinusoidal voltage supply.
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Time in ms
Figure 8.6: Measured instantaneous phase voltage Uy, phase current I, damper
bar voltage drop Upwi, and field current I; for operation at 2/3 of the nominal load
with a 15-level MMC supply.
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Figure 8.7: Measured harmonic spectra of the phase voltage Upn, phase current Iy,
damper bar voltage drop Upwi, and field current I; for operation at 2/3 of the

nominal load with a 15-level MMC supply.
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Figure 8.8: Measured instantaneous phase voltage Uy, phase current I, damper
bar voltage drop Upwi, and field current I; for operation at 2/3 of the nominal load
with a 3-level NPC VSC supply.
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Figure 8.9: Measured harmonic spectra of the phase voltage Upn, phase current Iy,
damper bar voltage drop Upws, and field current I; for operation at 2/3 of the
nominal load with a 3-level NPC VSC supply.
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8.3 Summary

The MMC topology is the proposed power converter topology for the FSC operation
of large PSPPs, as discussed in Section 5.5.1. This is due to its arbitrary scalability
to achieve medium-voltage (> 13.5kV) high-power (> 100 MW) operation, which is
required to supply large hydropower motor-generators. The MMC’s main benefit
is the very smooth sinusoidal waveform. Hence, the voltage stress for the motor

winding insulation and the total harmonic distortion are extremely low.

Evaluation of the Power Consumption Measured at the Machine Terminals

The measurements presented in this Section show that supplying the custom-built
SM under test with a 15-level MMC supply results in little to no difference for the
SM during operation compared to a purely sinusoidal voltage supply. Hence, no
additional power consumption was measured at the machine terminals, see Table 8.1.

The measurements presented in this Section utilizing the 3-level NPC VSC topol-
ogy should represent the worst-case power converter topology for application in
large PSPPs resulting in a quite stressful supply voltage waveform for a large syn-
chronous motor-generator. The power consumption measured at the machine ter-
minals is increased by 6.8 % when compared to the measurements for a purely
sinusoidal voltage supply, see Table8.1, which is attributed to additional power

losses due to the FSC supply.

Table 8.1: Power consumption of the SM under test measured at the machine

terminals for various supply voltages.

Supply voltage waveform S S/Ssine

Purely sinusoidal supply  3.24kVA +0.4 % (k=2) 100.0 %
15-level MMC supply 3.22kVA £0.4% (k=2) 99.5%
3-level NPC VSC supply  3.46kVA £0.4% (k=2) 106.8 %

Even though this increase in power consumption is already significant for the
SM under test, the impact on the power loss of a conventionally manufactured
large hydropower motor-generator might be even more pronounced, because of the
strand thickness of the stator winding, which is conventionally optimized for 50 Hz

or 60 Hz directly line-connected operation. In such case, as stated in [40], which
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shows a numerical analysis of the increase of the stator AC copper power loss when
utilizing a 3-level NPC VSC supply for a 105 MVA hydropower generator, the stator
AC copper power loss increases by a factor of 16 compared to a purely sinusoidal
supply. Hence, it is advisable to adjust the strand thickness of the stator winding
accordingly, depending on the utilized FSC topology.

Evaluation of the Harmonics Present in the Damper and Field Winding

Table 8.2 shows the magnitudes of the relevant harmonics of the voltage drop at
damper bar one Upw: and the field current I in comparison to the respective mag-
nitudes measured at the purely sinusoidal voltage supply.

For the 15-level MMC supply, the harmonic content present in the damper winding
and the field winding is slightly higher compared to the purely sinusoidal voltage
supply. The only harmonic present in the spectrum of I; that is significantly larger
(times 2.71) compared to the purely sinusoidal voltage supply can be found at
1800 Hz. However, this harmonic is quite low for the purely sinusoidal voltage
supply, see Figure 8.5. Hence, no significant additional power loss in the damper

winding and the field winding is expected.

Table 8.2: Comparison of the harmonics present in the measured harmonic spectra
for various supply voltages. The measured magnitudes for the FSC supplies are
presented in relation to the measured magnitudes for the purely sinusoidal supply.

Sinusoidal supply 15-level MMC  3-level NPC VSC

f Upwil || [Upwil M [Upwal ||
Hz mV mA pu pu pu pu
300 55 30.2 1.19 126 092 0.87
600 9.7 54.2 1.21 115 118 1.20
900 7.6 6.9 1.05 097 265 7.59

1200 1.0 3.3 128 124 1222 10.59
1800 4.3 0.9 151 271 229 20.48

In contrast, the magnitudes of the harmonic spectrum of Upw; are intensified
when operating the SM under test with the 3-level NPC VSC supply. Particularly the
900 Hz - component and the 1800 Hz - component are more than doubled compared
to the purely sinusoidal voltage supply. The 1200 Hz - component is only present
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in the measured harmonic spectrum for the 3-level NPC VSC supply, which is
illustrated in Table 8.2 with the large multiplier for the magnitude of this harmonic
of 12.22 compared to the purely sinusoidal voltage supply.

The 900 Hz - component, the 1200 Hz - component, and the 1800 Hz - component
become dominant in the spectrum of I basically only for the 3-level NPC VSC
supply. This is illustrated in Table 8.2 with the large multipliers of 7.59, 10.59, and
20.48 for the magnitudes of the respective harmonics. The 300 Hz - component and
the 600 Hz - component do not increase significantly since the FSC supply does not
cause any additional harmonics in this frequency range, see Figure 8.8.

The drastic increase of the magnitudes of the harmonics present in the spectrum of
Upwi and I; results in a significant increase of the power loss in the damper winding
and the field winding. The analysis presented in [40] also depicts that the power
loss in the damper winding increases by a factor of 3.9 when operating the machine
with a 3-level NPC VSC supply instead of a purely sinusoidal supply. This is due
to the additional harmonic content caused by the FSC, which is in line with the
experimental results reported on here.

As a result, choosing a suitable FSC topology is a key aspect for obtaining a high
system performance of the FSC operated synchronous motor-generators in large
PSPPs. Then, the benefits for utilizing the MMC topology, which are presented in
detail in Section 5.5.1, can lead to a superior performance of the synchronous motor-
generator at FSC operation with little to no additional stress for the motor windings
and no measurable additional power consumption at the machine terminals, like
in the case of the measurement results obtained for the custom-built SM at the test

bench, and hence, possibly no additional power loss in the damper winding.
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Conclusion

The full-size converter operated electrically excited salient-pole synchronous motor-
generator for application in large pumped storage power plants represents a highly
flexible energy storage technology to enable further integration of renewable energy
sources like wind and solar. This is due to the achievable active power range both
in turbine and pumping modes enabled by the variable-speed capability.

This thesis proposes an improved design for electrically excited salient-pole syn-
chronous motor-generators for application in large pumped storage power plants
utilizing full-size converter operation. A 150 MVA, 50 Hz, 200 rpm, cos ¢ =0.9 con-
ventional directly line-connected synchronous motor-generator is defined as the
starting point for this comprehensive analysis. The particularities for the design cri-
teria derived from the decoupling of the synchronous machine from the grid due to
the full-size converter operation are identified within this thesis as well. Particularly,
the free choice of the power factor for the machine design results in significant sav-
ings, since the reactive power can be provided to the grid by the full-size converter
independently. The cost evaluation of large hydropower generators considers both
the costs for materials as well as the costs for power loss during operation. Therefore,
the possible design frequency range to optimize the generator design is quite limited
because of the large amount of construction material of low-frequency designs and
the poor efficiency of high-frequency designs. Hence, Section4.2 shows that the
optimum design frequency is around 60 Hz. The main parameters that affect the
optimum design frequency are the cost evaluation factors, which depend largely
on the specific project and the customer’s requirements. The utilization coefficient
only has a marginal influence on the optimum design frequency while the rotational
speed, which depends on the specific project due to the pump-turbine design, has no
impact on the choice of the optimum design frequency. Since the full-size converter
operated synchronous machine in large pumped storage power plants is utilized to

adapt quickly to the current grid requirements, it operates at partial load for a signif-
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icant amount of time. However, knowing the partial load profile already during the
generator design stage does not lead to significant changes for a further optimization

of the design as has been investigated in this thesis also.

All things considered, Section4.7 shows that it is possible to achieve a cost re-
duction for the synchronous motor-generator specifically for full-size converter op-
eration of 18 % compared to a conventional directly line-connected synchronous

machine.

The choice of the power converter topology is key to achieve high performance
with the full-size converter operated synchronous motor-generator. The main re-
quirements for the full-size converter for application in large pumped storage power
plants are medium-voltage (>13.5kV) high-power (> 100 MW) regenerative power
capability (bidirectional power flow). In addition, smooth sinusoidal voltage wave-
forms should be supplied to the machine so as to not cause additional stress on
the winding insulation and to not cause additional power loss. These requirements
are difficult to achieve with today’s power converter topologies used for industrial
applications. Because of its arbitrary scalability and excellent performance, the mod-
ular multilevel converter topology is investigated intensively throughout this thesis
for application in large pumped storage power plants. With the implemented analy-
sis tools for the modular multilevel converter, the supply voltage waveforms can be
generated, the switching frequency of the individual power semiconductor devices
can be derived, and the efficiency can be computed utilizing an analytic average
loss model including the on-state power loss and the switching power loss of the
semiconductor power devices. The overall efficiency of the system comprising the
full-size converter and the synchronous motor-generator is analyzed in Section 6.2.3
for a pumped storage application operating at nominal load and partial load for both
turbine and pumping modes. The results show that the overall efficiency increases
for operating points at partial load. In contrast, the efficiency of the directly line-
connected synchronous motor-generator decreases for operating points at partial
load.

Measurements carried out at the test bench for a custom-built synchronous ma-
chine, which allows for the measurement of the induced voltage in the damper
winding as the voltage drops at the individual damper bars, show that no additional

power consumption is measured at the machine terminals for a 15-level modular
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multilevel converter supply compared to a purely sinusoidal supply, which could be
attributed to additional power loss, see Section 8.3. The additional harmonic content
measured in the damper winding and the field winding is very low for the 15-level
modular multilevel converter and hence, possibly negligible.

Operating the synchronous machine at the test bench with the 3-level neutral point
clamped voltage source converter, which is the state-of-the-art in today’s large drive
applications, results in quite stressful operation. Compared to operation at purely
sinusoidal supply, this power converter supply increases the power consumption
at the machine terminals by 6.8 % for the custom-built synchronous machine under
test. Also, the harmonic content measured in the damper winding and the field
winding increases significantly for operation at the 3-level neutral point clamped
voltage source converter compared to operation at a purely sinusoidal supply or the
15-level modular multilevel converter supply, and hence, leads to additional stress

in the rotor which needs to be considered.

Future Work

The potential cost savings due to the additional degrees of freedom for the syn-
chronous motor-generator design at full-size converter operation have been ana-
lyzed for a 135 MW, 13.5kV, 200 rpm machine in Chapter 4. Further analysis should
evaluate the potential cost savings for higher power machines as well.

The utilized simplified power loss model presented in Section3.2.1 is used to
identify the relationship between the sources of power loss in the machine. It is
assumed that the additional power loss due to a non-sinusoidal power supply can be
neglected when utilizing a multilevel power converter topology with a high number
of levels. Implementing a power loss model that considers the harmonic spectrum of
the machine supply would allow analyzing the impact of power converter topologies
with a lower number of levels on the motor-generator design. To this aim, also the
damper winding power loss and the pole-shoe surface power loss should be included
for further analysis.

The overall efficiency of the system comprising the synchronous motor-generator
and the full-size converter is analyzed in Section 6.2.2 for operation at a load profile
for both turbine and pumping modes. It would be a great addition to also include the
efficiency of an appropriate combined reversible-speed pump-turbine to investigate
the total efficiency of the entire system. For this analysis, efficiency curves for

the pump-turbine depending on the mode of operation, the water flow rate, the
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hydraulic head, and the rotational speed would be required.

The control of the full-size converter operated synchronous motor-generator is
another interesting research field of further research. Particularly the opportunity
to provide synthetic inertia to the grid via the full-size converter while still hav-
ing real inertia in the form of the rotating synchronous motor-generator should
open up many options regarding the enhanced support of the grid. A simulation
model comprising the pump-turbine, the synchronous motor-generator, the full-
size converter, the grid, as well as the control should allow for investigating the
opportunities for operation of the pumped storage power plant. In this context, the
additional common-mode voltage at the machine terminals caused by the full-size
converter, possible resulting parasitic effects, as well as mitigation strategies should
be analyzed.

For the modeling of the custom-built electrically excited synchronous machine at
the test bench, additional non-ideal properties of the machine could be implemented,
i.e., a potential eccentricity and a stator current unbalance. A parameter study
regarding the damper cage, which utilizes screw connections between the damper
bars and the short-circuit rings, should be carried out as well. Particularly varying
the contact resistance in the model, which might not be uniform for all the individual
damper bars in reality due to the screw connections, might help to obtain a better
agreement between the measured harmonics in the damper winding and the results
obtained from the finite element analysis. Setting up a three-dimensional model
for carrying out the finite element analysis to also consider additional effects in the

end-winding region could be valuable as well.
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Symbols and Abbreviations

Symbols
SYMBOL | UNIT | NAME
A A/m linear current density
Acu m? copper cross section
Amax A/m maximum allowed linear current density of the stator
As m? stator slot cross section
Ay m? rotor yoke cross section
a - number of parallel paths
Ase - number of subconductors
Ay - number of strands arranged side by side
ay - number of strands stacked on top of each other
Bt max T maximum allowed flux density at the smallest
cross section of the stator teeth
By, T main flux density
B T stator tooth flux density
By T stator yoke flux density
Bs T air-gap flux density
Bsi T fundamental air-gap flux density
C VAs/m?® | Esson utilization coefficient
C F capacitor
Ceonst EUR/W | costs for constant power losses
Ceu EUR/kg | material cost for copper
Crer EUR/kg | material cost for rotor iron
Cres EUR/kg | material cost for stator iron
Cload EUR/W | costs for load dependent power losses
Ciotal EUR total cost
cos @ - power factor
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Symbols and Abbreviations

D - power diode
d m stator inside diameter (air-gap diameter)
d, m stator outside diameter
f Hz electrical frequency
fe Hz carrier frequency
fs Hz switching frequency
fs max Hz maximum switching frequency
g - counting variable
H m hydraulic head
H, m nominal hydraulic head
Hey m height of the conductor
hop m pole body height
B m pole tip height
hs m stator slot height
hy, m rotor yoke height
hy,s m stator yoke height
I A current
Ic A maximum continuous DC collector current
I A field current
I¥, A equivalent on-state current
Ioh A phase current
Iy A MMC phase current
Larm A MMC arm current
ip, iQ A currents through the power semiconductor devices
J kg-m? | mass moment of inertia
Jeu A/m? | current density
kee - iron fill factor
ky kg/m® | inertia coefficient
ki - winding factor
kw1 - fundamental winding factor
Lairm H arm inductor
[ m total axial length
low m length of the end-winding
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It m average coil length of the field winding
Ly m total length of a winding turn
m - number of phases
m kg total machine mass
m - modulation index
Mey,r kg rotor copper mass
Meys kg stator copper mass
Mo, r kg rotor iron mass
Mee s kg stator iron mass
my kg rotor mass
ms kg stator mass
n rpm mechanical speed (rotational speed)
n - number of submodules
MNIGBT - number of IGBTs in parallel
P \ active power
P W resistive power loss
Py W resistive power loss of the field winding
Peus W resistive power loss of the stator winding
Py s skin W power loss due to the skin effect
Peusadd W additional power loss of the Roebel bars
P4 pc-ac W power loss of a single DC-AC conversion stage
Ps. W stator iron power loss
Pre W power loss in the stator teeth
Ptey W power loss in the stator yoke
Pload W load dependent power loss
Prech W mechanical power loss
Pon W on-state power loss
Pret \W reference power for the data-sheet values
P W switching power loss
Priotal W total power loss
p - number of pole-pairs
Q var reactive power
Q - number of slots
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Symbols and Abbreviations

Q - semiconductor power switch
Q m?/s | water flow rate
On m?/s nominal water flow rate
Q: - number of rotor slots
Qs - number of stator slots
q - number of slots per pole and phase
Reug Q resistance of the field winding
Rpn Q resistance of a single stator phase
S VA apparent power
s - slip
T Nm torque
T, S acceleration time constant
T Nm nominal torque
t s time
u \Y% voltage
Ucg A\ collector-emitter voltage
Ucks A% maximum collector-emitter voltage
Ucsm \Y% submodule capacitor voltage
Upc \Y DC-link voltage
Upw1 \Y% voltage drop at damper bar one
Ug \% diode forward voltage
Us Vv induced voltage in the field winding
Uy \Y% line-to-line voltage
Uy, \% internal voltage
u, \Y% back-electromotive force
Upn \Y% phase voltage
Uph Fsc Vv phase voltage of the FSC
Uph Mmvc \Y% phase voltage of the MMC
Usm Vv submodule voltage
u, \% magnitude of the individual voltage harmonic
U, \% voltage drop at the leakage reactance
Vv m? total construction volume
Vi m?3 inner machine volume
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Umax m/s maximum allowed circumferential speed of the rotor
Win ] turn-on energy
Wt ] turn-off energy
Wrec J reverse recovery energy
Weu m width of the conductor
Wey,f m width of the conductor of the field winding
(o5 - number of field winding turns per pole
Wpb m pole body width
Wph - number of phase winding turns
Wt m pole tip width
Wy m stator slot width
Wy m stator tooth width
X; Q leakage reactance
Xq pu synchronous reactance
Xh pu magnetizing reactance
Xo pu leakage reactance
y - coil pitch
Zs - number of conductors per slot
B - pole field factor
AlUcsm \Y% submodule capacitor voltage ripple
An %-points | difference of energy conversion efficiencies
o m geometrical air-gap length
o’ m equivalent air-gap length
n %o energy conversion efficiency
1IDC-AC % energy conversion efficiency of a single DC-AC stage
IMMC Yo energy conversion efficiency of the MMC
O At rotor winding (field winding) magnetomotive force
Om At overall magnetomotive force
O, At stator winding magnetomotive force
Keu 1/Om | electrical conductivity of copper
o Vs/Am | magnetic permeability of the vacuum
v - harmonic order
Pfe kg/m® | density of the electric steel
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Symbols and Abbreviations

O'max N/m? maximum allowed mechanical stress on the utilized
materials of the rotor construction
Tp m pole-pitch
Tp,max m maximum allowed pole-pitch to ensure mechanical
feasibility of the rotor poles
Ts m slot-pitch
Pn Vs main flux
N Vs stator tooth flux
Py,s Vs stator yoke flux
Qs Vs air-gap flux
Ps1 Vs fundamental air-gap flux
(o ° phase angle
Ps - slot fill factor
@ rad/s | electrical angular frequency
Wmech rad/s | mechanical angular frequency
Abbreviations
ABBREVIATION | NAME
2D two-dimensional
AC alternating current
AFE active front-end
CHB cascaded H-bridge
DC direct current
DFE diode front-end
DFIM doubly-fed induction machine
EMF electromotive force
FC flying capacitor
FEA finite element analysis
FSC tull-size converter
HNPC H-bridge neutral point clamped
HP high-power
HPP hydropower plant
HVDC high-voltage DC transmission
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inverter mode

IGBT

insulated gate bipolar transistors

IGCT

integrated gate commutated thyristor

LVRT

low-voltage ride through

MC

matrix converter

MMC

modular multilevel converter

MMF

magnetomotive force

MMMC

modular multilevel matrix converter

MV

medium-voltage

NPC

neutral point clamped

pump

pumping mode

PC

power converter

PCC

point of common coupling

PMSM

permanent magnet synchronous machine

PSPP

pumped storage power plant

PT

pump-turbine

PWM

pulse width modulation

rectifier mode

RPC

rotor power converter

SM

sub-module

SM

synchronous machine

SG

synchronous motor-generator

turbine

turbine mode

THD

total harmonic distortion

VSC

voltage source converter
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Appendix A

Computation of the Power Loss of the

Synchronous Generator

This Section details the computation method for the various sources of power loss
of the electrically excited salient-pole synchronous motor-generator, which is used
in Chapter4 to evaluate the costs for power loss during operation of the motor-
generator utilizing the power loss evaluation cost factors presented in Section 3.2.2.
Based on a simplified model, the total power loss comprises the load dependent

power losses Piyq and the constant power losses Peonst-

A.1 Load Dependent Power Losses

The load dependent power losses Pi,,q comprise the resistive power loss of the
stator winding P, s, the current dependent power loss due to skin effect P s skin, the
additional current dependent power loss of the Roebel bars P s 144, and the resistive

power loss of the field winding P, .

Resistive Power Loss of the Stator Winding

The resistance of a single stator phase Ry, can be computed with

WpHh * lw
Ry=—— " (A.1)
P Keu Acu a
where wpy, is the number of phase winding turns, [, is the total length of a single
winding turn, ., is the electrical conductivity of copper, A, is the copper cross

section, and a4 is the number of parallel paths. The resistive power loss of the stator
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Appendix A Computation of the Power Loss of the Synchronous Generator

winding P, results from

Peys =m-Rpn-I2

2 (A2)

where m is the number of phases and I, is the stator current of the synchronous

machine.

Skin Effect and Additional Current Dependent Power Loss

To accommodate the skin effect, the reduced copper height £ can be computed [90]:

£ = ha- \/w- - g - 8 (A3)

2w,
where h, is the height of the conductor, w is the electrical angular frequency, w, is

the width of the conductor, and ws is the width of the slot. With the reduced copper
height & the following two factors can be computed [90]:

e sinh(2&) + sin(2¢)
p=c cosh(2&) — cos(2&)’ (A.4)

sinh(&) — sin(¢)

=2.&- . A5
L4 ¢ cosh(&) + cos(&) (A-5)
For consideration of the utilized Roebel bars, kry can be computed [90]:
a2 -1
krn = @ + -, (A.6)

3
where a,. is the number of subconductors of the Roebel bar. The increase of the

resistance kg results from [90]

kR = (kRN - 1)

A7
A (A7)

where [ is the axial length of the machine and /., is the length of the end-winding.
The current dependent power loss due to the skin effect Py s skin results from [90]

Pcu,s,skin =m- Rph : (kR - 1) : Ilzjh (AS)
The additional current dependent power loss of the Roebel bars Py aq4 is [90]
AN d1 \®
p cusadd = Vo : s A9
sadd = 10 (500) (01-2-p) (A.9)

where V( =15000 W for Roebel bars, A is the linear current density in A/cm, d is the

stator inside diameter, and p is the number of pole-pairs.
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A.2 Constant Power Losses

Resistive Power Loss of the Field Winding

The average coil length of the field winding /¢ is [39]

Wey, Wey,
zf:2-1+2.(wpb—2- 2’)+2-7’(~ o, (A.10)

where wy, is the width of the pole body and w., s is the width of the copper area of
the field winding.
After choosing a proper field current I;, the number of field winding turns per
pole w¢ can be computed with
O
=1

where O is the magnetomotive force (mmf) of the field winding. The total resistance

of the field winding R, results from

lf * Wi
Acu,f
cu’ T

Rcu,f =

2.p, (A.12)

where A, ¢ is the copper cross section of the field winding.

The resistive power loss of the field winding P, is

Peus = Reus - IF. (A.13)

A.2 Constant Power Losses

The constant power losses Pnst comprise the stator iron power loss P and the

mechanical power 10ss Ppech.

Stator Iron Power Loss

The factors ky, an, bn, and k. can be extracted by curve fitting the values for the
core losses of the utilized electric steel, which are prepared as a function of flux
density and frequency, given in the data-sheet by the manufacturer, as described
in [91]. The stator tooth flux density is then computed for three different positions,
namely directly at the air-gap (0), in the middle of the stator slot (hs/2), and directly
at the connection point of the stator tooth to the stator yoke (). The flux in the
stator yoke ¢y for each individual harmonic order v can be computed using the
harmonics of the air-gap flux density B;s [91]

d 1
(P =7].Z.B . —_ A.l4
yisv l 2 Boy v-p' ( )
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Appendix A Computation of the Power Loss of the Synchronous Generator

and the corresponding flux density in the stator yoke By results from [91]

P
v kfe ’ hy,s -

where ki, is the iron fill factor and hy is the stator yoke height. The flux in the stator

(A.15)

teeth ¢, for each individual harmonic order v can be computed using the harmonics

of the air-gap flux density B;s [91]

d 2 . i
(Pt,v = Z.E.B@V'W' Sln(v.p.@)
where Qs is the number of stator slots. The corresponding flux density in the stator
teeth B; results from [91]

, (A.16)

o
Bi, = ————, A.17
" Ry (A17)
where w; is the width of the stator tooth.
The stator iron power loss in the yoke Py, results from [91]
iy +br o Vmax T
Proy = [kh fBoe " + ke f? Z V2Bl | prekee(dl — (d + ZhS)Z)Zl, (A.18)
v=13

where pg is the density of the electric steel, d, is the stator outside diameter, and

is the stator slot height. The stator iron power loss in the teeth Py results from [91]

Vmax

kn fIBUO)I* PO 1 k. f2 Y v2[By, (0)

v=1,3

ah+tht(%) Vmax 2
+4[khf[3t(%)] +kefzzvz[3t,v(%)uwt(%)+ A

v=1,3

1
Pfe,t = Qspfekfehslg { wt(0)+

+

K fLB) 0+ 2 Y vz[Bw(hs)F} w«hs)} .

v=1,3

The total stator iron power loss is

Pg = Pfe,y + Pfe,t- (A20)

Mechanical Power Loss

The bearing friction and windage loss can be computed with [38]

1.75\1 [ n \04
Pmech:O.S-(1.7+O.4-d)-(T) (@) -d®-n?- V1-0.01, (A.21)

where 1 is the rotational speed in rpm and Ppech is in W.
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Appendix B

Power Loss and Cost Distribution of
the Generator Designs for FSC

Operation

The cost of the electrically excited synchronous motor-generator presented in Sec-
tion 3.2.2 is calculated using the costs for the active material, namely, the stator iron,
the rotor iron, and the copper. The distribution of the generator’s mass between
the stator and the rotor is displayed in Figure4.2. In addition, the costs for the
load dependent power losses as well as the costs for the constant power losses (load

independent power losses) during operation are taken into account.

B.1 Power Loss Distribution

Figure B.1 shows the power loss distribution of the 135 MW, 200 rpm, unity power
factor generator designs for various design frequencies which are analyzed in Sec-
tion 4.2. The total power loss follows the efficiency illustrated in Figure 4.1 inversely,
which means that the minimum total power loss results for the 50 Hz design and
is 1.23 MW. The total power loss increases for higher design frequencies. This in-
crease of the total power loss is mainly attributed to the increased stator iron power
loss athigher design frequencies. The stator iron powerlossis 115.6 kW and 384.8 kW
for the 30 Hz and the 140 Hz design respectively, which relates to a significant in-
crease by a factor of 3.3.
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Appendix B Power Loss and Cost Distribution of the Generator Designs
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Figure B.1: Power loss distribution of the unity power factor generator designs for
various design frequencies; + = total power loss, X = load dependent power loss of
the stator, ¥ = field winding power loss, o = stator iron power loss,

- = mechanical power loss.
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Figure B.2: Cost distribution of the unity power factor designs for various design

frequencies; X = total cost, + = costs for material, % = costs for power loss.

B.2 Cost Distribution

Figure B.2 illustrates the total cost as well as the distribution of the generator’s cost
between the costs for materials and the costs for power loss.

Costs for Materials

The costs for materials follow the trend of the generator’s mass shown in Figure 4.1.

Costs for Power Loss

The costs for power loss in Figure B.2, however, do not follow the trend of the to-

tal power loss presented in Figure B.1: While the total power loss has a minimum
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B.2 Cost Distribution

at 50 Hz, the costs for power loss decrease towards lower design frequencies because
of the different power loss evaluation cost factors for the load dependent power
losses Cioad =2000 EUR/KW and the constant power losses Cconst =3000 EUR/KW.
Particularly the stator iron power loss, which increases significantly for higher de-
sign frequencies, is rated with the power loss evaluation cost factor for constant

power losses.

Total Cost

The total cost of the generator designs results from the sum of the costs for materials
and the costs for power loss. The 60 Hz machine design reveals the minimum cost
of 4.64 - 10° EUR for the analysis presented in Section4.2.1.
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Appendix C

Generator Design for Operation at a
Load Profile for Common Design

Frequencies

As discussed in Section 4.3.3, the load profile of the motor-generator influences the
power loss distribution during operation and thus affects the generator designs cre-
ated by the cost minimization generator design algorithm, as long as the power loss
evaluation cost factors for load dependent and for constant power losses differ. To
better illustrate this effect, the values presented in Section 4.3.3 are the results for a
135MW, 120 Hz, 200 rpm, cos ¢ =1 generator design with the power loss evaluation
cost factors Cipag =4000 EUR/KW and Ceonst = 8000 EUR/KW. Utilizing these parame-
ters leads to a reduction in the actual cost (comprising costs for materials and costs
for power loss during operation) of the generator of 0.7 % when comparing the
costs for SG1 and SG3 operating at the load profile in both turbine and pumping
modes (T + P), see Table 4.5.

This Section shows the results for a 135 MW, 50 Hz, 200 rpm, cos ¢ =1 generator
design, utilizing the initial power loss evaluation cost factors Ciaq = 2000 EUR/KW
and Cconst = 3000 EUR/KW presented in Section3.2.2. The load profile shown in
Table4.3 is used for this analysis which shows quite severe partial load behavior
(operating 80 % of the time at <75 % of the nominal load), and a real power plant

might not require such drastic behavior.
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Appendix C Design for Operation at a Load Profile for Common Design Frequencies

Two different generators have been designed, each with a different optimization

objective:
- 5G4: minimum costs for nominal load operation

- SG5: minimum costs occurring over the course of the operating profile for both

turbine and pumping modes (T + P)

Thereby, the role of the operating profile, i.e., consideration of partial load operation,

in the generator design shall be identified.

C.1 Power Loss Distribution

Table C.1 shows the power loss distribution (load dependent power losses Pjoaq and
constant power losses P.nst) Of the two generator designs evaluated for nominal
load in comparison to the reference motor-generator design SG4. It illustrates the
changes in the power loss distribution of the motor-generator designs when using
the two different optimization objectives listed above. As stated in Section4.3.3,
when operating at partial load, both in turbine and pumping modes, all the power
loss sources decrease. Thus, the ratios between the different types of power loss do
not change significantly and thus no power loss type can be specifically addressed
during the design. Utilizing a design frequency of 50 Hz and the initial power loss
evaluation cost factors, the constant power losses P.onst decrease by 0.5 %, while the

load dependent power losses Pj,.q increase by 0.3 % for SG5 compared to SG4.

C.2 Cost

Table C.2 depicts the actual cost of SG4 (comprising costs for materials and costs
for power loss), which was originally designed to minimize the cost for nominal
load operation when operating SG4 at the load profile including both turbine and
pumping modes (T +P). These costs are compared with the costs of the generator
specifically designed to minimize the cost for the operating profile (5G5) in both
turbine and pumping modes. It shows a cost reduction of SG5 of 0.025 % when
comparing the costs of SG4 and SG5 operating at the load profile presented in
Table 4.3 in both turbine and pumping modes (T + P).
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C.3 Summary

Table C.1: Power loss distribution of the generator designs evaluated for nominal

load compared to the reference design SG4; T + P = turbine and pumping modes.

Design Minimization Pioad  Peonst
target pu pu

SG4 Nominal load 1.000 1.000
SG5 Load profileT+P 1.003 0.995

Table C.2: Total cost of the generator designs evaluated for operation at the load
profile presented in Table 4.3 for both turbine and pumping modes (T + P).

Design Minimization Modes of  Cost
target operation 10° EUR

SG4 Nominal load T+P 4.023
SG5  Load profile T+ P T+P 4.022

C.3 Summary

The achieved cost reduction of only 0.025 % highlights the fact that the operating
profile only marginally affects the design of the synchronous motor-generator when
utilizing a design frequency of 50 Hz and similar power loss evaluation cost factors
for the load dependent and the constant power losses, like the initial power loss

evaluation cost factors presented in Section 3.2.2.
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Appendix D

Analytic Average Loss Model of the

Modular Multilevel Converter

This Section reviews the analytic average loss model of the modular multilevel
converter (MMC) to compute the performance of the full-size converter (including
both machine and grid side) in the total system evaluation of the pumped storage
power plant. The model uses the parameters described in Section 6.1.1 and the IGBT-
module “FZ800R33KF2C” [81]. The schematic of a single DC-AC stage of the MMC
can be found in Figure6.1. The calculation method for the analytic average loss
model described in [16] has been extended to consider the number of IGBT modules
in parallel nigpr.

Note that this calculation approach does not depend on the output frequency f of
the MMC but on the switching frequency of each individual IGBT-module f;. The
average switching frequency of the semiconductor power switches is derived from
the simulation model of the MMC implemented in MATLAB / Simulink presented

in Section 6.1.4.

D.1 Average Currents Through the Semiconductor

Power Devices

The active power required from the DC-link P is
P =3-Upp - Ipn - cosp (D.1)

and the DC-link current Ipc is

P

o (D.2)

Ipc =
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Appendix D Analytic Average Loss Model of the Modular Multilevel Converter

Assuming sinusoidal waveforms, the peak value fw and the absolute value |Iw| of

the MMC phase current can be computed as follows [16]:

2~

fw=V2-I;, and [Iwl=="Iw. (D.3)

QAN

The normalized ratio between the AC and DC currents y, the factor x, which relates
to the dimensioning of the submodule capacitors, and the relative amplitude of the

DC voltage controlled by the converter b can be computed as follows [85]:

[Sl[e+]

:3'77'|Tw| and b= Upc

oy x=(1—y—2) U (D.4)

The average currents for the power semiconductor devices of each submodule, see

Figure 6.1, result from [16]:

2Q1=%-b-x-|fw|. (D.5)
fm:i-b-x-lfwl. (D.6)
fQZ:i-(l—b-x)~|fwl+%-IDc-(1+$). (D.7)
sz=i-(1—b-x)-|fwl+%-lpc-(1—%). (D.8)

D.2 On-State Power Loss

The equivalent on-state currents for positive and negative current direction are

computed as follows [85]:

. Ipc T

Ionp = 3 (y+1) 1 and (D.9)
I = I—DC y-1) I (D.10)
onn — 3 y 4 ‘ ¢
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D.3 Switching Power Loss

The voltage drops at the semiconductor power devices can be determined using
the output characteristics for the IGBT and the diode given in the data-sheet of the
IGBT-module [81]:

*n I*nn
Ucgp = fcn( s ) and Ucgn = fcn( = ) (D.11)
NIGBT NIGBT
onp Lonn
Ugp = fen and Ug, = fen — . (D.12)
NIGBT NIGBT

Next, the on-state power loss of the individual power semiconductor devices is

computed as follows [85]:

i1
Ponq1 = - Uck,n - MiGpr- (D.13)
NIGBT
ip1
Ponp1 = - Ugp - MiGBT- (D.14)
NIGBT
i
Pone = - Uck,p - MGpr- (D.15)
NIGBT
ipo
Py = - Ugn - MicBT- (D.16)
NIGBT

D.3 Switching Power Loss

The average current for a positive current direction (see Figure 6.1);arm,p results
from [85]

larmp = g -Ipc - (% +1+ ﬂ) (D17)

and the average current for a negative current direction (see Figure 6.1) farm,n results
from [85]

- 1 2.y 1
'armn =—-Ipc-|——-1+—]|. D.18
farmn = =+ IDC (7_[ +3'y) ( )
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Appendix D Analytic Average Loss Model of the Modular Multilevel Converter

Utilizing an average switching frequency f;, the switching power loss of the indi-
vidual power semiconductor devices can be computed as follows [85]:

W, n + W zarm,n
Pyo1 = fs- (O—Off) ~Usm - " MIGBT- (D.19)
Pre MIGBT
Wrec Zarm,
Psp1 = fs - (—) ~Usm P . nicer. (D.20)
Pre NIGBT
Won + Wo ;arm,
P = fs- (—ff) ~Usm - = - iGer. (D.21)
Pret MIGBT
Wrec ;arm,n
Py = fs' (—) ~Uswm - * MIGBT- (D.22)
Pt MIGBT

D.4 Total Power Loss and Efficiency

Considering a three-phase configuration with two arms per phase and a number
of n submodules per arm, the total on-state power loss P,, and the total switching
power loss P of a single DC-AC conversion stage are computed:

Pon =3-2-1n-(Pong1 + Ponp1 + Pong2 + Ponp2) (D.23)

P,=3-2-n-(Pso1 + Psp1 + Pso + Pspo). (D.24)

The total power loss of a single DC-AC conversion stage of the MMC is computed
as follows:

P4pcac = Pon + Ps. (D.25)

The efficiency of a single DC-AC conversion stage of the MMC fpc.ac results

from Py pc.ac and the active power P delivered:

P - Pypc.
ocac = > (D.26)

It is assumed that the rectifier stage and the inverter stage operate at the same
average switching frequency and are built of two identical units. The total efficiency
of the MMC nyvic results from the product of one DC-AC conversion stage operating

as a rectifier and one DC-AC conversion stage operating as an inverter:

NIMMC = 1]DC-AC rectifier * IJDC-AC,inverter- (D27)
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Appendix E

Test Bench Equipment and

Measurement System

E.1 Electrical Machines and Supplies

Synchronous Machine Under Test

Selected machine parameters of the custom-built electrically excited synchronous
machine (SM) under test are illustrated in Table 7.1. The field winding of the SM is
supplied by an “Argos DC power supply” from TET Electronic (160V, 6.5 A).

Driving Machine

The nameplate of the permanent magnet synchronous machine (PMSM) can be
found in TableE.1. The PMSM is used to drive the SM and can also be used to
apply a load to the SM under test. The PMSM is supplied by a “b maXX4000” from

Baumueller.

Table E.1: Nameplate of the PMSM (Baumueller,
DS 132 B23R30-5, serial number: 21030516).

P U f n - cos@
kW V  Hz rpm -

92 350 150 3000 0.95
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Appendix E Test Bench Equipment and Measurement System

Power Amplifier

The power amplifier “DM 15000/ PAS” from Spitzenberger + Spies allows generating
arbitrary voltage waveforms and is used to supply the SM under test with voltage

waveforms of various power converter topologies. The rated data is as follows:
3x5kVA, AC: 270V rms, DC: 382 V.

E.2 Measurement System

The measurement system “DEWE-5000" from Dewetron merges the following mea-

surement devices:

Voltage Measurement

- Dewetron DAQP-HYV, isolated high-voltage module, 7 ranges (+ 20 V to + 1400 V),
bandwidth: 300 kHz.

Current Measurement

- Dewetron DAQP-LYV, isolated low-voltage module, 12 ranges (10mV to 50V),
bandwidth: 300 kHz.

- STW ELAS HBR 10, ratio: 10mV /mA.
- Signaltec MCTS.

- LEM IT 60-S Ultrastab, 60 A, ratio: 1:600.

Measurement of the Voltage Drops at the Individual Damper Bars

- Dewetron DAQP-LYV, isolated low-voltage module, 12 ranges (10 mV to 50 V),
bandwidth: 300 kHz.

- Rie-Tech slip ring transducer SRK 80, 24 poles, voltage range: mV to 60V,

current range: mA to 4 A, max. speed: 6000 rpm.
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E.3 Measurement Procedure

Torque Measurement

- Dewetron DAQP-HYV, isolated high-voltage module, 7 ranges (+ 20 V to + 1400 V),
bandwidth: 300 kHz.

- Kistler CoMo Torque, type: 4700BPOUN, serial number: 4946544.

- Kistler torque transducer, type: 4503A500WA2B1C00, serial number: 117507,
range: 500 Nm (ext. range: 100 Nm), max. speed: 7000 rpm.

E.3 Measurement Procedure

This Section describes the measurement procedure for load operation of the SM
under test at various power converter supplies presented in Section 8.2.2.

Because of the damper windings of the SM, the machine can start-up like an
induction machine and can then be synchronized by increasing the field current.
Hence, no complex synchronization strategy is required.

The full-size converter voltage waveform of interest is loaded into the software
of the power amplifier. After applying this waveform to the output of the power
amplifier, the voltage is ramped up manually to achieve operation close to the
synchronous speed. Next, the field current is increased to enable an over-excited
no-load operation. At this point, the machine rotates with its synchronous speed of
1500 rpm and the stator voltage is adjusted via the power amplifier to provide an
rms value of the phase voltage of 130 V. Then, the SM gets loaded gradually utilizing
the PMSM, which is connected to the SM via a common shaft, see Figure7.1, until
the desired load torque, i.e., 16.6 Nm, is reached. Lastly, the SM’s field current
is adjusted to allow for unity power factor operation. After the SM under test
reaches the steady operating point under load condition, the quantities of interest are
measured, namely, the stator voltage, the stator current, the field current, the torque,
the rotational speed, as well as the voltage drops at the individual damper bars.
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