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Preface

This report is prepared for Deliverable D3.31 “Converter Design tailored to SC and PDD
concepts” of the Task 3.3 Power Electronics in the WP 3 “Electro-Mechanical Conversion” of EU
INNWIND project (FP7 “Innovative Wind Conversion System (10-20 MW) for Offshore
Applications”).

The members of Task 3.3 Power Electronics team include:

Dr. Fujin Deng, Prof. Zhe Chen, Aalborg University (AAU), Denmark; Mr Dennis Karwatzki, Prof.,
Dr. -Ing. Axel Mertens, Leibniz University Hannover (LUH), Germany; Dr. Max Parker, Prof. Stephen
Finney, University of Strathclyde (USTRAT), United Kingdom.

The contributions to the project report are made by the following chapters:
1) Introduction: AAU, LUH, and USTRAT

2) Voltage Source Converter Design Tailored to SCG: AAU

3) Voltage Source Converter Design Tailored to PDDG: LUH

4) Current Source Converter Design Tailored to SCG AND PDDG: USTRAT
5) Conclusions: AAU, LUH, and USTRAT

The Task 3.3 Power Electronics team wishes to thank Henk Polinder, Asger Bech
Abrahamsen, other WP3 colleagues and partners of EU INNWIND, for their contributions of
discussions, suggestions, comments and, data collection.
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1 INTRODUCTION

1.1 Introduction

Over the last twenty years, renewable energy sources have been attracting great attention due to
the cost increase, limited reserves, and adverse environmental impact of fossil fuels. In the
meantime, technological advancements, cost reduction, and governmental incentives have made
some renewable energy sources more competitive. Among them, wind energy is one of the fastest
growing renewable energy sources [1-1~1-9].

So far, a variety of wind power technologies have been developed, which have improved the
conversion efficiency and reduced the costs for wind energy production. The size of wind turbines
has increased from a few kilowatts to several megawatts each [1-1~1-3]. The most recent finding
of the wind energy development is that the high-power wind turbine provides some key
innovations. Larger wind turbines often result in reduced cost since their production, installation,
and maintenance costs are lower than the sum of smaller wind turbines achieving the same
power output [1-4~1-6]. Today, multi-MW size wind turbines are being developed and installed.
The steady growth of installed wind power together with the upscaling of the wind turbine power
capability has pushed the research and development of wind turbine systems, since they are
converting the full power production of the turbine in contrast to classical designs where the
generator is connected directly to the grid.

The Power electronic converter is an enabling technology for renewable energy power generation
system, which is used to convert electrical power from one form into another so as to efficiently
match the application characteristics. In the wind turbine system, the power electronic converter is
used to provide the connection/conversion between the generator and the grid to achieve high
efficiency and meet the grid requirements, including frequency, voltage, active and reactive power,
flickers, harmonics, and ride-through capabilities, etc. On the generator side, the ideal conversion
system would enable the optimal energy to be captured, reducing the system power loss and
stress; on the grid side, it would convert the power into the required frequency and voltage with
the desired waveform. Power electronic converters are playing an increasingly significant role in
the development of modern wind turbines and wind farms [1-2~1-9].

In recent years, power electronic technology, including semiconductor devices, circuit topologies,
modulation, and control methods, has been rapid developed. The performances of the power
electronic converters are continuously being improved and more and more power electronics have
been incorporated into wind turbine systems to improve wind turbine control and to improve the
interconnection to the grid system [1-2], [1-3].

The objective of this report is to design the power electronic converters for the 10 MW and 20 MW
INNWIND. EU reference wind turbines based on SC and PDD concepts, respectively. In this report,
the power electronic converters will be designed based on the INNWIND EU M22 report, the
designed power electronic converters will be assessed in view of costs, efficiency, size, reliability,
and so on. In addition, the corresponding control for the wind turbine with the selected power
electronic converters will be designed, the related grid code requirements such as fault-ride
through control will be considered. The simulation studies will be conducted to show the
effectiveness of the designed power electronic converters and control.
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1.2 Performance index for evaluation and energy capture calculation

The power converters will be designed tailed for the 10 & 20 MW superconducting generator
(SCG) and magnetic pseudo direct drive generator (PDDG). The designed power converters will be
mainly evaluated with the following index,

e Cost

e Size

o Weight

e Efficiency

e Energy capture

1.3 Design specifications, power converter topologies and segmented generators

Power converters are widely used in wind energy conversion system. To date, a variety of power
converters with different topologies and characteristics have been developed or studied for
variable-speed wind turbine systems [1-10], [1-11]. Fig. 1-1 illustrates three types of wind energy
conversion systems based on different power converter configurations. Fig. 1-1(a) shows the wind
energy conversion system based on a back-to-back (BTB) voltage source converters (VSCs). Fig. 1-
1(b) shows a wind turbine system based diode rectifier, current source, converter (CSC). Fig. 1-1(c)
shows a wind turbine system with an AC/AC power electronic converter.

T AC grid

CB T AC grid
(b)
h B T  ACgrid
SO
(c)

Fig. 1-1. The wind energy conversion system investigated is based on (a) Back-to-back VSC
converters. (b) Current source converter. (c) AC/AC converter.

The above three power electronic converter configurations have been studied in the Deliverable
D3.32 “Converter designs based on new components and modular multilevel topologies”.
According to the Deliverable D3.32, several power electronic converters may be more attractive
for the SC and PDD generators in 10 and 20 MW wind turbines based on single generator, their
configurations are shown in Fig. 1-2. Fig. 1-2(a) shows the wind turbine based on the 3-level (3L)
neutral-point clamped (NPC) back-to-back power converters, where two BTB 3L-NPC converters
are connected in parallel for the generator. Fig. 1-2(b) shows the modular multilevel matrix
converter (MMMC) for the generator, which is a direct AC/AC converter. Fig. 1-2(c) shows the wind
turbine based on the converter configuration of current source inverter and active filters (CSI-
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Actfilt). According to D3.32, these converters have better technical economic performance,
therefore are selected for the study.

switch
K K Ls, iabc-gr

™ — — —

| lac,

|abc—ge Lfl X b ] T n T

g, Ve Jatesr,
S 1 b ol by [ AC
/ Cge ‘ cgr\ gl‘ld
Cu Il zxﬁii n-KE g 12Ca| | 5% 5 i | TLEC

AT T T | labc-gept labe-grp1 | T T “t2

BTB 3L-NPC converter #

— —

iahc-gepz |abc-grp2

(@)

=

] Syhlgm I Module
G
) . - —
N ; - bt
- L
% .
&

DC

mabc mcab [ .I_QC abe grili?v"\f"\_

(\J}' Y Y

m abc
DC

Active Active Al
LYY Y gf abc

Filter Filter [_~~~~

A
mf abc

=
?
5

(c)
Fig. 1-2 Power electronic converters for unsegmented generator. (a) Converter configuration of
P3L-based BTB Power Converter. (b) Converter configuration of MMMC. (c) Converter configuration
of CSI-Actfilt.

In this report, the power electronic converters based on above topologies will be designed for the
SCG and PDDG in 10 and 20 MW wind turbines, respectively, where the non-segmented generator
and segmented generator will be considered for the SCG and PDDG. The related control of the
power electronic converters for the requirement of the wind turbine and grid code will also be
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designed. The wind turbine based on the designed power electronic converters will be modelled
and simulated.

1.4

[1-1]

[1-2]

[1-3]
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[1-5]

[1-6]

[1-7]
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2 VOLTAGE SOUSRCE CONVERTER DESIGN TAILORED TO SCG

2.1 Introduction
This chapter mainly designs power electronic converters for 10 and 20 MW SCG based wind
turbines, where both the non-segmented generator and 4-segmented generator are considered

For the 10 MW SCG, the ac line-to-line voltage Vi is 3.3 kV. As to the non-segmented SCG, its ac
current peak value Imin each phase is 2.47 kA. As to the 4-segmented SCG, the rated power for
each segment is 2.5 MW and its current peak value Imin each phase is 0.617 kA. Each segment of
the 4-segmented SCG is isolated. The rated electrical frequency of the generator is 3.22 Hz. The
reactance and resistance of the generator are given in Table 2-1. The grid voltage is 3.3 kV and
grid frequency is 50 Hz.

For the 20 MW SCG, the ac line-to-line voltage Vi is 6.6 and 3.3 kV for the non-segmented and 4-
segmented generator, respectively. As to the non-segmented SCG, its ac current peak value Inin
each phase is 2.47 KA. As to the 4-segmented SCG, the rated power for each segment is 5 MW
and its current peak value Imin each phase is 1.235 kA. Each segment of the 4-segmented SCG is
isolated. The rated electrical frequency of the generator is 4.09 Hz. The grid frequency is 50 Hz.
The reactance and resistance of the generator are also given in Table 2-1. The grid frequency is
50 Hz. The grid voltage is 6.6 and 3.3 kV for non-segmented and 4-segmented generator,
respectively.

Table 2-1
Investigated Wind Turbine Parameter Based on SCG
Rated SCG power (MW) 10 20
Tvpe Non- 4- Non- 4-
yp segmented segmented segmented segmented
Rated power per segment (MW) 10 2.5 20 5
(Fi/a;ted stator line-to-line voltage Vi 3300 6600 3300
AC current peak value In in each 247 0.617 547 1.235
phase (kA)
Electrical frequency f (Hz) 3.22 4.09
Reactance La (mH) 13.12 52.46 16.148 16.148
Reactance Lg (mH) 16.95 67.79 21.796 21.796
Resistance per phase Rs (mQ) 40.73 162.91 58.73 58.73
Grid-side voltage (V) 3300 6600 3300
Grid-side nominal AC frequency (Hz) 50

2.2 Voltage Source Converter Topologies for SCG
2.2.1 Power Converter Type | for SCG based on Non-segmented Generator

Fig. 2-1 shows the power electronic converter type | for the wind turbine based on the non-
segmented generator. The BTB 3L-NPC converter is used here, which is composed with 24
switches. The voltage applied on each switch is only half of the dc-link voltage. The 3L NPC
converter is widely used for medium-voltage applications. In comparison with two-level VSC, the
three-level NPC converter has lower dv/dt and smaller total harmonic distortion (THD) in its ac
output voltages under the same switching frequency [2-1]. In Fig. 2-1, two BTB 3L-NPC converters
are connected in parallel for one generator. The rating of each BTB converter is half of the power
rating of the wind turbine.
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Fig. 2-1 Block diagram of the power converter type | for the non-segmented generator.
2.2.2 Power Converter Type Il for SCG based on 4-Segmented Generator

Fig. 2-2 shows the power electronic converter type Il for the wind turbine based on 4-segmented
generator, where the BTB 3L-NPC converter is also used. Owing to the multiple segments in the
SCG, each segment of the SCG is connected to one BTB 3L-NPC converter, which is the difference
from the wind turbine with non-segmented generator in Fig. 2-1.

switch__
_clamping diode - - lZCd - - N .
Tabe-ge Lo &k 508 . Wk Btk Fo L  labcgr L T
— Ve —
Dge P Dgr AC
Cor Cqr rid
I 42 B S 2Cq| | 5 42 — f g
labc-gep1 T S S - ES & labc-grp1 [TTvrR
BTB 3L-NPC converter —H—

— —

iabc—gepz labc-grp2

BTB 3L-NPC converter i

—

iahc-grpS

BTB 3L-NPC converter #f

—

—

[ abc-gep3

—
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Fig. 2-2 Block diagram of the power converter type Il for the 4-segmented generator.

2.3 Costs

The main costs of the power converters include:
e Semiconductors Costs
e Passive components (inductor & capacitor) Costs
e Cooling Systems Costs
e Mechanical Systems Costs

The costs of the power converter for 10 & 20 MW wind turbine systems based on the non-
segmented & 4-segmented SCG are investigated below.

2.3.1 Semiconductors Costs

Tables 2-2 lists the semiconductor costs for the power converters in the 10 & 20 MW wind turbine
systems based on non-segmented and 4-segmented generators.

According to [2-2], the dc-link voltage of the BTB converters can be designed as
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Vg =V, x+/2 x1.15 (2-1)

As to the power converters for the wind turbine, their ac voltages Vi may be 3.3 or 6.6 kV, as
shown in Table 2-2. The dc-link voltages of the 10 and 20 MW power converters can be designed
as 5.4 and 10.8 kV for the 3.3 and 6.6 kV ac voltages, respectively. Each switch in the 3L-NPC
converter takes half of the dc-link voltage.

According to [2-2], in the 3L-NPC converter, the required peak repetitive voltage rating for each
switch/diode and clamping diode is

V, = \%xl,e (2-2)

Hence, the preferred repetitive blocking voltage for each switch in the 3L NPC converter can be
calculated as Vi=4.5 kV and 9 kV for the 3.3 and 6.6 kV ac voltage, respectively.

In the wind turbine system, as shown in Fig. 2.1 and Fig. 2.2, the switch current is the same to the
ac current in each segment phase. As to the 10 MW and 20 MW wind turbine based on the non-
segmented generator, the type | power converter composed of two 3L-NPC converters are used,
where the switch current is half of the ac stator current and is 1.23 kA. In order to protect the
switch, a 2.5 times margin of the RMS current is selected. As a consequence, the required current
peak for each switch in the type | power converter tailored for the 10 and 20 MW wind turbine
based on non-segmented SCG is 2.22 KA. As to the 10 MW and 20 MW wind turbine based on the
4-segmented generator, the type Il power converter composed of one 3L-NPC converter is used,
where the switch current is the same to the ac segment phase current and is 0.617 and 1.235 KA,
respectively. In order to protect the switch, a 2.5 times margin of the RMS current is selected. As a
consequence, the required current peak for each switch in the type Il power converter tailed for
the 10 and 20 MW wind turbine based on 4-segmented SCG is Iswn=1.1 and 2.2 kA, respectively.

In this report, the ABB IGCT 5SHX 26L4520 4500V/2200A and diode 5SDF 10H4503
4500V/1100A are used to construct the type | power converter for the 10 MW wind turbines
based on the non-segmented generator, as well as the type | and Il power converter for the 20 MW
wind turbines based on the non-segmented and 4-segmented generator; the ABB IGCT 5SHX
14H4510 4500V/1100A and diode 5SDF 10H4503 4500V/1100A are used to construct the type
Il power converter for the 10 MW wind turbines based on the 4-segmented generator. Based on
the required voltage and current for each switch shown in Table 2-2, the IGCT and clamping diode
may be required to be connected in parallel and series in the power converters for the 10 MW and
20 MW systems.

In the 10 and 20 MW wind turbine system based on the non-segmented generator, the required
IGCT and clamping Diode number is

.V |
Niget = CeII(FBO) - ceil (?‘,\g&)) * 2 Nyitch (2-3)
Negioge = CeIl( Y ) - ceil (Isﬂ) * 2 Ngioge (2-4)

4500 1100
where Vy is the required peak repetitive voltage rating. Iswm is the required current peak with 2.5
times RMS margin. Nswitch is the switch number as 24, as shown in Fig. 2-1. nswitch is the clamping
diode number as 12, as shown in Fig. 2-1.

In the 10 and 20 MW wind turbine system based on 4-segmented generator, the required IGCT
and clamping Diode number is

.V |
Niget = ce|I(4560) . cell(ﬁ) 4 Ngpiteh (2-B)
.V, o
Nediode = CEII(FBO) : Ce"(%) 4 Niode (2-6)
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where Vy is the required peak repetitive voltage rating. Iswm is the required current peak with 2.5
times RMS margin. Nswitch is the switch number as 24, as shown in Fig. 2-2. nswiteh is the clamping
diode number as 12, as shown in Fig. 2-2.

From Table 2-2, it can be seen that the IGCT number and the diode number in 20 MW wind
turbine system based on non-segmented and 4-segmented generator are the same, which are
double of that in 10 MW wind turbine system with non-segmented generator. The cost of each
semiconductor is listed in Table 2-3, based on which the total cost of the semiconductors can be
calculated, as shown in Table 2-4. Fig. 2-3 shows the total semiconductor costs for the 10 and 20
MW wind turbine system. The cost of the semiconductors in 20 MW wind turbine system based on
non-segmented and 4-segmented generator are the same, which are double of that in 10 MW
wind turbine system based on non-segmented generator. The cost of the semiconductor in 10 MW
wind turbine system based on 4-segmented generator is higher than that in 10 MW wind turbine
system based on non-segmented generator.

Table 2-2
Costs of Semiconductors for Wind Turbine based on SCGs
Wind turbine power (MW) 10 20
Generator type Non- Non-
4-segmented 4-segmented
segmented segmented
AC line-to-line voltage for each
3300 6600 3300
segment (V)
Stator AC current peak value for
2.47 0.617 2.47 1.235
each segment (kA)
Generator-side AC frequency (Hz) 3.22 4.09
Grid-side AC frequency (Hz) 50
Power converter configuration Type | Type ll Type | Type ll
DC-link voltage Vc (KV) 5.6 11.2 5.6
Switch voltage (kV) 2.8 2.8 5.6 2.8
preferred repetitive
blocking voltage Vv 4.5 4.5 9 4.5
(kV)
Switch current peak
. 1.23 0.617 1.23 1.235
switch (kA)
Switch current peak
value with 2.5 times
2.2 1.1 2.2 2.2
RMS margin Iswm
(kA)
Switch type IGCT B5SHX IGCT 5SHX
IGCT 5SHX 26L4520
26L4520 14H4510
Connection type in ) ) ) .
single single 2-series single
each switch
Diode voltage (kV) 2.8 2.8 5.6 2.8
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preferred repetitive
4.5 4.5 9 4.5
blocking voltage (kV)
Diode current peak
1.23 0.617 1.23 1.23
(kA)
Clamping ["syitch current peak
diode value with 2.5 times 2.2 1.1 2.2 2.2
RMS margin (kA)
Diode type 5SDF 10H4503
Connection type in ) 2-series & 2-
2-parallel single 2-parallel
each switch parallel
IGCT number 48 96 96 96
Clamping diode number 48 48 96 96
IGCT cost (k€) 91.2 142 182.4 182.4
Diode cost (k€) 14.4 14.4 28.8 28.8
Total Semiconductor costs (k€) 105.6 156.4 211.2 211.2
Table 2-3
Semiconductors Specifications and Cost [reference to ABB in 2015 exchange rate in Aguste 15th]
Peak Peak . .
Semiconductors repetitive 5((\:/) voltage current glce/ )umt
voltage (kV) (kA) 2015
BSHX
26L4520 22 1900
IGCT SSHX
14H4510 4.5 2.8 1.1 1480
. 5SDF
Diode 10H4503 1.1 300
250 7
200 - R - R
) 4 s NN BN
= 150
Z
8
&) 100 T B H clamping diode
BIGCT
S50 - -
0 T T T
c’c?d %E?o. %Q;%. csg?d
& & il
S @ SN
& $ & S
S »
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Fig. 2-3. Semiconductor costs for 10 & 20 MW wind turbine based on non-segmented and 4-
segmented SCGs.

2.3.2 Passive Components Costs

The costs of the passive components in the configurations of the BTB power converters are
investigated and compared. The passive component mainly includes the filter inductor, filter
capacitor, and the dc-link capacitor.

The filter is usually adopted in industry to reduce the harmonics around the switching frequency
and multiples of the switching frequency at the generator side and the grid side of the BTB power
converter. The design of the filter is closely related to switching frequency. Owing to the
application of IGCT in the power converter, the switching frequency fsw for the 3L-NPC converter is
selected as 500 Hz [2-3].

During the design of the filter, some design criteria should be specified to meet the generator-side
and grid-side requirements. Here, the THD of the generator-side current is limited less than 3.5%
and the grid-side current is limited less than 5% [2-4]. The filter capacitor value is limited by the
decrease of the power factor at the rated power, which is generally less than 5%. According to [2-
5], the filter capacitor can be obtained as

—k—n_ (2-7)
67U

where k is the coefficient and k<5%. P» is the rated power of the converter. Ug is the ac phase
voltage. f is the ac source frequency.

The filter is normally used at the ac side, the filter design is carried out by setting the resonance
frequency fres of the filter below the switching frequency fsw, generally around 0.5fsw but often
lower than this value due to the effect of the sub-harmonics of switching frequency [2-4], [2-5].
The resonance frequency of the LC filter is calculated by

. JLs + Ly (2-8)
2oL,

where Lris the converter-side filter inductance, Cris the filter capacitance, Lm is the generator
leakage inductance on the generator side or the combination of the grid inductance and
transformer leakage inductance on the grid side. The damping resistance Rr (series-connected in
the filter capacitor branch Cr1 and Cr in Fig. 2-1) are essential to suppress resonance. According
to [2-6], the value of damping resistance can be design as

Ri=— T (2:9)
Gﬂfrescf
According to [2-4], the dc-link capacitor of the 3L-NPC converter can be designed as
q = L (2-10)
214, V4 Au

where Py is rated power of converter. Au is voltage ripple, Vac is dc-link voltage. The capacitor
voltage ripple is limited under 1%. In addition, the variation of the dc-link’s neutral point potential
is selected to be restricted to 10% of the dc-link voltage.
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After the design of these passive components, the designed inductance and capacitance are used
in the simulation, as shown in Tables 2-4. The film capacitor 710uF/1200V is selected for dc-link
capacitor [2-6], as shown in Table 2-5. The filter capacitor is shown in Table 2-6 [2-6]. The prices
of the filter inductor are estimated based on copper and iron volume referring to the Chapter 3. Fig.
2-4 shows the costs of the passive components 10 and 20 MW wind turbine based on non-
segmented and 4-segmented SCG. From Fig. 2-4, it can be seen that the filter inductor is the most
expensive passive components and the filter ac capacitor is the cheapest passive component. The
cost of the passive component for the 20 MW wind turbine system is more than that for the 10
MW wind turbine system.

Table 2-4
Costs of Passive Components for Wind Turbine based on SCGs
Wind turbine power (MW) 10 20
Generator type Non- 4- Non- 4-
segmented Segmented | segmented Segmented
generator generator generator generator
Average switching frequency for 500
each switch (Hz)
Generator-side | Inductor Lr1 (mH) 1.4 28 2.4 1.4
filter
Capacitor (mF) 0.4 0.2 0.224 0.4
Grid-side filter | |nductor Le (mH) 2 29 3 1.75
Capacitor (mF) 0.15 0.15 0.075 0.15
Inductor Lz (mH) 0.7 0.3 1 0.3
DC-Iink Capacitor Cq (MF) 12.5 6.95 6.25 125
capacitor
Total cost of inductor (k€2015) 207.6 167 286 367.3
Total cost of filter capacitor (k€2015) 41.4 26.3 77.5 41.4
Total cost of DC-link capacitor
168.2 168.2 336.5 336.5
(k€2015)
Total passive components costs
417.2 361.5 700 745.2
(k€2015)
Table 2-5
DC Capacitors [2-6]
Type Capacitance (uF) Voltage (V) Price/unit
(€2015)
DC capacitor WIMA 1190 700 (DC) 125.18
DCP6K07119EPOOKSOF
Table 2-6
Reference Price for Filter Capacitor [2-6]
Type Capacitance (uF) Voltage (V) Price/unit
(€2015)
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Filter AC capacitor 30 300 (AC) 15.29
MKP1847630354Y5

800

600

1 DC capacitors
H Filter capacitor

B Filter inductor

200

10MW-non-seg. 10MW-4-seg. 20MW-non-seg. 20MW-4-seg.

Fig. 2-4. Total passive components costs for 10 & 20 MW wind turbine based on non-segmented
and 4-segmented SCGs.

2.3.3 Cooling System Costs

The cost of the cooling system is estimated based on the maximum power loss of the power
converter and a cost per loss factor of 0.8€/W from the report D3.32. Based on the power
converter efficiency shown in Figs. 2-10 to Fig. 2-12 (see Section 2.4), Table 2-10 lists the costs of
the cooling system for the power converters in 10 MW and 20 MW wind turbine based on non-
segmented and 4-segmented generators. Fig. 2-5 illustrates the cooling system costs for the
power converters in 10 MW and 20 MW wind turbine based on non-segmented and 4-segmented
generators. The cooling system costs for 20 MW power converters are nearly double of that for 10
MW power converters.

Table 2-7
Costs of Cooling System
Wind turbine power (MW) 10 20
Generator type Non- 4-segmented | Non- 4-segmented
segmented generator segmented generator
generator generator
Cooling system cost (k€2015) 110 136 233 256
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Fig. 2-5. Cooling system costs for 10 & 20 MW wind turbine based on non-segmented and 4-
segmented SCGs.

2.3.4 Conclusions

Table 2-8 lists the total power converter costs including semiconductor cost, passive components
cost, cooling system cost, and mechanical system cost, where the mechanical system cost is
about 40% of the total cost excluding the cooling system.

Fig. 2-6 illustrates the power converter costs for the 10 and 20 MW wind turbines based on non-
segmented and 4-segmented SCG. It is easy to be observed that the cost of the 10 MW power
converter system for the wind turbine based on 4-segmented generator is a little higher than that
for the wind turbine based on non-segmented generator mainly because more semiconductor cost
for the power converters tailored for 4-segmented generator. The cost of the 20 MW power
converter system for the wind turbine based on 4-segmented generator is a little higher than that
for the wind turbine based on non-segmented generator mainly because more passive
components are required for the power converters tailed for 4-segmented generator. The cost of
the power converter system for 20 MW wind turbine based on non-segmented generator is nearly
double of that for 10 MW wind turbine based on non-segmented generator. The cost of the power
converter system for 20 MW wind turbine based on 4-segmented generator is nearly double of
that for 10 MW wind turbine based on 4-segmented generator.

Table 2-8
Costs in k€2015 of Different Power Converter Configurations for Wind Turbine based on SCGs
Wind turbine power (MW) 10 20
SCG type Non- 4- Non- 4-
segmented segmented segmented segmented
Power converter type Type | Type ll Type | Type ll
Semiconductor cost (k€) 105.6 156.4 211.2 211.2
Passive Filter inductor cost
components 207.6 167 286 367.3
costs (k€)
Filter capacitor cost a14
(KE) . 26.3 77.5 41.4
DC-link capacitor
168.2 168.2 336.5 336.5
cost (k€)
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Cooling system cost (k€) 110 136 233 256
Mechanical cost (k€) 200.9 198.6 348 366
Total cost (k€) 841.9 861.1 1508.7 1595
1500 . -----
1200+ B B
)
S ) T s B
»n m mechanical system
W
8 600 -1 1 B - B - cooling system
M passive components
300 T W semiconductor
0 |
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Fig. 2-6. Power electronic converter system costs for 10 & 20 MW wind turbine based on non-
segmented and 4-segmented SCGs.

2.4 Size and Weight
2.4.1 Converter Size

The size of power converters for 10 and 20 MW wind turbine based on non-segmented and 4-
segmented generators are roughly estimated here, as shown in Table 2-9, where the size of active
rectifier unit, inverter unit, control unit, and cooling unit, etc. are considered.

The ABB 4.5 MVA and 9 MVA - PCS 6000 BTB power converters with the size of
5100%x1200%2450 (LxWxH mm) and 5700x1200x2450 (LxWxH mm) [2-7] are referred here for
the size estimation of 10 and 20 MW power converters tailed for non-segmented and 4-
segmented generators, respectively. Suppose the linear relationship between the converter power
and converter size, the size of the 2.5, 5 and 10 MW power converters can be estimated as
4830*1200*%2450 (LxWxH mm), 5160*1200*2450 (LxWxH mm) and 5830*1200%*2450
(LxWxH mm). The 10 MW wind turbine based on the type | power converter configuration tailed
for non-segmented generator contains two 5 MW power converter, whose size is
(2*5160)*1200*%2450 (LxWxH mm). The 10 MW wind turbine based on the type Il power
converter configuration tailed for 4-segmented generator contains four 2.5 MW power converter,
whose size is (4*4830)*1200*%2450 (LxWxH mm). The 20 MW wind turbine based on the type |
power converter configuration tailed for non-segmented generator contains two 10 MW power
converter, whose size is (2*¥*5830)*1200%2450 (LxWxH mm). The 20 MW wind turbine based on
the type Il power converter configuration tailed for 4-segmented generator contains four 5 MW
power converter, whose size is (4*5160)*1200*2450 (LxWxH mm). The sizes of the power
converter for the 10 and 20 MW wind turbine are listed in Table 2-9. Fig. 2-7 illustrates the power
converter system size for 10 & 20 MW wind turbine based on non-segmented and 4-segmented
generators. The size of the power converter for 10 MW wind turbine based on 4-segmented
generator is bigger than that for 10 MW wind turbine based on non-segmented generator. The size
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of the power converter for 20 MW wind turbine based on 4-segmented generator is bigger than
that for 20 MW wind turbine based on non-segmented generator.

Table 2-9
Size of Power Converter System
Power Generator type Cubic size (L*W*H mm) Volume (m3)
converters
10 MW Non-segmented (2*5160)*1200*2450 30.4
generator
4-segmented (4*4830)* 1200*2000 46.4
generator
20 MW Non-segmented (2*5830)*1200*2450 34.3
generator
4-segmented (4*5160)*1200*2450 60.8
generator
60
50

I
o

Volume (m3)
8 8

—
o

10MW-non-seg. 10MW-4-seg. 20MW-non-seg. 20MW-4-seg.

Fig. 2-7. Power converter system size for 10 & 20 MW wind turbine based on non-segmented and
4-segmented generators.

2.4.2 Converter Weight

The weight of power converters for 10 and 20 MW wind turbine based on non-segmented and 4-
segmented generators are roughly estimated here, as shown in Table 2-10. The ABB 4.5 MVA and
9 MVA - PCS 6000 full power converters with the weight of approximately 5250 kg and 6200 kg
[2-7] are referred here for the weight estimation of the 10 and 20 MW power converters tailed for
non-segmented and 4-segmented generators, respectively. Suppose the linear relationship
between the converter power and the converter weight, the weight of the 2.5, 5 and 10 MW power
converters can be estimated as 4827, 5355 and 6411 kg. The 10 MW wind turbine based on the
type | power converter configuration tailed for non-segmented generator contains two 5 MW power
converter, whose weight is 2*5355 kg. The 10 MW wind turbine based on the type Il power
converter configuration tailed for 4-segmented generator contains four 2.5 MW power converter,
whose weight is 4%4827 kg. The 20 MW wind turbine based on the type | power converter
configuration tailed for non-segmented generator contains two 10 MW power converter, whose
weight is 2*6411 kg. The 20 MW wind turbine based on the type Il power converter configuration
tailed for 4-segmented generator contains four 5 MW power converter, whose weight is 4*5355
kg. The weight of the power converter for the 10 and 20 MW wind turbine are listed in Table 2-10.
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Fig. 2-8 illustrates the power converter system size for 10 & 20 MW wind turbine based on non-
segmented and 4-segmented generators. The weight of the power converter for 10 MW wind
turbine based on non-segmented generator is lighter than that for 10 MW wind turbine based on
4-segmented generator. The weight of the power converter for 20 MW wind turbine based on non-
segmented generator is lighter than that for 20 MW wind turbine based on 4-segmented generator.

Table 2-10
Weight of Power Converter System
Power Generator type Weight (kg)
converters
10 MW Non-segmented 2*5355
generator
4-segmented 4*4827
generator
20 MW Non-segmented 2*6411
generator
4-segmented 4*5355
generator

24000

18000 -

12000

Weight (kg)

6000

Fig. 2-8. Power converter system weight for 10 & 20 MW wind turbine based on non-segmented
and 4-segmented generators.

2.5 Efficiency, Energy Capture and Wind Energy Cost

The 10 MW and 20 MW wind power system based on non-segmented and 4-segmented generator
are modeled and simulated with the professional time-domain simulation tool PSCAD/EMTDC [2-
8]. The system parameters are shown in the Appendix and the relationships between the wind
speed and the power for the 10 MW and 20 MW wind turbine system are shown in Fig. 2-12. The
resultant simulated semiconductor currents (IGBT and Diode currents) are used for power losses
calculation with the IGBT and Diode data-sheet from the manufactures. The conduction losses and
switching losses of the semiconductors (IGBT and Diode) are mainly considered here.

The semiconductor conduction losses can be calculated using a semiconductor approximation
with a series connection of DC voltage source uw representing semiconductor on-state zero-
current collector-emitter voltage and a collector emitter on-state resistance rc as [2-9]

Uv(ic) = Uvo + rc o ic (2-11)
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where ic is semiconductor current. These important parameters (uvwo and rc) can be read directly
from the semiconductor (IGBT and Diode in Table 2-3) datasheet. The instantaneous value of the
semiconductor conduction losses can be expressed as

Pee(t) = unv(t) e ic(t) (2-12)

The average conduction losses can be obtained as

1 Tsw
Pray = T—j P, (t)dt (2-13)
Sw 0

where the switching period Tsw=1/fsw. The switching losses in the semiconductor are the product
of switching energies and the switching frequency fsw as

Psw(t) = (Eon *+ Eofr)e fsw (2-14)

where Eon and Eorr are the turn-on and turn-off energy losses in the semiconductor, which can be
read directly from the semiconductor datasheet. As a consequence, the semiconductor losses can
be calculated as

Pioss = Pceav + Psw (2-15)

2.5.1 Efficiency for 10 MW Power Converters
The efficiency for the 10 MW power converters tailed for non-segmented and 4-segmented SCG is

shown in Fig. 2-9. It can be observed that the efficiency curves for the two power converters tailed
for non-segmented and 4-segmented SCG are similar.
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Fig. 2-9. Efficiency for 10 MW power converters. (a) For non-segmented generator. (b) For 4-
segmented generator. (¢) For non-segmented generator. (d) For 4-segmented generator.

2.5.2 Efficiency for 20 MW Power Converters
The efficiency for the 20 MW power converters tailed for non-segmented and 4-segmented SCG is

shown in Fig. 2-10. It can be observed that the efficiency curves for the two power converters
tailed for non-segmented and 4-segmented SCG are similar.
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Fig. 2-10. Efficiency for 20 MW power converters. (a) For non-segmented generator. (b) For 4-
segmented generator. (¢) For non-segmented generator. (d) For 4-segmented generator.

2.5.3 Energy Capture and Wind Energy Cost

According to the report D1.21, The IEC Class 1A wind climate is used here, which is given by

VZ

f(v)=—5e 27 (2-16)
(e

where v is the wind speed. 0=7.98 m/s. The corresponding cumulative distribution of wind speed
is given by

Fu(0= [ f () 2-17)

The wind probability and the cumulative distribution of wind speed are illustrated in Fig. 2-11.
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Fig. 2-11. (a) Wind probability. (b) Cumulative distribution of wind speed.

According to [2-10], the relationships between the wind speed and the power for 10 MW and
20 MW wind turbine system can be obtained, as shown in Fig. 2-12.
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Fig. 2-12. Relationship between wind speed and power. (a) 10 MW wind turbine system. (b) 20
MW wind turbine system.
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Fig. 2-13. Wind energy distribution in one year. (a) 10 MW wind turbine system. (b) 20 MW wind
turbine system.

26 | Page
(INNWIND.EU, Deliverable D3.31, Converter designs tailored to SC and PDD concepts)



According to Fig. 2-11 and Fig. 2-12, the wind energy distribution in one year for the 10 and 20
MW wind turbine system can be produced, as shown in Figs. 2-13(a) and (b), respectively. The cut-
in and cut-out speed of wind turbine is 4 m/s and 25m/s, respectively. Considering the
contribution by power electronic system, according Fig. 2-13(a) and Fig. 2-9, it can obtain that the
annual energy production (AEP) of the 10 MW wind turbine system based on non-segmented and
4-segmented generator are approximately 47588 and 47423 MWh, respectively, as listed in Table
2-11, where the small difference is derived from the efficiency difference in Fig. 2-9. Considering
the contribution by power electronic system, according Fig. 2-13(b) and Fig. 2-10, the AEP of the
20 MW wind turbine system based on non-segmented and 4-segmented generator are
approximately 95171 and 95018 MWh, respectively, as listed in Table 2-11, where the small
difference is derived from the efficiency difference in Fig. 2-10. In addition, the corresponding
utilization hour and the capacity factor is also given in Table 2-11, as

AEP

Utilization hour = — - (2-18)
Wind turbine rated power
Capacity factor = Utilization hour (2-19)
365 days x 24 hours/day

Fig. 2-14 illustrates the AEP. The wind energy yield for the 10 MW wind turbine based on non-
segmented and 4-segmented generators are nearly the same. The wind energy yield for the 20
MW wind turbine based on non-segmented and 4-segmented generators are nearly the same. The
wind energy yield for the 20 MW wind turbine is nearly double of that for the 10 MW wind turbine.

Table 2-11
Wind Energy Yield
Wind turbine 10MW 10MW 20MW 20MW
Non-segmented | 4-segmented Non-segmented | 4-segmented
AEP (MWh) 47588 47423 95171 95018
Utilization hour (h) 4758.8 4742.3 4758.6 4750.9
Capacity factor (%) 54.3 54.1 54.3 54.2
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40000 -

AEP (MWh)

20000

10MW -non-seg.

10MW -4-seg.

20MW -non-seg.

20MW-4-seg.

Fig. 2-14. Wind energy yield in one year.

The cost of energy (CoE) can be calculated for the 10 and 20 MW wind turbine based on non-
segmented and 4-segmented generators as
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CoE = Cconverter (2_20)
AEP x Lifetime

Suppose that the wind turbine can be used for 25 years, according to Table 2-8 and Table 2-11,
the CoE for the 10 and 20 MW wind turbine based on non-segmented and 4-segmented
generators can be obtained as listed in Table 2-12. Fig. 2-15 illustrates the CoE of the 10 and 20
MW wind turbine based on non-segmented and 4-segmented generators, where the 10 wind
turbine based on 4-segmented generator has the highest CoE and the 20 wind turbine based on
non-segmented generator has the lowest CoE.

Table 2-12
Cost of Energy
Wind turbine 10MW 10MW 20MW 20MW
Non-segmented 4-segmented Non-segmented 4-segmented
CoE (€/MWh) 0.71 0.73 0.63 0.67
0.8 -

CoE (€/MWh)
o o o
[en} b2 e [o3}

Fig. 2-15. Cost of energy of 10 and 20 MW wind turbine based on non-segmented and segmented
generators.

2.6 Control Strategy Design
2.6.1 Control for Normal Operation

According to the power electronic converter configuration shown in Fig. 2-1 and Fig. 2-2, it can be
seen that each BTB 3L-NPC converter is composed of a generator-side converter and a grid-side
converter. Normally, the generator-side converter is used to control the generator for optimal
power capture. The grid-side converter is used to keep the dc-link voltage Vac constant.

A. Generator-Side Converter Control

The generator-side converter connected to the generator stator effectively decouples the
generator from the grid. Thus, the generator rotor and the wind turbine rotor can rotate freely
depending on the wind conditions.

The generator-side converter is used to regulate the wind turbine to enable optimal speed tracking
for optimal power capture from the wind. The control structure for the generator-side converter is
shown in Fig. 2-16. With the d-axis aligned with the rotor flux [2-11], the controller is based on the
dynamic model of the generator in the synchronous rotating frame as
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Uy = R+ Ly 298y
dg — "‘s'dg d dt q“%r'qg (22)
-21

) digg )
Ugg = Rslgg + Ly T-i— Lyarlgg + oy,

Te :1.5np((l_d - Lq)idiq + iql//f ) (2'22)

where uags and ugs, igs and igs, La and Lq are the d- and g-components of the stator voltage, stator
current and stator inductance, respectively. Rs, wr and wr stand for stator resistance, rotor flux and
rotor speed, respectively. Te is the generator electromagnetic torque. np is the pole-pair number.
The active power Pg and reactive power Qg can be expressed as

3 . .
Py :E(Uqg'qg +Ugglag)
(2-23)

3 . .
Qg = E(udgldg - qu'dg )

Owing to the d-axis aligns with the rotor flux, where the ugs is O, the g-axis current is proportional to
the active power Pg and the d-axis stator current is proportional to the reactive power Qg. Normally,
the reactive power reference is set to zero to perform unity power factor operation.

In Fig. 2-16, the control block for the generator-side converter adopts double control loops. Based
on the measured generator speed w, the MPPT method calculates the optimal power command
Pg ret using the rotor speed versus power characteristic [2-12]. One thing to be mentioned is that,
the power converter type | is used for non-segmented generator, as shown in Fig. 2-1. Hence, each
3L-NPC converter takes only half of the wind turbine power. In this situation, the coefficient k in Fig.
2-16 is 2. The power converter type Il is used for 4-segmented generator, as shown in Fig. 2-2. In
this situation, each 3L-NPC converter takes only one fourth of the wind turbine power and the
coefficient k in Fig. 2-16 is 4. The proportional-integral (Pl) controllers are used in the outside loop
to regulate the generator active power Pgand reactive power Qg so as to track the reference Pg rer
and Qg ref, respectively, and produces corresponding g-axis current command igg ref and d-axis
current command igg_ref. In the inside loop, the PI controllers are adopted to regulate d- and g-axis
stator current to track the command value.

. +Vdc
Qg_ref ldg Udgcom c

<o
] 9 m &) abc .| PWM Gen.-side
Pg lgg_ref . Generator :\[> Converter

dq

Uggcom

: lgge¢— \abc
Udgcom = ~Lq@rlgg i y
qg&— q

4 Uggcom = I—dCUridg - rYy
Wy d/dt 99 Rotor Position
measurement

Fig. 2-16. Control strategy for the generator-side converter.
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B. Grid-Side Converter Control

The grid-side converter is used to keep the dc-link voltage Vuc constant and regulate the reactive
power of the grid. The control for the grid-side converter is shown in Fig. 2-17. With the d-axis
aligned with the grid voltage vector position [2-13], the dynamic model of the grid-side converter in
the synchronous rotating frame can be described as

. di
Ugs = Rglgs + Lfsd_(tjs'i'um

. (2-24)
. d|qs
Ugs = Rfs'qs +Lg T
3 .
P = EU mlds
3 (2-25)
Qs = EU miqs
dv, P
C—dc __'s _j 2-26
dt Vdc load ( )

where ugs and ugs are the d- and g-components of the grid-side converter output voltage,
respectively. igss and igs, are the d- and g-components of the grid current, respectively. Um is grid
phase voltage peak value. Ps and Qs are the grid active and reactive power, respectively. iiad is the
current shown in Fig. 2-17.

Based on above analysis, the grid-side inverter adapts double control loops. The inside loop is
used to control the grid side current. The outside loop is used to maintains the output dc voltage
Vuc at a fixed value by balancing the input and output power to the dc-link. In addition, the grid-side
converter can regulate the grid reactive power.

N Vdc
lioad 4 +|/
C\
ids Ud5fom
Ve _ref, - i ’ 4 Ua
_ref 4 ds_ref+ -3 abe > >
Q ] i " m Up > M(I:XZI'\:tor > Converter
s_ref gs_ret < d u
e PP e P i e
igs Ugscom
2 didt 0 tpLL e Lts
. Y Rfs
< lds
iqs abc | Uas,Ubs,ch
Q Grid power [* .o,
calculation | Uds las, bs, Ics I
- : Ugs  |da T
| Ugscom = Uds + @Lslgs D
- Ugscom = Ugs - wlsslgs |

Fig. 2-17. Control strategy for the grid-side converter.
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C. Circulating Current Elimination Control

When discontinuous space-vector modulation is used in multiple parallel converters, as shown in
Fig. 2-1, because of the different switching characteristics and impedance discrepancy of
individual converter, even if synchronized control of each converter is applied, the switching status
of the converters in parallel will differ from each other. This results in what is called circulating
current in which currents that circulate among power switching devices will not flow into the
generators or power grid [2-13]. The existence of this circulation will increase the current flow
through the power switching devices, increase the loss of the power converters, and perhaps
damage the power converter. Therefore, a circulating current elimination control is essential for
the type | power converter configuration with two parallel power converters. One thing to be
mentioned is that the wind turbine system based on segmented generator, as shown in Fig. 2-2,
has no circulating current because each segment of the generator is isolated.

Fig. 2-18 shows the circulating current control (CCC) in the parallel power converter configuration
[2-14]. In Fig. 2-18, the circulating current can be obtained by

_ Ia_grpl + Ib_grpl + Ic_grpl (2_27)

ICC 3

The circulating current can be suppressed by using a Pl controller, where the grid-side converter
can be used to generate the produced reference voltage ucc_rer by the Pl controller.

CCC lagp 0 Ua Up Uc

labc-grp1
—

Gen.-side Grid-side
converter converter

iabc-gepz
—

iabc-grpz
Gen.-side Grid-side
converter converter

Fig. 2-18. Circulating current elimination control.
2.6.2 Fault Ride-Through Control

In order to analyze the control under grid fault situation, the relationship among turbine speed, dc-
link voltage and system parameters, will be established firstly.

Neglecting the power converter losses, Fig. 2-19 shows the power flow branches for the wind
turbine system. The different power branches are represented as

do,,

Py — F’gen =P, =0,J it (2-28)
du
I:’gen - I:,grid =P =uyC dsc (2-29)
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where Pgen is the generator power, Pm is the power that stored in kinetic energy, Pc is the energy
stored in the dc-link capacitor, Pgria is the energy injected into the grid, J is the system inertia and
generator losses are neglected.

P P
A
ry >
I:)w Pgen I:)grid
y A A >

Fig. 2-19. Power flow branches

The wind turbine control for ride-through the grid fault is presented in Fig. 2-20. Based on the
measured wind turbine speed, the optimal power-tracking algorithm calculates the power
command Pg_rer. The generator-side converter uses this power command to control the generator,
such that the generator tracks the command power. The grid-side converter maintains the dc-link
voltage at a fixed value by balancing the input and output power to the dc-link.

When a fault occurs in the grid, a voltage dip occurs at the output side of the grid-side converter,
which results in that the maximum active power that can be exported to the grid is reduced. Thus,
the power Pgrig can be injected into the grid is quickly reduced. However, the generator output
power Pgen is not reduced as quickly. From Fig. 2-19, it is easy to be observed that there will be
more energy stored in the dc-link capacitor, which will result in the increase of dc-link voltage Vic.
It could damage the power converter.

The fault ride-through (FRT) control shown in Fig. 2-20 emphasizes the regulation of the dc-link
voltage so as to protect the power electronic system without any wind turbine disconnection
during a critical voltage dip fault. When the dc-link voltage Vac is over the limited value during the
faults, the controller in FRT shown in Fig. 2-20 will produce a compensation component, which will
reduce the current reference in the g-axis. As a consequence, the reference power for the
generator-side converter will be reduced, which results in that the generator power Pgen will be
reduced during the fault. Finally, the generator power and the grid power are both reduced during
the fault, which can effectively reduce the energy stored in the dc-link capacitor and limit the dc-
link voltage in the power electronic converter and protect the power electronic converter during
the grid fault situations. The reduction of Pgen Will cause more energy stored in the mechanical
system as Pm, which will increase the wind turbine speed. However, owing to the short fault period
and the huge mass of wind turbine, the wind turbine speed is only increased a little during fault
with the fault ride-through control.
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Fig. 2-20. Fault ride-through control for the generator-side converter.

2.7 Simulation Studies

To verify the presented power electronic converters and corresponding control strategy, the 10
MW and 20 MW wind turbine based on the non-segmented generator and 4-segmented generator
configuration are modelled, where the generator is modelled referring to [2-11]. The wind turbine
parameters are shown in the Appendix. The simulation results are presented in this section, where
the power signal has gone through a filter with a time constant of one cycle.

2.7.1 Case I: Under variable wind speed

Fig. 2-21 shows the performance of the 10 MW wind turbine based on the non-segment generator
under variable wind speed [2-15]. Fig. 2-21(a) shows the variable wind speed. The generator
speed is shown in Fig. 2-21(b). The generator power is shown in Fig. 2-21(c). The dc-link voltage of
the power converter is kept balancing during the operation, as shown in Fig. 2-21(d).
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Fig. 2-21. Performance of the 10 MW wind turbine with the non-segmented generator
configuration. (a) Wind speed. (b) Generator speed. (c) Generator power. (d) DC-link voltage of the
BTB power electronic converter.

Fig. 2-22 shows the performance of the 10 MW wind turbine based on the 4-segmented generator
under variable wind speed. Fig. 2-22(a) shows the variable wind speed. The generator speed is
shown in Fig. 2-22(b). The generator power is shown in Fig. 2-22(c). The dc-link voltage of the
power converter is kept balancing during the operation, as shown in Fig. 2-22(d).
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Fig. 2-22. Performance of the 10 MW wind turbine with the 4-segmented generator configuration.
(a) Wind speed. (b) Generator speed. (c) Generator power. (d) DC-link voltage of the BTB power
electronic converter.

Fig. 2-23 shows the performance of the 20 MW wind turbine based on the non-segment generator
under variable wind speed. Fig. 2-23(a) shows the variable wind speed. The generator speed is
shown in Fig. 2-23(b). The generator power is shown in Fig. 2-23(c). The dc-link voltage of the

power converter is kept balancing during the operation, as shown in Fig. 2-23(d).

-
5 11
%‘ 12 & o5
- 1.05
S 118 ~ N ® —
@ P \\ . "y o o —
o 1 ~— NS W og -
e . / — g - o
s ™ 5 —
o 105 ™ Ve ® 08
| =4
£ N £ 085
10 20 20 40 50 &0 70 &0 490 100 M 20 a0 40 &1 @0 70 &) G0 100
Time {s) Time {s)
(@ (b)
3
=] 512t
5 24l
F @
o U
b E‘ 1 ———
- 2 s}
z 808
1]
Qg7 . . L L L L L L o7l . L L L L L L L i
10 20 30 40 50 B0 T0 a0 an 100 10 20 30 40 50 B0 T0 a0 an 100
Time (s) Time (s)
() (d)

34| Page

(INNWIND.EU, Deliverable D3.31, Converter designs tailored to SC and PDD concepts)



Fig. 2-23. Performance of the 20 MW wind turbine with the non-segmented generator
configuration. (a) Wind speed. (b) Generator speed. (c) Generator power. (d) DC-link voltage of the
BTB power electronic converter.

Fig. 2-24 shows the performance of the 20 MW wind turbine based on the 4-segment generator
under variable wind speed. Fig. 2-24(a) shows the variable wind speed. The generator speed is
shown in Fig. 2-24(b). The generator power is shown in Fig. 2-24(c). The dc-link voltage of the
power converter is kept balancing during the operation, as shown in Fig. 2-24(d).
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Fig. 2-24. Performance of the 20 MW wind turbine with the 4-segmented generator configuration.
(a) Wind speed. (b) Generator speed. (c) Generator power. (d) DC-link voltage of the BTB power
electronic converter.

2.7.2 Case llI: Grid fault situation

A. 10 MW wind turbine based on non-segmented generator

Fig. 2-25 shows the performance of the 10 MW wind turbine based on the non-segmented
generator under grid fault situation, where the FRT control is not used here. Fig. 2-25(a) shows the
grid voltage, where the grid voltage dips to a low value approximately 15% of the rated value and
lasts for 150 ms [2-16]. Figs. 2-25(b) and (c) show the wind speed and the generator speed,
respectively. Fig. 2-25(d) shows the generator power (black curve) and the grid power (blue curve).
During the fault period, the generator is still controlled to follow the optimal power and the
generator power is nearly unchanged. However, the grid power is reduced because the grid
voltage dips. As a consequence, owing to the power unbalance between the generator power and
the grid power, more power would be stored in the dc-link capacitor, which would result in the
increase of the dc-link voltage. The two dc-link voltages in the two parallel power converters are
both increased to a high value during the fault, as shown in Figs. 2-25(e) and (f).
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Fig. 2-25. Performance of the 10 MW wind turbine with the single generator configuration under
grid voltage dip situation without FRT control. (a) Grid voltage. (b) Wind speed. (c) Generator
speed. (d) Generator power and grid power. (e) DC-link voltage Vdc1. (f) DC-link voltage Vdc2.

Fig. 2-26 shows the performance of the 10 MW wind turbine based on the non-segmented
generator under grid fault situation, where the FRT control is used here. Fig. 2-26(a) shows the
grid voltage, where the grid voltage dips to a low value approximately 15% of the rated value and
lasts for 150 ms. Figs. 2-26(b) and (c) show the wind speed and the generator speed, respectively.
Fig. 2-26(d) shows the generator power (black curve) and the grid power (blue curve). During the
fault period, the grid power is reduced owing to the grid voltage dips. With the FRT control, the
generator power is also reduced, which can effectively limit the dc-link voltage of the power
electronic converter. The two dc-link voltages in the two parallel power converters are both limited
during the fault, as shown in Figs. 2-26€) and (f), which shows the effectiveness of the presented
FRT control. On the other hand, owing to the reduction of the generator power, there will be more
energy stored in the kinetic energy. Consequently, it will result in the increase of the wind turbine
speed. However, the wind turbine speed is just increased a little in the fault period, as shown in
Fig. 2-26(c), because of the large mass of the wind turbine. In addition, the chopper resistor may
also be added in the dc-link of the power converter to cost the extra energy and keep the wind
turbine system operation under faults [2-17].
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Fig. 2-26. Performance of the 10 MW wind turbine with the single generator configuration under
grid voltage dip situation with FRT control. (a) Grid voltage. (b) Wind speed. (c) Generator speed.
(d) Generator power and grid power. (e) DC-link voltage Vdc1. (f) DC-link voltage Vdc2.

B. 10 MW wind turbine based on 4-segmented generator

Fig. 2-27 shows the performance of the 10 MW wind turbine based on the 4-segmented generator
under grid fault situation, where the FRT control is not used here. Fig. 2-27(a) shows the grid
voltage, where the grid voltage dips to a low value approximately 15% of the rated value and lasts
for 150 ms. Figs. 2-27(b) and (c) show the wind speed and the generator speed, respectively. Fig.
2-27(d) shows the generator power (black curve) and the grid power (blue curve). During the fault
period, the generator is still controlled to follow the optimal power and the generator power is
nearly unchanged. However, the grid power is reduced because the grid voltage dips. As a
consequence, owing to the power unbalance between the generator power and the grid power,
more power would be stored in the dc-link capacitor, which would result in the increase of the dc-
link voltage. The four dc-link voltages in the two parallel power converters are both increased to a
high value during the fault, as shown in Figs. 2-27(e) and (f).
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Fig. 2-27. Performance of the 10 MW wind turbine with the 4-segmented generator configuration
under grid voltage dip situation without FRT control. (a) Grid voltage. (b) Wind speed. (c) Generator
speed. (d) Generator power and grid power. (e) DC-link voltage Vdc1. (f) DC-link voltage Vdc2. (g)
DC-link voltage Vdc3. (h) DC-link voltage Vdc4.

Fig. 2-28 shows the performance of the 10 MW wind turbine based on the 4-segmented generator
under grid fault situation, where the FRT control is used here. Fig. 2-28(a) shows the grid voltage,
where the grid voltage dips to a low value approximately 15% of the rated value and lasts for 150
ms. Figs. 2-28(b) and (c) show the wind speed and the generator speed, respectively. Fig. 2-28(d)
shows the generator power (black curve) and the grid power (blue curve). During the fault period,
the grid power is reduced owing to the grid voltage dips. With the FRT control, the generator power
is also reduced, which can effectively limit the dc-link voltage of the power electronic converter.
The two dc-link voltages in the two parallel power converters are both limited during the fault, as
shown in Figs. 2-28e) and (f), which shows the effectiveness of the presented FRT control. The
reduction of the generator power results in that more energy is stored in the kinetic energy and
the wind turbine speed is slightly increased because of the large mass of the wind turbine, as
shown in Fig. 2-28(c).
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Fig. 2-28. Performance of the 10 MW wind turbine with the 4-segmented generator configuration
under grid voltage dip situation with FRT control. (a) Grid voltage. (b) Wind speed. (c) Generator
speed. (d) Generator power and grid power. (e) DC-link voltage Vdc1. (f) DC-link voltage Vdc2. (g)
DC-link voltage Vdc3. (h) DC-link voltage Vdc4.

C. 20 MW wind turbine based on non-segmented generator

Fig. 2-29 shows the performance of the 20 MW wind turbine based on the single generator under
grid fault situation, where the FRT control is not used here. Fig. 2-29(a) shows the grid voltage,
where the grid voltage dips to a low value approximately 15% of the rated value and lasts for 150
ms. Fig. 2-29(b) and (c) shows the wind speed and the generator speed, respectively. Fig. 2-29(d)
shows the generator power (black curve) and the grid power (blue curve). During the fault period,
the generator is still controlled to follow the optimal power and the generator power is nearly
unchanged. However, the grid power is reduced because the grid voltage dips. As a consequence,
owing to the power unbalance between the generator power and the grid power, more power
would be stored in the dc-link capacitor, which would result in the increase of the dc-link voltage.
The two dc-link voltages in the two parallel power converters are both increased to a high value
during the fault, as shown in Fig. 2-29(e) and (f).
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Fig. 2-29. Performance of the 20 MW wind turbine with the single generator configuration under
grid voltage dip situation without FRT control. (a) Grid voltage. (b) Wind speed. (c) Generator
speed. (d) Generator power and grid power. (€) DC-link voltage Vdc1. (f) DC-link voltage Vdc2.

Fig. 2-30 shows the performance of the 20 MW wind turbine based on the non-segmented
generator under grid fault situation, where the FRT control is used here. Fig. 2-30(a) shows the
grid voltage, where the grid voltage dips to a low value approximately 15% of the rated value and
lasts for 150 ms. Fig. 2-30(b) and (c) shows the wind speed and the generator speed, respectively.
Fig. 2-30(d) shows the generator power (black curve) and the grid power (blue curve). During the
fault period, the grid power is reduced owing to the grid voltage dips. With the FRT control, the
generator power is also reduced, which can effectively limit the dc-link voltage of the power
electronic converter. The two dc-link voltages in the two parallel power converters are both limited
during the fault, as shown in Fig. 2-30(e) and (f), which shows the effectiveness of the presented
FRT control. On the other hand, owing to the reduction of the generator power, there will be more
energy stored as kinetic energy. Consequently, it will result in the increase of the wind turbine
speed. However, the wind turbine speed is just increased a little in the fault period, as shown in
Fig. 2-30(c), because of the large mass of the wind turbine.
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Fig. 2-30. Performance of the 20 MW wind turbine with the 4-segmented generator configuration
under grid voltage dip situation with FRT control. (a) Grid voltage. (b) Wind speed. (c) Generator
speed. (d) Generator power and grid power. (e) DC-link voltage Vdc1. (f) DC-link voltage Vdc2.

D. 20 MW wind turbine based on 4-segmented generator

Fig. 2-31 shows the performance of the 20 MW wind turbine based on the single generator under
grid fault situation, where the FRT control is not used here. Fig. 2-31(a) shows the grid voltage,
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where the grid voltage dips to a low value approximately 15% of the rated value and lasts for 150
ms. Fig. 2-31(b) and (c) shows the wind speed and the generator speed, respectively. Fig. 2-31(d)
shows the generator power (black curve) and the grid power (blue curve). During the fault period,
the generator is still controlled to follow the optimal power and the generator power is nearly
unchanged. However, the grid power is reduced because the grid voltage dips. As a consequence,
owing to the power unbalance between the generator power and the grid power, more power
would be stored in the dc-link capacitor, which would result in the increase of the dc-link voltage.
The two dc-link voltages in the two parallel power converters are both increased to a high value
during the fault, as shown in Fig. 2-31(e) and (f).
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Fig. 2-31. Performance of the 20 MW wind turbine with the 4-segmented generator configuration
under grid voltage dip situation without FRT control. (a) Grid voltage. (b) Wind speed. (c) Generator
speed. (d) Generator power and grid power. (e) DC-link voltage Vdc1. (f) DC-link voltage Vdc2. (g)
DC-link voltage Vdc3. (h) DC-link voltage Vdc4.

Fig. 2-32 shows the performance of the 20 MW wind turbine based on the non-segmented
generator under grid fault situation, where the FRT control is used here. Fig. 2-32(a) shows the
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grid voltage, where the grid voltage dips to a low value approximately 15% of the rated value and
lasts for 150 ms. Fig. 2-32(b) and (c) shows the wind speed and the generator speed, respectively.
Fig. 2-32(d) shows the generator power (black curve) and the grid power (blue curve). During the
fault period, the grid power is reduced owing to the grid voltage dips. With the FRT control, the
generator power is also reduced, which can effectively limit the dc-link voltage of the power
electronic converter. The two dc-link voltages in the two parallel power converters are both limited
during the fault, as shown in Fig. 2-32(e) and (f), which shows the effectiveness of the presented
FRT control. On the other hand, owing to the reduction of the generator power, there will be more
energy stored in the kinetic energy. Consequently, it will result in the increase of the wind turbine
speed. However, the wind turbine speed is just increased a little in the fault period, as shown in
Fig. 2-32(c), because of the large mass of the wind turbine.
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Fig. 2-32. Performance of the 20 MW wind turbine with the 4-segmented generator configuration
under grid voltage dip situation with FRT control. (a) Grid voltage. (b) Wind speed. (c) Generator
speed. (d) Generator power and grid power. (e) DC-link voltage Vdc1. (f) DC-link voltage Vdc2. (g)
DC-link voltage Vdc3. (h) DC-link voltage Vdc4.
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2.7.3 Case llI: Circulating current control

A. 10 MW wind turbine based on non-segmented generator

Fig. 2-33 shows the performance of the 10 MW wind turbine based on single generator, as shown
in Fig. 2-1, where the circulating current control is not used. Fig. 2-33(a) shows the generator
stator current ianc_ge. Figs. 2-33(b) and (c) show the generator-side converter current japc_gep1 and
iabc_gep2 Of the two parallel converters. It can be seen that the circulating current appears in the
converter iapc_gepr and iabc_gep2, @s shown in Figs. 2-33(d) and (e), which does not flow into the
generator.
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Fig. 2-33. Performance of the 10 MW wind turbine with the single generator configuration without
CCC. (a) Generator stator three-phase current iapc_ge. (b) Three-phase current iapc_gepr 0f VSC1. (c)
Three-phase current japc_gep2 Of VSC2. (d) Circulating current in iasc_gep1. (€) Circulating current in
iabc_gep2.

Fig. 2-34 shows the performance of the 10 MW wind turbine based on single generator, where the
circulating current control is used. Fig. 2-34(a) shows the generator stator current iapc_ge. Figs. 2-
34(b) and (c) show the generator-side converter current japc_gep1 and ianc_gep2 Of the two parallel
converters. It can be seen that the circulating current in Jjabc_gep1 and iabc_gep2 are eliminated in the
converter with the circulating current control, as shown in Figs. 2-34(d) and (e).
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Fig. 2-34. Performance of the 10 MW wind turbine with the single generator configuration with
CCC. (a) Generator stator three-phase current iavc_ge. (b) Three-phase current jasc_gepr of VSC1. (C)
Three-phase current japc_gep2 Of VSC2. (d) Circulating current in iasc_gep1. (€) Circulating current in
iabc_gep2-

B. 20 MW wind turbine based on non-segmented generator

Fig. 2-35 shows the performance of the 20 MW wind turbine based on single generator, as shown
in Fig. 2-1, where the circulating current control is used. Fig. 2-35(a) shows the generator stator
current iavc_ge. Figs. 2-35(b) and (c) show the generator-side converter current iabc_gepr and iabc_gep2
of the two parallel converters. It can be seen that the circulating current in jabc_gept and iabc_gep2 are
eliminated in the converter with the circulating current control, as shown in Figs. 2-35(d) and (e).
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Fig. 2-35. Performance of the 20 MW wind turbine with the single generator configuration with
CCC. (a) Generator stator three-phase current japc_ge. (b) Three-phase current iapc_gepr 0f VSC1. (c)
Three-phase current japc_gep2 0f VSC2. (d) Circulating current in iasc_gep1. (€) Circulating current in
iabc_gep2.

2.8 Discussion and Conclusions

In this Section, the cost, size, efficiency, energy capture and cost of energy of the 10 and 20 MW
wind turbine system contributed by the power electronic converters are discussed. The cost of the
power converter system for the 20 MW wind turbine is less than double cost of that for the 10 MW
wind turbine. The cost of the power converter for the 4-segmented generator is a little higher than
that for the non-segmented generator in both 10 and 20 MW wind turbine. As to the 10 MW wind
turbine, the size of the power converter for the 4-segmented generator is smaller than that for the
non-segmented generator. As to the 20 MW wind turbine, the size of the power converter for the 4-
segmented generator is bigger than that for the non-segmented generator. In both the 10 and 20
MW wind turbines, the weight of the power converter for the non-segmented generator is lighter
than that for the 4-segmented generator. The power converter efficiency of the 10 and 20 MW
wind turbine are similar. The AOE of the 20 MW wind turbine is almost double of that of the 10
MW wind turbine system. The CoE of the 10 MW wind turbine based on 4-segmented generator is
the highest and the CoE of the 20 MW wind turbine based on non-segmented generator is the
lowest. In addition, the related control for the wind turbine under normal situation and fault
situation is presented. The simulation studies have been conducted and the results verify the
presented control. No major challenges are identified for the power electronic system connecting
SCG to grid.
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Appendix

The 10 and 20 MW wind turbine system parameters for simulation studies are shown in Table 2-

17.
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Table 2-17
10 and 20 MW Wind Turbine Parameters for Simulations [2-10]
Wind turbine parameter Value Value
Wind turbine rated power (MW) 10 20
Rotor diameter (m) 178 252
Hub height 119 153
Cut in wind speed (m/s) 4 4
Nominal wind speed (m/s) 11.4 11.4
Cut out wind speed (m/s) 25 25
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3 VOLTAGE SOURCE CONVERTER DESIGN TAILORED TO PDDG

3.1 Introduction

This chapter focuses on converter designs for 10 MW and 20 MW magnetic pseudo direct drive
(PDD) generators. From the converter point of view, the PDD behaves like a permanent magnet
synchronous machine. Originally, the converter design tailored for the PDD should have been
based on the results of D3.32 (a design scenario in D3.32 was chosen with regard to the PDD
parameters). Due to the possibility to divide the PDD in different segments, which was not
considered for D3.32, new converter topologies are possible and must be discussed at first.

3.2 Topologies for the PDDG

In D3.32, the parallel 3-level neutral pointed clamped (NPC) voltage source inverter (VSI) and the
current source inverter (CSI) with a modular multilevel active filter were the most promising
solutions. Both approaches are also adaptable to a segmented generator. Besides, the
segmentation makes multiple other topologies possible which have not been considered yet.

This section presents the resulting new converter choices for a segmented PDD generator. At first,
the main topologies from D3.32 (and small variations of them) are adapted for a segmented
generator:

e Parallel 3-level NPC VSI in back-to-back configuration:

1 )
i

{F—1—t

Figure 3-1: Parallel 3-level NPC VSI in back-to-back configuration.

The approach is similar to parallel NPC VSI, but here each NPC VSI is connected to one
segment for the PDD generator. The number of segments and the resulting voltage and
current levels are important, because they determine if standard components can be
used.
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Figure 3-2: MMC in back-to-back configuration.

This is the adaption of the modular multilevel converter from D3.32 to a segmented
generator. The numbers of branches and modules are very high, especially with a high
number of segments. Additionally, the grid side MMC uses different modules than the
generator side MMCs. The main advantage of this topology is a high availability with
redundant modules at cost of a high complexity.

Modular Multilevel Matrix Converter (MMMC):

SEGMENT

SEGMENT

N AN AN N AN

AN AN AN AN AN AN

AN ™ N N AN AN
\\ \\\. \\. \\. \\. \\.

Figure 3-3: MMMC.

Each segment uses an MMMC, which are connected in parallel. Due to segmentation, the
numbers of branches and modules are even higher than for the MMC. With redundant
modules the availability is also high. However, the complexity of the system is very high as
well.
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e Parallel CSI with modular multilevel active filter:
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Figure 3-4: Parallel CSI with modular multilevel active filter.

The parallel connected CSI can share one modular multilevel filter at the grid side. The
active filter at the generator side used in D3.32 is not necessary for the operation of the
PDD generator.

It can be seen that the adaption of the converter concepts from D3.32 to a segmented generator
leads to no major changes of the topologies’ advantages/disadvantages. Only the use of one
active filter for all parallel CSI can be pointed out. Accordingly, the general tendency of the
converter comparison in D3.32 should be also valid for a segmented PDD.

Besides, the segmentation of the generator makes additional topologies possible:
e Parallel 2-level VSI in back-to-back configuration:
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Figure 3-5: Parallel 2-level VSI in back-to-back configuration.

The only change to the parallel 3-level NPC VSI approach is the use of 2-level VSI instead
of 3-level NPC VSI. This solution should only be considered if there is a high number of
segments and a low segment voltage (for avoiding parallel and/or serial IGBTs). The low
voltage level of the segments would lead to very high sum of the output currents and thus
to very high currents for the grid connection transformer.

e 2-level (or 3-level NPC) VSI per segment connected in series combined with a 3-level NPC
VSI on grid-side:

-

L}
-
L

733
e _;
!

5

R —

Figure 3-6: 2-level (or 3-level NPC) VSI per segment connected in series combined with a 3-level NPC VSI on
grid-side.

For this topology, the number of segments in combination with the maximum segment
voltage is limited by the NPC VSI voltage rating and the available IGBTs. Additionally, the
handling of an error at the generator side VSI is problematic. The isolation of the
segments against ground results from the 3-level NPC VSI voltage because the generator
side VSIs of the segments are floating.
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Figure 3-7: 2-level (or 3-level NPC) VSI per segment connected in series combined with a MMC on grid-side.

Compared to the prior topology, there is no restriction for the number of segments and
the segment voltage by the grid-side, because of the modularity of the MMC. Even a direct
connection to the medium voltage grid without transformer is thinkable. However, the
isolation of the segments against ground is dictated by the grid voltage, which cancels
this advantage. In addition, the handling of an error at the generator side VSIs is
problematic as well.

e 2-level VSI per segment connected as a cascaded H-bridge converter (CHB) on grid-side:

SEGH2-LVvsI[HHB[ |SEGH2-LvsI[f|HB[ |SEGH2-L vsi[f{HB
SEGH2-L VSI[T|HB  [SEGH2-L VSI[F{HB[ [SEGH2-L VSI[f|HB]

’ [ e J
SEGH2-LVSI[F{HE |SEGH2-L VSIEHBIj SEGH 2L VSI}HB]
SEGH2-LVSI[F{HB  [SEGH2-L VSIEHBI SEGH 2L VSI}HB_l

Figure 3-8: 2-level VSI per segment connected as a cascaded H-bridge converter (CHB) on grid-side.

The connection of the segments as a CHB is only suitable for a higher number of
segments. Depending on the segment number and voltage a connection to the grid
without transformer would be possible. But again, the isolation of the segments against
ground is dictated by the grid voltage. Additionally, it is not possible to use redundant
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modules in the branches of the CHB, because there are no “redundant segments”. As a
result, the availability of the converter is a problem, because a high number of devices is
used without redundancy.

In conclusion, none of the additional topologies offers significant advantages. Instead, the
isolation between the segments and ground as well as fault handling is a problem for some of
them.

Accordingly, the results from D3.32 showing the parallel 3-level NPC and the CSI with modular
multilevel active filter seem to be valid, even under consideration of the possibility to segment the
generator. In the past, the trend of market and technical community clearly points from CSI to VSI
concepts. Therefore, the authors of this chapter choose the parallel 3-level NPC (Figure 3-9)
instead of the CSI with modular multilevel active filter as topology for the PDD topology.
Nevertheless, due to the good performance of the CSI in D3.32, this topology is further
investigated for the PDD in Chapter 4.

For the 10 MW PDD with 3.3 kV parallel 3-level NPC VSI and no segmentation of the generator are
chosen. The segmentation would not offer significant advantages (and even reduces the fault
tolerance) for the NPC VS| and is not needed from the generator point of view. However, for the 20
MW PDD with 6.6 kV parallel 3-level NPC VSIs are used with a generator divided into two
segments. Each of the segments only has a voltage of 3.3 kV, which makes the power electronic
components for the 10 MW PDD and the 20 MW PDD similar (besides different nominal generator
frequency and changes in current harmonic requirements on the grid-side). This reduction from
6.6 kV to 3.3 kV avoids the use of serial connected IGBTs due to high blocking voltage
requirements. Because each segment uses parallel NPC VSIs fault tolerance is still given for the
20 MW converter. The resulting Parameters of the 10 MW PDD and the 20 MW PDD are given in

Table 3-1.
Table 3-1

10 MW and 20 MW PDD generator parameters
Nominal active power 10 MW 20 MW
Segmentation None Two Segments
Nominal active power per 10 MW 10 MW
segment
Nominal generator line-to-line 3.3 kV 3.3 kV
voltage RMS per segment
Electrical frequency at 48.25 Hz 34.1Hz
nominal operation
Self-inductance per phase and 1.21 mH 1.79 mH
segment
Mutual inductance per phase -0.57 mH -0.82 mH
and segment
Resistance per phase and 3.94 mQ 4.43 mQ
segment
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Figure 3-9: Three parallel 3-level NPC converter in back-to-back configuration for the 20 MW PDD (or one of
the 20 MW PDD segments).
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3.3 Component Design for Neutral Pointed Clamped Converter

This section presents the NPC VSI component design for the 10 MW and 20 MW PDD generators.
Each subsection discusses the respective component for the 10 MW PDD and for the 20 MW
PDD.

3.3.1 DC Link Capacitor Design

The minimum required DC link voltage for 3.3 kV line to line RMS voltage using space-vector
modulation is

2
Vomin =3 + 3300 V/1.155 ~ 4666 V. (3-1)

Due to DC link voltage variations and additional voltage reserve for control, a safety factor of 20 %
is used:

Voe = 1.2 Ve i & 5600V . (3-2)

The critical criterion for designing the DC link capacitors is the variation of the DC link’s neutral
point potential. This variation is restricted to 10 % of the DC link voltage. The maximum energy
variation in the DC link capacitors is numerically calculated considering the influence of the
generator side currents and grid side currents in different operating point. The necessary capacitor
resulting from this maximum energy variation is
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CI)C,‘I = CI)C,Q = 6.5mF (3-3)
for the converters of the 10 MW PDD generator and

Cphe1 =Cpep = 6.5mF (3-4)

for the converters of the 20 MW PDD generator, with CDC,l and CDC,Q being the upper and lower
DC link capacitors.

The device DCP6K07119EPOOKSOF (700 V DC, 1190 pF, [3-1]) is chosen for representing the DC
link capacitor in Figure 3-10. With the given maximum DC voltage of the device, four
DCP6K07119EPOOKSOF have to be connected in series. To achieve the wanted total capacitance,
22 DCP6K07119EPOOKSOF must be connected in parallel for the 10 MW PDD converters and for
the 20 MW PDD converters. This results in the total number of DCP6K07119EPOOKSOF devices

used:
Ndevices — 2. Neeries * T"‘para.]]e] = 176 (3'5)
for each of the 10 MW PDD converters and
Nevices = 2 Nyeries * Tparallel — 176 (3-6)
for each of the 20 MW PDD converters.
nparallel
nsm’inﬁ —|_ —|_ —|_ CDC.I
11 %
:|: :|: —|_ Chos
1

Figure 3-10: Series and parallel connection of devices for DC link capacitor.

3.3.2 Semiconductor Choice

For the 3-level NPC VSI the maximum blocking voltage of a single switch is

Vbe
Vilock = 5 (3-7)
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Considering voltage overshoot and failure rates due to cosmic rays [3-2], IGBTs with 4.5 kV
blocking voltage are used. Looking for example at ABB HiPak IGBTs with 4.5 kV blocking voltage,
there are single IGBTs available with 650 A, 800 A, and 1200 A current rating. For the clamping
diodes, for example Mitsubishi Diode half bridge modules with 4.5 kV blocking voltage and 300 A,
400 A, 800 A, and 1200 A rated current can be used. For the first choice of the current rating, the
possible maximum currents are considered. Depending on the number of parallel NPC VSls (L

the maximum phase current of a converter for a 10 MW, 3.3 kV generator (or segment) is

5 2 P a8
=1/ : -
3 1y Uy s - 08 ()

With the power factor of the PDD at nominal operation being about cos (¢) = 0.95, the maximum
converter currents for n;, = 1,2,3,4 are i = 2604 A,1302 A, 868 A, 651 A. This makes two, three,
and four parallel converters candidates for the available current ratings. As a compromise
between fault tolerance and cost, three parallel converters with 4.5 kV, 800 A IGBTs were chosen
as first candidate.

The carrier frequency (twice the switching frequency for 3-level NPC VSI switches) is determined by
a thermal simulation of a single NPC VSI leg. Based on an ideal phase current and a sinusoidal set
point curve for the modulation index, the conducting and switching losses of the IGBTs are
calculated using datasheet values for the devices [3-3]~[3-6]. The baseplates of all devices are
assumed to be constant at 90°C as a worst case scenario. Aiming for a maximum junction
temperature of 125°C the maximum carrier frequency for the grid-side is approximately 300 Hz
for this first candidate of devices. The results for the generator side with the only slightly lower
frequency of 48.25 Hz and the different current direction showed that the generator side
converter would have to use a carrier frequency lower than or equal to 150 Hz for this first
candidate of devices.

As a consequence of the low possible carrier frequency, 4.5 kV, 1200 A IGBTs in combination with
4.5 kV, 800 A clamping diodes are chosen instead. Thermal simulations for these showed, that a
maximum carrier frequency

= 750 Hz (3-9)

fcarrier

is possible for generator side converters and grid side converters. The grid side results of the
thermal simulation with an initial junction temperature 10 =90 °(C are presented in Figure
3-12. As expected, the temperatures of IGBT 1 and IGBT 4 are critical for the design (numbering of
devices is given in Figure 3-11).
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Figure 3-12: Thermal simulation results for grid side converters with 4.5 kV, 1200 A IGBTs, 4.5 kV, 800 A
clamping diodes, and 750 Hz carrier frequency. Operation at maximum active and reactive power with duty

cycle m=1.15.

With the same carrier frequency for the generator-side, the thermal simulation of the generator-
side results in Figure 3-13. In contrast to the grid-side, this time the temperature of the
freewheeling diode of IGBT 1 and IGBT 4 are critical for the design.
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Figure 3-13: Thermal simulation results for generator side converters (10 MW PDD) with 4.5 kV, 1200 A

IGBTSs, 4.5 kV, 800 A clamping diodes, and 750 Hz carrier frequency. Operation at maximum active and

reactive power with duty cycle m=1.15.

Due to the different nominal generator frequency of 34.1 Hz for the 20 MW PDD generator, the
thermal simulation is repeated and the results are shown in Figure 3-14. Again, f.. . ier = 700 Hz
will be used as carrier frequency.
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Figure 3-14: Thermal simulation results for generator side converters (20 MW PDD) with 4.5 kV, 1200 A

IGBTSs, 4.5 kV, 800 A clamping diodes, and 750 Hz carrier frequency. Operation at maximum active and
reactive power with duty cycle m=1.15.

For a real design, the junction temperature variation and the resulting lifetime considerations
would be investigated as well, but they are not considered for choosing the switching frequency in
this report.

3.3.3 Grid Filter Design

For the grid side filter, a sinusoidal filter for each of the parallel connected converters is used, as
presented in Figure 3-15. The design of the grid side filter is done with the method described in [3-
7] and [3-8] assuming the current harmonic restrictions from [3-9]. For modulation, an
asymmetrical regular sampled (ASR) PWM with phase disposition (PD) carriers is used.

Lf,conv Lf,p;rid

. m
i

Figure 3-15: Sinusoidal filter.
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Figure 3-16: Worst case spectrum for filter design.

Due to the different number of parallel connected NPC VSI the harmonic current restrictions of
each of the converters is different for the 10 MW PDD generator and the 20 MW PDD generator.
As a result, the grid side filters of the converters must be different for the two cases, even with
identical voltage rating, current rating, and carrier frequency. The assumptions that are made for
calculating the current harmonic restrictions and the filter parameters are given in Table 3-2.

Table 3-2
Assumed grid parameters for filter design.
(’In‘ll,rms S’k kXR f(',arﬁm‘ u’k,transfon'ner
2.9 kV 100 MVA 2 750 Hz 6 %

Figure 3-17 shows the output current spectrum for one of the three parallel converters for the 10
MW PDD generator including the current harmonic restrictions. The filter parameters for achieving
this spectrum are listed in Table 3-3.
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Figure 3-17: Output current spectrum for one 3-level NPC converter for the 10 MW PDD generator.
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Table 3-3
Filter parameter for 10 MW PDD generator.
Lf,conv (’Vl‘ Lf,grid
3.01 mH 475 uF 2.07 mH

The output spectrum for one of the six parallel converters for the 20 MW PDD generator including
the current harmonic restrictions is presented Figure 3-18. Table 3-4 shows the calculated filter
parameters for this spectrum.
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Figure 3-18: Output current spectrum for one 3-level NPC converter for the 20 MW PDD generator.

Table 3-4
Filter parameter for 20 MW PDD generator.
Lf,conv (’VI‘ Lf,grid
3.44 mH 555 uF 2.39 mH

For the filter capacitors, the device MKP1847630354Y5 (350 V AC, 30 pF, [3-10]) is used and
connected in parallel and series to achieve the necessary capacitance analogue to the DC link
capacitor. The resulting number devices for the 10 MW PDD filter capacitors is

=3-n

‘series

= 1710 (3-10)

=N

TN devices "parallel

and

=3'n

‘series = 1998 (3'11)

- n

Ndevices ‘parallel

for the 20 MW PDD filter capacitors. No devices are available from the shelf for the filter inductors.
That is why no device and device number is given here for the indictor cost estimation in Section
3.5. Instead of estimating the cost based on specific devices, it is estimated based on the copper
and iron volume.

Additional potential for optimization is given by using extended or different filter concepts, e.g.
additional absorption filters. Due to the depth of this field, only the basic sinusoidal filter is
considered in this report.
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3.3.4 Generator Side Inductor

The PDD generator has no special restrictions for the harmonics of the generator currents (in
contrast to the SCG in Chapter 2). Accordingly, no generator side filter is used. Nevertheless,
before connecting the parallel generator side NPC VSIs, an inductor is used for each converter
phase for suppressing any circulating currents between the parallel converters.

The inductance is calculated for a maximum circulating current ripple of 10 % of the maximum
generator current and with the voltage mesh presented in Figure 3-19.

Lf.generator ‘I . ‘I

=
N
-

= Cpey

R —

R —
R
R

R —
R
R

TR RS

KF

=
PDD | —
_—

= Cpey

—_ =

Figure 3-19: Voltage mesh for generator side inductor design.

The DC link voltages of the two shown NPC converters is assumed as Vi, npoy = 1.05 - Vi @and
Voo npcz = 0.95 - V. If both converters should have the same output voltage and the converter
with the lower DC link voltage is in the same switching state the whole switching period, the other
converter is in the investigated switching state only for AT = LDC& -T As a result, the

DC,NPC1 carrier

generator side inductors are determined with

_1 AT (Voeneer + Voonees)

Lf,gcncrator T4 Ai ~ 1.95mH. (3-12)

Analogue to filter inductor on the grid-side, no device is available of the shelf for these inductors.

3.4 Efficiency

The efficiencies of the converters are obtained via simulation. For the calculation of the efficiency
the switching losses of the semiconductors, the conducting losses of the semiconductors, the
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resistive losses of the filters are considered. Analogue to the thermal calculations in Section 3.3.2,
baseplates of all devices are assumed to be constant at 90°C.

For the 10 MW PDD converter efficiency, the applied rotational speed and power for different wind
speeds is shown in Figure 3-20. These curves are approximated from characteristics given in
report D1.21. For the 20 MW PDD, Figure 3-20 is scaled to a maximum power of 20 MW and a
maximum rotational speed of 6.82 rpm. The resulting efficiency curves are given in Figure 3-21
and Figure 3-22. The efficiency at nominal operation of the 10 MW PDD converter is 98.0 % and
the efficiency of the 20 MW PDD converter is 97.9 %.
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Figure 3-20: 10 MW Rotor operating conditions for CoE calculations.

o
a
(o> 5
0 =

06 1 | 1 1 | 1 I
4 5 6 7 8 9 10 11 12

wind speed vin m/s
Figure 3-21: Converter efficiency for the 10 MW PDD generator.
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Figure 3-22: Converter efficiency for the 20 MW PDD generator.
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3.5 Costs and CoE due to PE

The cost estimation in this report is done based on the cost estimation in report D3.31. One
difference is that the estimation at hand uses actual semiconductor devices and their
ratings/price instead of a price over rated current characteristic.

For the total cost six different factors are considered:

Semiconductors

DC link capacitors

Grid side filters
Generator side inductor
Cooling

Mechanical construction

The semiconductor costs are simply calculated from the number of IGBTs and clamping diodes
with their corresponding prices. Enquired quotations from distributors provide the prices listed in
Table 3-5.

Table 3-5
Semiconductor prices from distributors

Price per single IGBT module | Price per half bridge diode
(5SNA1200G450300) module (RM800DG-90F)
Quantity: 1 1964.00 € 881.30€
Quantity: 50 1174.00 € 810.80€

To get a more realistic cost estimation, prices for a quantity of 50 devices are used.

Regarding the DC link capacitors and the filter capacitors, Table 3-6 lists prices available from
online distributors. Prices for a quantity of 48 and 500 are used.
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Table 3-6
Capacitor prices from online distributors

Price per | Price per MKP1847630354Y5

DCP6K07119EPOOKSOF  (DC | (Filter)

link)
Quantity: 1 150.40 € 22,35 €
Quantity: 50 125.18 € -
Quantity: 500 - 15.29€

Similar to D3.32, the filter inductor prices are not obtained from a distributor, the prices are
estimated based on copper and iron volume. The cost of material is calculated from these
volumes (assumed prices: copper 9.0 €/kg, iron 1.5 €/kg) and then multiplied by the factor 3 to
represent manufacturing costs and profit margins of the manufacturer.

The cost of the cooling system is estimated from the maximum losses and a cost per loss factor of
0.8 €/W from report D3.32

Because the mechanical cost and cost for other components is difficult to calculated without
designing the real converter, these costs are estimated with 40 % of the components
(semiconductors, inductors, capacitors) cost of the converter.

In conclusion, the resulting costs of the different parts and the estimated total costs are given in

Table 3-7.
Table 3-7
Converter cost splitted in categories and total converter cost
10 MW PDD converter 20 MW PDD converter

Number of IGBT modules 72 144
(single switch)

IGBT modules (single switch) 85 k€ 169 k€
cost

Number of Diode modules 18 36
(half bridge)

Diode modules (half bridge) 15 k€ 29 k€
cost

Total semiconductor cost 100 k€ 198 k€
DC link capacitor 66 k€ 132 k€
Filter capacitor 78 k€ 183 k€
Converter side filter inductor 110 k€ 242 k€
Grid side filter inductor 83 k€ 184 k€
Generator side inductor 62 k€ 123 k€
Total passive component cost 399 k€ 864 k€
Cooling system cost 160 k€ 336 k€
Mechanical construction cost 200 k€ 425 k€
Total cost 859 k€ 1823 k€

For representing the cost of energy (CoE) caused by the converter, an IEC wind distribution based
on a wind turbine class 1A from [3-11] is used, Figure 3-23. Combined with the efficiency
characteristic in Figure 3-21 and Figure 3-22, the power for different wind speeds in Figure 3-20,
and a postulated lifetime of 25 years, the resulting CoE caused by the converter (without
maintenance) for the 10 MW PDD generator and the 20 MW PDD generator are presented in
Table 3-8.
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Figure 3-23: IEC Rayleigh wind distribution based on wind turbine class 1A.

Table 3-8

Cost of energy caused by the converter without maintenance and annual energy only considering converter
efficiency

10 MW PDD converter 20 MW PDD converter

Cost of energy caused by the
converter without 0.731 €/MWh 0.777 €/MWh

maintenance

3.6 Size and Weight

As already explained in report D3.32, an accurate estimation of the converter size and mass is not
possible without exactly planning the converter realization with all necessary components
(especially the mechanical realization). That is why the converter size and mass is estimated
based on existing converters on the market. In case of medium voltage NPC inverters with roughly
the same power rating, there are several converters available on the market. An existing converter
which has a very similar rating is the Siemens SINAMICS SM150 with HV-IGBT air cooling [3-12]. It
is rated for 3.3 kV output voltage and a power of 3.4-4.6 MVA which fits the requirements of the
investigated converters quite good. The size and weight of the SINAMICS SM150 (including back
to back NPC converter and cooling) is given in Table 3-9.

Table 3-9
SINAMICS SM150 (with HV-IGBT air colling) size and weight
Width Height Depth Weight
3020 mm 2570 mm 1275 mm 2850 kg

Based on the SINAMICS SM150 data and the number of parallel converters, the size and weight
for the 10 MW PDD converter and 20 MW PDD converter are calculated and presented in Table

3-10.

Table 3-10
Estimated converter size and weight
Volume Weight
10 MW PDD 29.69 m3 8550 kg
converters
20 MW PDD 59.37 m3 17100 kg
converters
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3.7 Control

The control of the converter can be divided into different parts. One controller (per segment) is
used on the generator side. On the grid side, each of the parallel 3-level NPC converters is
controlled separately.

The grid side controller structure is presented in Figure 3-24. On the left side, the DC link voltage
controller is shown. The set point value and the actual value of the total DC link voltage are used
to calculate the error of the stored energy in the DC link capacitors. Then, this energy is controlled
by a Pl controller. Based on the output of this controller, a feed forward term for the power, the set
point reactive power, and the d-component of the generator voltage the set point values for the
dg-components of the positive sequence currents are determined. The currents are controlled via
positive and negative sequence controllers. The positive sequence controller is shown in Figure
3-26 and the negative sequence controller is built up analogously.

P,

feedforward

PI controller

P 2 e
idy ig 43! positive
setpoint |+ sequence
. "
calculation »  control

f 1

Ty

——»{ positive
sequence
0 control

U123, nex

wh

Figure 3-24: Grid side controller including DC link voltage control and grid current control.

Figure 3-25 displays the generator side control structure. The speed is controlled with a PI
controller. The set point value for the speed must be calculated based on the operating point of
the wind turbine. Because the simulations in this report all only address operation in one
operating point, this part of the control structure is not included. Besides, the output of the speed
controller is used as the set point value for the g-component of the generator current control (build
up based on Figure 3-26).

- current

: U] y
PI controller » control 12yl ffu) =gl Oy

: T
wh

Figure 3-25: Generator side controller including speed control and generator current control.

All used dg-component current controllers are built up identical or analogue to Figure 3-26. The
currents are controlled via Pl controllers and voltage feedforward terms are implemented.
Besides, cross coupling between d- and g-component is compensated.
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Figure 3-26: dg-component current controller.

For the ideal simulations in this report, no neutral point balancing of the DC link and no control of
possible circulating currents between the converters is necessary. For realizing the converter,
these aspects have to be addressed as well. Additionally, grid requirements like fault ride through
behaviour must be fulfilled. This can be addressed analogously to Section 2.6.2 or several
publications investigating fault ride through for the NPC converter, e.g. [3-13].

3.8 Simulation

A simulation with Matlab/Simulink and the Plecs Blockset toolbox is used to test the converter
design. The IGBTs and diodes in the model behave like ideal switches regarding their electrical
characteristics. The control concept is implemented as a digital controller. The PDD generator is
modeled via a permanent magnet synchronous machine with parameters fitted to the known 10
MW and 20 MW PDD parameters. For the 10 MW PDD converter, all three parallel connected
three-level NPC converters are simulated. To reduce the computation effort and because the two
segments of the 20 MW PDD can be investigated separately, only one of the segments is
simulated.

Figure 3-27 shows the machine currents at operation with nominal power for the 10 MW PDD. The
machine side currents of the first of three parallel NPC converters are presented in Figure 3-28.
For the sake of simplicity only the machine side currents of one of the NPC converters are shown.
The currents of the other two converters behave analogously. Figure 3-29 and Figure 3-30 display
the grid current and the grid side currents of the first of three parallel NPC converters. The THD of
the grid current is lower than 2%.
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Figure 3-27: 10 MW PDD generator currents for nominal operation.
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Figure 3-28: 10 MW PDD generator side currents of NPC converter 1 for nominal operation.
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Figure 3-29: Grid currents for nominal operation of the 10 MW PDD generator.
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Figure 3-30: Grid side currents (after filter) of NPC converter 1 for nominal operation of the 10 MW PDD
generator.
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The results for one segment of the 20 MW PDD generator look similar, because of the high
similarity of the two converter designs. Only the electrical frequency of the generator at the
nominal operating point is different.

Figure 3-31 shows the PDD generator currents and Figure 3-32 the machine side currents of the
first of three NPC converters. The grid currents and the grid side currents of NPC converter 1 are
displayed in Figure 3-33 and Figure 3-34. Again, the THD of the grid current is lower than 2%.
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Figure 3-31: 20 MW PDD generator currents for nominal operation.
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Figure 3-32: 20 MW PDD generator side currents of NPC converter 1 for nominal operation.

4408 4412 4416

72| Page

(INNWIND.EU, Deliverable D3.31, Converter designs tailored to SC and PDD concepts)



Grid currents in A

o——— — A T

4.400 4.404 4.408 4.412 4.416 4.420 4.424 4.428 4.432 4.436 4.44
tins

Figure 3-33: Grid currents for nominal operation of the 20 MW PDD generator.
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Figure 3-34: Grid side currents (after filter) of NPC converter 1 for nominal operation of the 20 MW PDD
generator.
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3.9 Conclusions

This chapter presented the converter design tailored to the 10 MW PDD generator and the 20 MW
PDD generator. Due to the possibility of generator segmentation, new (compared to report D3.32)
converter concepts were possible. A brief investigation indicated no significant advantages by
these topologies. That is why a parallel NPC converter based concept was chosen. The 20 MW
PDD generator was divided into two segments to reduce the maximum blocking voltage of the
switching devices, simplifying the design.

Resulting from the semiconductor, DC link capacitor, and filter design the cost of the two
converters had been calculated. These costs showed no unexpected high discrepancy to the costs
estimated in report D3.31. Based on the efficiency obtained with a simulation model, the cost of
energy due to the converter was calculated. This can be used to estimate the total cost of energy
for the wind turbines.

The control concept of the NPC converters was presented, which is based on standard control
approaches. The proper function of the converters with this control concept and the component
design was shown by a detailed simulation model.
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4 CURRENT SOURCE CONVERTER DESIGN TAILORED TO SCG AND PDDG

4.1 Introduction

Current-source converters have been proposed for use in wind energy applications [4-1], and
one study has shown that costs could be considerably lower than equivalent voltage-source
converters [4-2]. Unfortunately the load-commutated converters under consideration have
difficulty complying with grid codes in terms of harmonics and grid fault ride-through, and can
require generators modified for lower synchronous reactance.

These issues could be solved by the addition of voltage-source active filters, making a tandem
converter [4-3]. The current-source converter handles the main power flow, with low cost and
losses, while the active filter ensures a smooth current waveform. The rating for the active filter is
about a quarter that of the current-source converter, so the overall converter cost compares
favourably with more conventional NPC converters.

4.2 Current Source Converters Topologies

Topologies for the non-segmented generators are shown in Fig.4.1. For each picture the current
source converter is at the top, with the active filters underneath. The active filters are cascaded H-
bridge converters, and are connected using a small coupling inductance Lf, which limits the di/dt
rate during thyristor commutation. The multilevel active filter means that the generator and
transformer inductances are sufficient to provide low current harmonics. The coupling inductances
in combination with R-C snubbers on the thyristors control the dv/dt experienced by the generator
and transformer. As can be seen, the difference between the topologies for the superconducting
and pseudo-direct drive generators is that the latter does not use an active filter on the generator
side, as the generator is able to tolerate the non-sinusoidal current from the converter.

A n vy
Generator L
ﬂf} # # ﬂﬁ}
a)
a0y

Generator

ak
b)

Fig.4.1 Current-source topologies for non-segmented generators: a) Superconducting generator, b)
Pseudo-Direct Drive generator.

For the 20MW generator the number of series thyristors is increased, to allow for the 6.6kV
output voltage, and the number of series modules in the active filter is also increased.

Topologies for the segmented generators are shown in Fig.4.2. Unlike a voltage-source
converter, in which the rectifiers are connected in parallel to a common DC link, the rectifiers here
are connected in series, using a lower voltage. This means that each segment of the
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superconducting generator requires its own active filter. The inverter side of the converters is
identical to that used for the non-segmented generators. The 20MW generator doubles the
voltage, using a different active filter topology and higher thyristor voltage ratings. On the grid side,
the 20MW system increases the number of series thyristors and series active filter modules.
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Fig.4.2 Current-source topologies for segmented generators: a) Superconducting generator, b)
Pseudo-Direct Drive generator.

Active filter topologies are shown in Fig.4.3. The converters for non-segmented generators and
the grid side of the segmented generator converters use a cascaded H-bridge converter shown in
Fig.4.3a, where the voltage rating can be increased by increasing the number of series modules.
The converters for the segmented superconducting generator are shown in Fig.4.3b and ¢, where
a 2-level converter is used for 10MW and a 3-level NPC converter for 20MW to double the voltage
rating.

Fault-tolerance or redundancy is a feature of all the converters. For the main current-source
converter, an extra redundant thyristor is added in each stack, except for the rectifiers of the
segmented generator converters, where the segmentation allows fault-tolerance. The press-pack
thyristors are designed to fail in a short circuit, continuing to conduct. For the segmented SCGs,
the multiple independent generator-side active filters allow fault-tolerance, with a fault reducing
the DC voltage, requiring a slightly higher inverter firing angle. For the non-segmented SCGs, the
failure of a filter module will reduce the overall voltage capability of the filter, although the angle
between the phases can be adjusted to maximise the voltage [4-4]. The result of this is that a
module fault will require the turbine speed to be reduced, to keep the voltage within limits,
although alternatively the current could be reduced to limit the DC voltage ripple in the filter, which
will have a similar effect. For the grid-side active filters, DC voltage ripple is considerably lower,
and the grid voltage is fixed, so an additional redundant module is added to each phase string.
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Fig.4.3 Active filter topologies: a) Cascaded H-bridge for non-segmented generators and AC side
for segmented generators, b) 2-Level for 20MW superconducting generator, c) 3-Level NPC for
20MW superconducting generator.

Generator and converter parameters for superconducting the generators are given in Table 4.1,
and the PDD generators in Table 4.2. The voltage of the segments for the 10MW segmented
superconducting generators are set to 690V, to allow the use of conventional 690V converters
using 1700V IGBTs for the active filters. For the 20MW segmented generators the generator
voltage is doubled, and the same 1700V IGBTs are used in 3-level NPC active filters. For the PDD
generator, where no active filter is used, the non-segmented generator voltage is simply divided by
the number of segments to obtain the segmented generator voltage.

Generator voltages were based on parameters provided by the generator designers. In the case of
the SCG, parameters were given for a 3,300V 10MW generator and a 6,600V 20MW generator,
and it was assumed that the required voltages for the segmented generators could be achieved.
For the PDD, parameters are given per coil of the generator, and are thus limited by the need for
an integer number of coils per stator slot, which is the reason for the 7,046V for the 20MW PDD.

The grid voltage is set so that the inverter is operating with a firing angle of around 20 degrees at
rated power, which minimises the reactive power which must be supplied by the active filter while
keeping the firing angle a reasonable distance from zero, where instability will occur.

Table 4.1
Superconducting generator and converter parameters
Generator Rating Frequency | Segments Generator Grid Voltage | DC-Link
(Hz) Voltage (V) V) Current (A)

15,6 10MW 1.93 1 3,300 3,500 2,300
18,9 10MW 3.22 1 3,300 3,600 2,300
15,6 10MW 1.93 4 690 2,900 2,750
18,9 10MW 3.22 4 690 2,900 2,750
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T10 20MW 4.09 1 6,600 7,000 2,300
T11 20MW 2.73 1 6,600 7,000 2,300
T10 20MW 4.09 4 1,380 5,800 2,750
T11 20MW 2.73 4 1,380 5,800 2,750
Table 4.2

PDD generator and converter parameters
Rating (MW) 10 10 20 20
Segments 1 4 1 4
Frequency (Hz) 48.25 48.25 34.1 34.1
Generator Voltage (V) 3,300 825 7,046 1,762
Grid Voltage (V) 2,800 2,800 6,100 6,100
DC-Link Current (A) 2,850 2,850 2,630 2,630
Segment Resistance (mQ) 3.94 0.984 8.86 2.21
Segment Inductance (mH) 1.21 0.302 3.59 0.896

It was found in simulation that for the PDD generators the relatively large reactance for a diode
rectifier system (around 0.34 P.U.) led to a large commutation overlap, which significantly reduces
the DC voltage and increases the DC current. Commutation overlap is not a problem for the SCGs,
as the rectifier commutates through the active filter, with a relatively small coupling inductance.

The use of non-standard grid voltages means that non-standard grid-coupling transformers will
be required, which could add to the overall cost. Standard transformer voltages could be used, but
would require either the inverter or rectifier to be operated at a larger firing angle at rated wind
speed, increasing the requirements for reactive power compensation from the active filters. This is
undesirable, as it will increase losses and ratings for the filters. One study has found that non-
standard transformer windings add around 6% to the transformer cost [4-2], although in this case
the added cost was for zig-zag windings rather than non-standard voltages. Because of this, and
the transformer cost not being included in this study, it was decided to use the non-standard grid
voltages.

4.3 Costs

Costs are updated compared with those given in Deliverable 3.32 to reflect the addition of the
segmented generators, the removal of the generator-side active filter for the PDD generator and
the modified active filter DC-link capacitance requirements from the controller design.

4.3.1 Active Filter Costs

For the active filters, the DC-link energy ripples were re-calculated based on the revised
generator frequencies, using the methodology described in Deliverable D3.32. The IGBTs and
capacitors used in D3.32 were again used here, and are listed in Table 4.3, with capacitors
connected in parallel to achieve the desired capacitance. The generator-side active filter
parameters and cost are given in Table 4.4. Previously 4 and 7 series modules per phase were
chosen for the 10 and 20MW generators, but this is increased to 5 and 8 series modules. This
increases the level of tolerance to module faults - a module fault will reduce the capability for
voltage ripple in the remaining modules, which will reduce the maximum power output of the

turbine.
Table 4.3
Components for generator-side active filters for non-segmented generators
IGBT FZ1600R17HP4 1600A RMS 1700V €762.29
Capacitor AVX FFL16UO0537K 530uF 1100V €92.6

79| Page
(INNWIND.EU, Deliverable D3.31, Converter designs tailored to SC and PDD concepts)



VIND

R

Table 4.4
Generator-side active filter costs for non-segmented superconducting generators
Generator Rating Energy ripple | Series Capacitors Total cost
J) modules/phase | per module
15,6 10MW 80,900 5 62 €131,000
18,9 10MW 48,500 5 38 €98,300
T10 20MW 76,300 8 42 €166,000
T11 20MW 114,000 8 63 €213,000

The energy ripples and capacitor requirements for the capacitors in the segmented generator
filters were calculated in a similar manner, based on a 10% peak to peak voltage ripple. An
average DC-link voltage of 1100V was used, for a modulation depth of 0.9, with 1400V capacitors.
The components used are shown in Table 4.5, and two diodes are used in parallel in the NPC
active filter to achieve the required current rating. Filter costs and parameters are shown in Table
4.6, where it should be noted that the energy ripple and capacitance requirement is for each DC-
link. The NPC filters used with the 20MW generator has two DC-links, so the number of capacitors
is doubled.

Table 4.5
Components used for generator-side active filters for segmented generators
IGBT FZ1600R17HP4 1600A RMS 1700V €762.29
Diode DZ800S17K3 800A Avg 1700V €133.83
Capacitor AVX FFL16Q0507K | 500uF 1400V €121.18
Table 4.6

Generator-side active filter costs for segmented superconducting generators.

Generator | Rating Capacitor | Capacitance | Capacitors | IGBTs Diodes | Total cost
energy (mF) per filter per per filter
ripple (J) filter
15,6 10MW 3,900 27.1 54 6 0| €44,500
18,9 10MW 2,300 16.2 32 6 0| €33,800
T10 20MW 6,110 42.4 170 12 12 | €125,000
T11 20MW 9,150 63.6 254 12 12 | €166,000

Costs for these active filters are significantly lower than for the non-segmented generators, as
the effects of the low AC frequency are reduced when the DC link is shared between three phases,
although this is less significant with the NPC converters.

For the grid side filters the ripple energy was calculated as before. The additional ripple from the
transferring of the rectifier ripple with the SCG converter to the grid side, AE, was calculated using
(4.1). w is the generator frequency, V, is the generator rated line voltage and Ip. the rated DC-link
current.

a
® 3
AE = \/El(qlmf sinwt ——dt,

Y

a =cos ! E (4-1)

Y
g o 0025570, I
w

For the grid side, the minimum number of series modules to achieve the grid voltage rating was
calculated, and the required number of capacitors for the ripple current calculated. For the grid
filter there must always be sufficient modules to meet the grid voltage requirements, so an
additional module was added to each string for redundancy. In addition, the grid side filter has a
higher current due to compensating for the active power from the main converter operating at a
firing angle larger than zero. To handle this, the FZ2400R17HP4 IGBT is used, which has a rating
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of 2400A and costs €1056 each. The grid side filter costs for the different generators is shown in

Table 4.7.
Table 4.7
Grid-side active filter costs
Generator Energy ripple (J) Series modules Capacitors per Total cost
module

SCG T5,6 11,113 4 22 €75,000
SCG T8,9 9,028 4 18 €70,600
SCG T5,6 seg 11,113 4 15 €67,300
SCG T8,9 seg 9,028 4 12 €63,900
PDD 10MW 5,910 4 8 €59,500
PDD 10MW seg 5,910 4 8 €59,500
SCG T10 16,730 7 19 €125,000
SCG T11 19,176 7 21 €129,000
SCG T10 seg 16,730 6 21 €111,000
SCG T11 seg 19,176 6 25 €117,000
PDD 20MW 11,820 7 10 €108,000
PDD 20MW seg 11,820 7 10 €108,000

4.3.2 Semiconductor Costs

Thyristors are selected as in Deliverable D3.32, based on the rated DC-link current as shown in
Table 4.1. As before, for the generator side of the SCG the low frequency means that the thyristor
thermal inertia will not be sufficient to damp the pulsating loss from the AC waveform. Because of
this, the rectifier thyristors are selected to have an average current rating greater than the rated
DC-link current. For other applications, the average current is around a third of the DC-link current.

The dl/dt and dv/dt ratings determine the design of the thyristor snubber and the active filter
coupling inductor. The thyristors considered in this study are listed in Table 4.8, in which the
6,000V thyristors are used for the inverter, as well as the rectifier for the non-segmented
generators and 20MW segmented generators. The 2,000V thyristors are used for the rectifiers of
the 10MW segmented generators.

Table 4.8

Thyristors used in the converter designs
Thyristor | Model Voltage | Av.Current | di /dt limit | 4v /dt limit | Mass | Cost

v ® (/i) (/1) e
1 K1351VF600 6,000 1351 75 1,000 1.0 | €580
2 K2359TC600 6,000 2359 200 1,000 1.7 | €870
3 N1718NC200 2,000 1718 500 1,000 0.5 | €145
4 N35332C220 2,200 3533 150 1,000 1.7 | €458

The thyristor configurations and total costs are given in Table 4.9. Conventionally in load-
commutated converters 6000V thyristors are used for around 2.2kV AC voltage, and higher AC
voltages are achieved by use of series devices [4-5]. In addition, an extra series device is added
for fault-tolerance purposes, as the thyristors are designed to fail in a short-circuit mode,
bypassing the failed device. For the segmented generators, the segmented generator design with
separate rectifiers allows tolerance to rectifier faults.

4.3.3 Passive Components Costs

Since the D3.32 deliverable report, revised generator parameters have become available, as
well as the addition of segmented generators, which has means that the calculation of the DC-link
inductor parameters can be refined. The grid filter inductor is eliminated, as the grid transformer,
with a leakage inductance of around 0.1 P.U. provides sufficient filtering. Finally, the values for the
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active filter coupling inductors are calculated, based on the di/dt limits for the thyristors, and RC
snubbers designed for the thyristors to comply with their dv/dt limits. These also protect the
generator and transformer from high dv/dt.

Table 4.9

Thyristor configurations for each generator
Generator Rating Rectifier Series Inverter Series Total cost

thyristor devices thyristor devices
SCG 10MW 2 3 1 3 €26,100
SCG seg. 10MW 4 1 1 3 €21,432
PDD 10MW 1 3 1 3 €20,880
PDD seg 10MW 3 1 1 3 €13,920
SCG 20MW 2 5 1 5 €43,500
SCG seg. 20MW 2 1 1 4 €34,800
PDD 20MW 1 5 1 5 €34,800
PDD seg. 20MW 1 1 1 5 €31,320

DC-link inductances are calculated as in Deliverable D3.32, for a 10% peak to peak current
ripple. As before, the inductance required to smooth the rectifier and inverter sides are calculated
separately and added together, except for the superconducting generator where the inverter-side
inductance is doubled. For the segmented generators, it is assumed that the segments have the
same phase, although for the segmented PDD generator a significant reduction in inductance
could be achieved if the segments are phase shifted. As the ripple from the rectifier in the SCG
converters is transferred to the grid filter, all SCGs of a given rating and segmentation will have the
same inductance.

The inductors are designed for a current density of 5A/mm?2 at rated DC current, but a 50%
margin is added for the saturation current, to prevent excessively high currents during transient
events. Inductances and costs for the generators are shown in Table 4.10.

Table 4.10
DC-link inductor parameters and cost.

Generator Rating Current (A) Inductance (mH) Cost

SCG 10MW 2,300 2.48 €39,100
SCG Segmented 10MW 2,750 1.72 €39,100
PDD 10MW 2,860 4,73 €87,600
PDD Segmented | 10MW 2,860 4,73 €87,600
SCG 20MW 2,300 4.95 €64,900
SCG Segmented 20MW 2,750 3.43 €64,900
PDD 20MW 2,630 8.84 €125,000
PDD Segmented | 20MW 2,630 8.84 €125,000

Coupling inductors between the active filters and the thyristor bridges are necessary to limit the
di/dt rate during thyristor commutation. In normal operation, the rectifier thyristors will be
switched at a firing angle of zero, so the commutation voltage will be zero, but during grid voltage
dips the firing angle will be changed, so the commutation voltage will be higher and a coupling
inductor necessary. When a non-zero firing angle is used in the rectifier, and in the case of the
inverter, the active filter can be controlled such that the voltage driving the commutation is limited
to that of one voltage step of the active filter, which limits the required inductor size.

Inductors were designed to handle the maximum generator current without saturating, with a
50% margin, but conductor cross section area was selected based on the filter RMS current,
which is around a quarter of the generator RMS current [4-3]. For the rectifier, the inductors were
designed to limit the maximum di/dt to a tenth of the rated maximum for the thyristor. For the
inverter, the smaller grid coupling inductance (provided by the transformer) and the lower di/dt
rating of the thyristor meant that grid current distortion was significant around the inverter
commutations. For this reason, a di/dt of a fifth of the limit was chosen. The coupling inductor
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parameters and cost are shown in Table 4.11. RMS current is listed for the inductors, and for the
segmented generator the cost is for four inductors on the generator side.

Table 4.11
Active filtering coupling inductors

Generator Rating Generator Grid

Inductance | Current | Cost Inductance | Current | Cost

(LH) (A) (LH) (A)
SCG 10MW 27.5 437 | €1,020 36.7 412 €1,150
SCG seg 10MW 46.7 523 | €7,640 36.7 498 €1,480
PDD 10MW n/a 36.7 515 €1,090
SCG 20MW 27.5 437 €930 36.7 412 €1,430
SCG seg 20MW 35.0 523 | €6,020 36.7 498 €1,560
PDD 20MW n/a 36.7 473 €1,350

R-C snubbers were designed for the thyristors to limit the dv/dt to a tenth of the maximum value
for the thyristor, and each thyristor has its own snubber in order to achieve dynamic voltage
balancing of the series devices. As well as during switch-off, the thyristors also experience high
dv/dt during the switching of the active filter, which occurs far more often than the thyristor
commutation. As the thyristors are connected in series in the inverter and rectifier for non-
segmented generators, the overall dv/dt can be higher than the device dv/dt. Snubbers were
designed to have a damping ratio of 1, and achieve the required dv/dt, but this is regarding the
capacitor voltage. The thyristor voltage, being the sum of the resistor and capacitor voltage, will
have a slight overshoot, but well within the ratings of the devices.

Snubber resistor and capacitor values are shown in Table 4.12, along with the dv/dt values per
thyristor stack. For the generator side rectifiers of the PDD generator, the resistance and
capacitance are calculated based on the generator inductance. Costs are not given as suitable
resistors could not be found, and the capacitor cost was found to be in the region of a few euros,
and therefore insignificant in relation to other components. The resistance and capacitance values
are still important for calculating losses.

Table 4.12

Thyristor R-C snubber components

Generator | Rating | Generator Grid
dv/dt Resistanc | Capacitance | dv/dt | Resistance | Capactiance

(V/us) ?Q) (nF) (V/us) | (Q) (nF)

SCG 10MW 300 19.7 189 300 26.3 142
SCG seg 10MW 100 26.3 541 300 26.3 142
PDD 10MW 300 237 66.7 300 26.3 142
PDD seg 10MW 100 199 49.9 300 26.3 142
SCG 20MW 500 19.7 114 500 26.3 85.1
SCG seg 20MW 100 19.7 722 400 26.3 106
PDD 20MW 500 336 56.5 500 26.3 85.1
PDD seg 20MW 100 561 35.4 500 26.3 106

4.3.4 Cooling System Costs

As in Deliverable 3.32, a cooling system cost of €0.8 per watt of maximum losses was used,
and the cooling system costs are shown in Table 4.13.
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Table 4.13
Cooling system costs

Generator Rating Maximum Losses (W) Cooling System Cost

SCG T5,6 10MW 145,000 €116,000
SCG 18,9 10MW 154,000 €123,000
SCG T5,6 seg 10MW 155,000 €124,000
SCG T8,9 seg 10MW 189,000 €152,000
PDD 20MW 208,000 €167,000
PDD seg 20MW 188,000 €151,000
SCG T10 20MW 245,000 €196,000
SCGT11 20MW 237,000 €190,000
SCG T10 seg 20MW 291,000 €233,000
SCG T11 seg 20MW 290,000 €232,000
PDD 20MW 304,000 €243,000
PDD seg 20MW 288,000 €231,000

4.3.5 Conclusions

Total costs are given in Table 4.14, in which the mechanical cost has been calculated as 40% of
the component costs. For the superconducting generators, the segmented generators generally
have a lower cost, due to the reduced cost for the generator-side active filter, although this is
reduced at 20MW. For the PDD generators, segmentation only has a minor effect, and there is
little cost benefit to the removal of the active filter at 20MW as the DC-link inductor is larger. At
20MW, the increased active filter costs for the segmented SCG mean that the benefits are
increased.

Table 4.14
Total cost and cost breakdown
. Gen . DC Grid . .

Generator Rating Filter Thyristors Inductor Filter Mechanical | Cooling Total
SCG 15,6 | 10MW | €134,000 €26,100 | €39,100 | €75,000 €110,000 | €116,000 | €499,000
SCG 78,9 | 10MW | €99,300 €26,100 | €39,100 | €70,600 €94,000 | €123,000 | €452,000
f‘%e T56 | jomw | €52,100 €21,400 | €39,100 | €67,300 €72,000 | €124,000 | €376,000
SCG 18,9

seq 10MW | €41,400 €21,400 | €39,100 | £€63,900 €66,000 | €152,000 | €384,000
PDD 10MW 0 €20,900 | €87,600 | €59,500 €67,000 | €167,000 | €402,000
PDD seg 10MW 0 €13,900 | €87,600 | €59,500 €64,000 | €151,000 | €376,000
SCG T10 20MW | €169,000 €43,500 | €64,900 | £126,000 €161,000 | €196,000 | €760,000
SCG T11 20MW | €216,000 €43500 | €64,900 | £129,000 €181,000 | €190,000 | €824,000
fngG 0| somw | €131,000 €34.800 | €64,900 | €111,000 | €137,000 | €233,000 | €711,000
sngG Tl 20MW | €172,000 €34,800 | €64,900 | €118,000 €156,000 | €232,000 | €777,000
PDD 20MW 0 €34,800 | €125,000 | £108,000 €107,000 | €243,000 | €619,000
PDD seg 20MW 0 €31,300 | €125,000 | £108,000 €106,000 | €231,000 | €601,000

4.4 Converter Size

Converter size and weight for the current-source designs were considered in depth in the D3.32
deliverable, and are updated based on changes to the converter components and the addition of
the segmented generators.

All sizes are based around the need for the converter to fit into a cabinet 1200mm deep by
2450mm high, as used by the ABB PCS6000 medium voltage converter [4-6], with the cabinet
length adjusted to fit the different components.
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4.4.1 Active Filter

Modules used in the modular active filter are shown in Figure 4.4, with the Type 1 module used
for the generator-side filter and the Type 2 for the grid-side. The capacitors have a diameter of
100mm and a height of 150mm, and an additional 20mm height is allowed for the electrical
connections and mounting. Both modules can have either one or two stacked banks of capacitors,
and the depth of the bank can be adjusted to achieve the required number of capacitors. Cabinet
layouts are shown in Figure 4.5, where a clearance of 30mm is used between modules in the
same phase, and 100mm between phases and between the modules and the cabinet walls.

600mm 150mm
- a >
4 IGBT
modules
| A
=x w
DC 8 2
capacitors E E
w  Water Y
block Ty pe 2

Figure 4.4 Modular active filter module layouts.

- Phase A —_— e —~ Phase A

~ Phase B — ~ Phase B

‘- Phase C — ~ Phase C
Type 1 Type 2

Figure 4.5 Modular active filter cabinet layouts.

Modules used in the segmented active filter are shown in Figure 4.6. The capacitor here has a
diameter of 116mm and a height of 155mm, and an additional 25mm height is allowed for
electrical connections. The 10MW converters use a vertical layout like the modular converters,
and the width of the capacitor bank is adjusted depending on the capacitors required. The 20MW
converter has a significantly higher capacitance requirement, as well as a larger number of
switching devices, so capacitors are arranged into two banks, for the two DC links, and switching
devices are arranged with one half-bridge of 8 devices per heatsink. Depth of the capacitor bank
is 8 capacitors, while the width is either 3 or 4. Rather than being constructed as a module, which
would be too heavy to handle within a turbine, parts such as the switching device assemblies and
capacitor banks will be separately removable. Filters are arranged in the cabinets shown in Figure
4.7, where a clearance of 50mm between adjacent modules is used.
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Generator and grid-side modular active filter configurations for the different generators are
shown in Table 4.15 and 4.16, with segmented active filters in Table 4.17. The number of stacked
capacitor banks (denoted Cap width in the tables) determines the width of the modules, and is
selected to keep the module depth below 1,000mm, allowing the required 100mm clearance in
the 1,200mm deep cabinets.

Table 4.15
Generator-side modular active filter configuration.
Generator Modules | Capacitors | Cap width Cap depth Mod depth Tot width
(mm) (mm)
SCG 15,6 5 63 2 6 750 2,020
SCG 18,9 5 38 1 7 850 1,170
SCG T10 8 43 1 8 950 1,770
SCGT11 8 64 2 6 750 3,130
Table 4.16
Grid-side modular active filter configuration.
Generator Modules | Capacitors | Cap width | Cap depth | Mod depth Tot width
(mm) (mm)
SCG 15,6 4 22 2 4 700 910
SCG 18,9 4 18 1 6 900 570
SCG T5,6 seg 4 15 1 5 800 570
SCG 78,9 seg 4 12 1 4 700 570
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PDD 10 4 8 1 3 600 570
PDD 10 seg 4 8 1 3 600 570
SCG T10 7 19 1 7 1,000 970
SCGT11 7 21 1 7 1,000 970
SCG T10 seg 6 21 1 7 1,000 770
SCG T11 seg 6 25 2 5 800 1,280
PDD 20 7 10 1 5 700 970
PDD 20 seg 7 10 1 5 700 970
Table 4.17
Generator-side segmented active filter configuration
Generator Capacitors Mod depth Mod width Tot width
(mm) (mm) (mm)

SCG 15,6 54 960 180 610
SCG 18,9 32 614 180 610
SCG T10 170 930 350 1,750
SCGT11 250 930 465 2,260

4.4.2 Main converter switching devices

The main switching devices are arranged in a water-cooled stack layout, similar to that used in
commercial line-commutated converters as shown in Figure 4.8 [4-7], in which the thyristors are
sandwiched between water blocks. Based on the converter shown in Figure 4.8, a stack height of
18 devices can be achieved, and a width of around 700mm is allowed per stack including gate
drivers and snubbers.

The number of devices in the inverter and rectifier can be calculated from the data in Table 4.8,
and is given in Table 4.18. A maximum of 18 devices per stack is used, and separate stacks are
used for the rectifier and inverter. Width is calculated based on 700mm per stack.
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Figure 4.8 ABB Megadrive LCl showing water-cooled thyristor stacks [4-7].

Table 4.18
Converter thyristor stack configuration.

Generator Rating Devices Stacks Width

Inverter Rectifier (mm)
Non-segmented 10MW 18 18 2 1,400
Segmented 10MW 24 18 3 2,100
Non-segmented 20MW 30 30 4 2,800
Segmented 20MW 24 30 4 2,800
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4.4.3 DC-ink inductors

Sizes for the DC-link inductors are shown in Table 4.19. In all cases, the width of the inductor is
less than the depth of the cabinet, so the inductors are placed in the cabinet lengthwise, and the
width of the cabinet is determined by the depth of the inductor. Cabinet width is determined by
allowing approximately 100mm on each side of the inductor, but this is less critical as the inductor
is electrically insulated, so the cabinet width is rounded to one of two values. The coupling
inductors for the active filters are relatively small, and it is expected that they could be fitted
behind the thyristor stacks or in the terminal cabinets - they are likely to be relatively rugged so
easy access for maintenance is not necessary.

Table 4.19
DC-link inductor sizes
Generator Rating Width Depth, height Cabinet width
(mm) (mm) (mm)
SCG 10MW 868 760 960
PDD 10MW 1,136 994 1,300
SCG 20MW 1,028 900 1,100
PDD 20MW 1,280 1,120 1,500

4.4.4 Cooling and other ancillary systems

Based on Figure 4.8, the cooling system, which is the leftmost cabinet, has a width of

approximately 1,000mm, so this will be used for the 10MW converters, with two units used for
20MW. The cooling system consists of a water-water heat exchanger, to cool the non-conducting
fluid used for the thyristor stacks with bulk cooling water from the turbine, as well as pumps and
valves. Additionally a further 1,000mm is allowed for the control cabinet, and two 400mm-wide
terminal cabinets are used per converter for the grid and generator terminals.

4.4.5 Overall size

Overall size for the converters is given in Table 4.20, and the key for the converter diagrams is

in Figure 4.9.
Table 4.20
Converter size comparison
Generator Converter Width (mm)
SCG T5,6 8,090
T L]
Non-segmented
SCG 18,9 6,900
10MW
Non-segmented
SCG T5,6,8,9 7,040
10MW
Segmented
PDD 6,070
10MW g
\
Non-segmented =1
; m
m
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Figure 4.9 Key for converter size comparison

4.5 Converter Weight

Active filter masses are given in Tables 4.21, 4.22 and 4.23, and are obtained by adding up the
masses of the individual components. For the cascaded active filters used with the non-
segmented generators and on the grid side, the IGBT has a mass of 1.3 kg, and the capacitor
1.5kg, and the water block 2kg. For the segmented generator active filters, the same IGBT mass is
used, with the clamping diodes having a mass of 340g. The capacitor has a mass of 2kg, while the
water block is 500g per device.

Table 4.21
Generator-side active filter mass for non-segmented generators
Generator Modules per Capacitors per Module mass Total mass
phase module (kg) (kg)
SCG T5,6 5 63 101.7 1,530
SCG 18,9 5 38 64.2 963
SCG T10 8 43 71.7 1,720
SCGT11 8 64 103.2 2,480
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Table 4.22

Grid-side active filter mass

Generator Modules per Capacitors per Module mass Total mass
phase module (kg) (kg)
SCG T5,6 4 22 40.2 482
SCG T8,9 4 18 34.2 410
SCG T5,6 Seg 4 15 29.7 356
SCG T8,9 Seg 4 12 25.2 302
PDD 10 4 8 19.2 230
PDD 10 Seg 4 8 19.2 230
SCG T10 7 19 35.7 750
SCG T11 7 21 38.7 813
SCG T10 Seg 6 21 38.7 697
SCG T11 Seg 6 25 44.7 805
PDD 20 7 10 22.2 466
PDD 20 Seg 7 10 22.2 466
Table 4.23
Generator-side active filter mass for segmented generators
Generator Modules Capacitors per Module mass Total mass
module (kg) (kg)

SCG T5,6 4 54 119 475
SCG 18,9 4 32 74.8 299
SCG T10 4 170 372 1,490
SCGT11 4 254 540 2,160

Main switching device mass is given in Table 4.24. For this calculation, the thyristor masses are
given in Table 4.6, while a mass of 500g is assumed per water block. The overall mass is doubled
to take account of the electrical busbars and clamping system, as well as the snubbers and gate
drivers. This is likely to be an under-estimate.

Table 4.24
Main switching device mass
Generator Rating Device mass Water block Total mass
(kg) mass (kg) (kg)
SCG 10MW 48.6 19 130
SCG Seg 10MW 58.8 22 162
PDD 10MW 36 19 116
PDD Seg 10MW 30 22 104
SCG 20MW 81 34 230
SCG Seg 20MW 64.8 28 186
PDD 20MW 60 34 188
PDD Seg 20MW 54 28 164

Inductor masses are given in Table 4.25 for the DC-link inductors and Table 4.26 for the active
filter coupling inductors, and are obtained by adding the total iron and copper masses for the
inductor designs.

DC-link inductor mass

Table 4.25

Generator Rating Inductor mass (kg)

SCG 10MW 2,390

PDD 10MW 5,360

SCG 20MW 3,980

PDD 20MW 7,670
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Table 4.26
Filter coupling inductor mass
Generator | Rating | Generator-side Grid-side Total mass
Inductors | Mass (kg) | Total (kg) Mass (kg) (kg)

SCG 10MW 1 34.8 34.8 39.5 102
SCG Seg 10MW 4 67.4 270 51.1 363
PDD 10MW 0 0 38.5 92.7
SCG 20MW 1 32.3 323 50.7 98.3
SCG Seg 20MW 4 53.56 214 54.2 306
PDD 20MW 0 0 47.7 84.3

A commercially-available cabinet of height 2,000mm, width 800mm and depth 800mm has a
mass of 137kg. This was multiplied up to the required 2,200mm height and 1,200mm depth,
giving a mass of approximately 280kg per m length, which is rounded up to 300kg/m. This gives
the cabinet masses shown in Table 4.27 for the different converters.

Table 4.27
Cabinet mass

Generator Rating Cabinet Length (mm) Cabinet Mass (kg)

SCG 15,6 10MW 8,090 2,430
SCG T8,9 10MW 6,900 2,070
SCG Segmented 10MW 7,040 2,110
PDD 10MW 6,070 1,820
PDD Segmented 10MW 6,770 2,030
SCG T10 20MW 10,440 3,130
SCGT11 20MW 11,800 3,540
SCG T10 Segmented 20MW 10,220 3,070
SCG T11 Segmented 20MW 11,240 3,370
PDD 20MW 9,070 2,720

Overall mass is given in Table 4.28, and is generally dominated by the DC inductor and
cabinets, with some of the generator-side active filters also having a significant mass. The mass of
the cooling system is unknown, and is not included, but is likely to be significant. Despite not
having a generator-side filter, the PDD converters have a higher mass than the SCG due to the
larger inductors.

Table 4.28
Overall mass
Generator Mass (kg)
ﬁilt::frator Thyristors DC Inductor | Grid Filter Cabinets Total

SCG 75,6 1,560 130 2,390 522 2,430 7,040
SCG 78,9 998 130 2,390 450 2,070 6,040
SCG T5,6 seg 745 162 2,390 408 2,110 5,820
SCG T8,9 seg 569 162 2,390 354 2,110 5,590
PDD 10MW 0 116 5,360 285 1,820 7,590
PDD 10MW seg 0 104 5,360 285 2,030 7,780
SCG T10 1,750 230 3,980 788 3,130 9,880
SCGT11 2,510 230 3,980 851 3,540 11,100
SCG T10 seg 1,700 186 3,980 747 3,070 9,680
SCG T11 seg 2,370 186 3,980 855 3,370 10,800
PDD 20MW 0 188 7,670 514 2,720 11,100
PDD 20MW seg 0 164 7,670 514 2,720 11,100
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4.6 Efficiency, Energy capture and wind energy cost

Losses were calculated at different wind speeds between the cut-in and the rated wind speed
using a Matlab script, using the standard methods. For the calculation, the DC voltages in the
filters were assumed to be constant, as was the main converter DC current. The filter DC voltage
will have a significant ripple at higher power levels, while the DC current ripple will be significant at
lower power levels, which will affect the losses. It may also be necessary to keep the DC current
above a minimum value in order to maintain a continuous current, which will increase losses at
low wind speeds.

Snubber loss was calculated analytically, based on the current in the snubber resistors, and
depends mainly on the filter switching. Because the filter switching amplitude is constant at all
wind speeds, snubber loss will be constant. Total loss was less than 400W for the non-segmented
SCG and the PDD, but around 5kW and 3.5kW for the 10 and 20MW segmented SCGs. This is due
to the active filters having a high voltage ripple compared with the multilevel active filters in the
non-segmented generators. Losses are slightly lower in the 20MW converter due to the use of a 3-
level active filter. The overall loss could be reduced by reducing the active filter DC-link voltage at
lower wind speeds, lowering the switching voltage magnitude and hence loss, but this was not
implemented in the simulation.

Efficiencies for the different generators are shown against wind speed in Figure 4.10. For
clarity, only one superconducting generator is considered for each power rating, with generator TS
used for 10MW and T10 for 20MW. In general, the segmented SCG converters have a lower
efficiency than the non-segmented, but this is reversed for the PDD. The PDD has a greater
efficiency at low wind speeds, but lower at high wind speeds. This can be explained by
investigating the sources of the losses, which are shown in Figure 4.11 for the 10MW generators.
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Figure 4.10 Converter efficiency comparison.

In all cases it can be seen that the main converter (including snubbers) and DC inductor losses
increase with the wind speed, as both are related to the DC current, which is proportional to the
generator current. For the SCG, the grid filter loss is around the largest proportion of losses at low
wind speeds, as the inverter is operating at a large firing angle, which requires significant reactive
power compensation. At high wind speeds the firing angle is lower, and less reactive power
compensation is required so losses reduce. For the PDD, the higher commutation delay at higher
wind speeds reduces the DC voltage, so the firing angle maintains a more constant value at higher
wind speeds.

For the segmented SCG, the generator filter losses are lower than the non-segmented due to
the reduced number of switching devices, but main converter losses are higher due to the higher
current from the lower output voltage. Main converter losses are especially higher at low wind
speeds due to the addition of the snubber loss. The segmented PDD has the same overall voltage
as the non-segmented, so most losses are the same but main converter losses are lower for the
segmented generator due to lower loss rectifier thyristors.
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Figure 4.11 Breakdown of losses for L10MW converters.

The converter losses and the wind speed distribution can be used to calculate the annual
energy, and this can be used with the converter cost to calculate the cost of energy attributed to
the converter. This is calculated using the same method and wind distribution as the other
converters. This is shown in Table 4.29, with the cost of energy broadly following the converter
cost, due to the annual losses being similar for all converters and small in comparison with the
total annual energy.

Table 4.29
Converter cost of energy
Generator Rating | Converter Annual Annual Annual Cost of
Cost Cost Losses Energy Energy
(MWh) (MWh) (€/MWh)

SCG T5,6 10MW €499,000 €20,000 745 47,688 €0.419
SCG T8,9 10MW €452,000 €18,100 797 47,635 €0.380
SCG 15,6 seg | 10MW €376,000 €15,000 821 47,612 €0.316
SCG T8,9seg | 10MW €384,000 €15,400 968 47,594 €0.323
PDD 10MW €402,000 €16,100 996 47,436 €0.339
PDD seg 10MW €376,000 €15,000 908 47,524 €0.317
SCG T10 20MW €760,000 €30,400 1286 95,580 €0.318
SCGT11 20MW €824,000 €33,000 1255 95,606 €0.345
SCG T10 seg 20MW €711,000 €28,400 1527 95,335 €0.298
SCG T11 seg 20MW €777,000 €31,700 1491 95,370 €0.326
PDD 20MW €619,000 €24,700 1477 95,388 €0.259
PDD seg 20MW €601,000 €24,000 1403 95,458 €0.252
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4.7 Control Design

Control of the converters consists of control for normal operation and control during grid faults.
There are also additional modifications to be made to the control system when the segmented
generators are used. The main control modification for fault ride-through control is to use the
active filter to assist the commutation of the thyristors, which is inhibited by drops in grid voltage.
The active filter can also be used to force-commutate the thyristors, which is used in fault ride-
through control. During normal operation, the active filter is controlled to limit the magnitude of
voltage transitions experienced by the thyristors during commutation, preventing excessively high
dv/dt, and this will be covered in the fault ride-through section.

4.7.1 Control for Normal Operation - SCG

The overall control structure for the SCG is shown in Figure 4.4. In order to minimise losses, the
rectifier thyristors are operated with a conduction angle of zero degrees during normal operation,
functioning as a passive rectifier, so the control of the rectifier firing angle is not shown in the
diagram. As is conventional in wind turbine control, the converter is given a generator torque
demand for the power-tracking or power-limiting region, which is used to determine the current

demand /*.
Generator Rectifier [DC‘ Inverter Grid Transformer
B gy S
A grid
Gen Filter Grid Filter
i
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I Generator d Voo HVD(,
I Control v ; . v vy v d
| GenFilt | PC | Idc Grid Filter
Vdc Cont. Control Control

Fig.4.4 SCG control for normal operation

For a diode rectifier with a current-source DC link, the relationship between the fundamental
frequency component of the rectifier current Io and the DC current Inc is given by (4-2). If the
active filter is not providing any reactive power then the generator current Ig is equal to Ir0, and the
active filter supplies the harmonics of the rectifier current. As the generator- and grid-side active
filters are not connected, no real power can flow, so any mismatch between the power flowing
from the generator and the power flowing into the rectifier will result in the active filter capacitor
voltage either increasing or decreasing.

V6 4-2)

Lo =—Ipc
T, T

The generator current is directly controlled by the active filter, and the DC-link current of the
CSC controlled through the inverter firing angle to regulate the power balance between the main
converter and generator-side filter according to (4-2), and hence the filter DC-link voltage. The grid
filter is controlled to maintain a sinusoidal current, with the magnitude of the grid current
controlled to regulate the grid filter DC-link voltage, with feedforward from the main converter DC-
link current. Due to time constraints, regulation of the DC-link voltage of the grid-side active filter
was not considered in detail or simulated.
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The generator current controller is relatively simple, and is based on a calculation of the applied
voltage to achieve the required current in the steady state, calculated in the rotating reference
frame. This is combined with a proportional controller operating in the fixed reference frame,
which speeds up changes in current demand and ensures the current path is properly diverted
between the main converter and active filter during main converter commutations.

The structure of the current controller is shown in Fig.4.5, where the EMF angle and frequency
6, w are either estimated from the generator applied voltage and resulting current, or calculated
from an encoder. From the desired d- and g-axis currents iy, is the feedforward voltage Vysq, Virq
is calculated using (4-3), where L and R are the generator inductance and resistance, and k is the
EMF constant. The feedforward voltage is over-modulated using third harmonic injection.
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Fig.4.5 Generator current controller structure
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Control of the DC-link current is as shown in Fig.4.6, which covers the determining of the
desired inverter DC-side voltage v, used to set the inverter firing angle a based on the
relationship given in (4-4). One aim of this controller is to regulate the low frequency ripple from
the rectifier at 6 times the generator AC frequency, in order to minimise the size requirement for
the DC-link inductor. In order to achieve this, the current is controlled by regulating the voltage
drop across the inductor using a Pl controller. The voltage from the rectifier side of the converter is
estimated by subtracting the lowest generator line voltage from the highest and dividing by V3,
which also acts to feed forward the rectifier ripple voltage. The ripple due to the grid-side inverter
is filtered from the DC current signal using a moving average filter.

- *
3
DC

ID(" — AVG (J PI
Gr—
1 max
vgenahc_ o p
— min
Fig.4.6 DC-link current controller structure for SCG
Vp =V, % cosa (4-4)

Control of the DC-link voltage for the generator-side active filter has three aspects: control of the
overall voltage, voltage balance between phase strings and voltage balance between modules in
each phase string. The last of these is an established problem with well-documented solutions,
and will not be considered here [4-8], [4-9].

Overall DC-link voltage control is shown in Fig.4.7. The DC voltages from the three phase strings
are combined using an RMS average, as a conventional mean average will contain ripple at twice
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the generator frequency if the cycle average DC voltage is not equal between phase strings. This
combined DC voltage is filtered using a moving average filter at 6 times the generator frequency
and used with a PI controller to set the DC-link current demand for the CSC. The generator current
demand I, is used as a feedforward term.

V *

DC

2 Vi g 1
Yic abe \ = 3 = AVG N PI + ll)C

Fig.4.7 Active filter overall DC voltage control

Balancing of the DC voltage between phase strings is achieved by introducing an unbalance into
the generator current demand, using the control structure in Fig.4.8. The three overall DC voltages
of the phase strings, vp¢ 4»c are filtered using a moving average at twice the generator frequency,
and converted to orthogonal currents V¢ o g, Which are used with a proportional controller to set
the value of a negative phase sequence current which is added to the current demand i}, used
in Fig.4.5. The fact that the moving average filter must be set at twice the generator frequency,
while the one used in the control of the overall DC voltage is at six times the generator frequency,
means that the DC voltage balancing must be slower than the overall DC voltage control. This has
implications for the required filter DC capacitor size, as will be shown in the next section.

2n+5-0

Vur"ﬂ {

abe- —j6 R
vf)(j abe AVG aﬁo e Iubr

o

Fig.4.8 Active filter DC voltage balancing

In simulation, it was found that the higher speed of the generator current controller relative to
the DC-link current controller caused problems with the filter DC-link voltage regulation. For this
reason, the current demand input to the generator current was filtered using a first-order filter to
equalise the response speeds.

A simpler method for the active filter control, similar to that used for stand-alone active filters
[4-10], is to regulate the generator torque using the DC-link current, and use the generator current
demand magnitude in Fig.4.5 to regulate the filter DC-link voltage. This method was not used as
the chosen method gives a more direct and accurate control over generator torque, which was felt
to be desirable for the chosen application.

The control parameters were tuned to give the best performance at rated power, where it is
desirable to minimise any overshoots in filter DC-link voltage in order to limit the capacitor size
requirements. As moving average filters are used extensively, these parameters will not be
suitable at lower wind speeds where the generator frequency is lower, so the controller will need
to switch between different parameter sets depending on the wind speed. At lower speeds, the
turbine power will be lower and so the active filter DC voltage ripple lower, and the controller
speed less critical.

Control of the grid-side active filter was not developed in detail due to time constraints, but is
based around a current controller similar to that shown in Fig.4.5, with the current demand based
on the generator power and grid voltage.
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4.7.2 Control for Normal Operation - PDDG

For the PDD, the control system for normal operation is shown in Figure 4.9. Generator d-axis
current demand, representing the generator torque, is controlled via the main converter DC-link
current. Due to the significant commutation overlap from the generator reactance, the d-axis
current will be related to the DC-link current and the generator voltage, so a Pl controller is used to
regulate the d-axis current. This reduces the torque control bandwidth significantly, but further
work may allow relatively accurate feedforward values for the DC-link current to be estimated,
improving the controller bandwidth.

Generator Rectifier ]DC Inverter Grid Transformer

i

A lgrrd
Grid Filter

le a —|<} }

A
VDC
Yy d

L.
T Generator b | Ide | | Grid Filter

I Control Control Control

y .o Y

Figure 4.9 PDD control for normal operation

DC-link current control is similar to that used in the SCG, but in this application it is not
necessary to regulate the DC current ripple caused by the rectifier. Because of this, the averaging
filter is removed from the control system in Figure 4.6, and an average generator voltage is used
as a feedforward term as opposed to a continuous estimation of the rectifier voltage ripple.

4.7.3 Fault Ride-Through Control

Control of the converter, particularly the SCG converter, during grid faults is a complex issue due
to several aspects of the converter:

e The line-commutated converters used for the main power path require a strong grid in
order for the thyristors to properly commutate, which will be absent during a significant
voltage dip.

e Asignificant voltage dip will require the rectifier to operate at a high firing angle, which
will increase the DC-link current ripple significantly. For the SCG, the ripple cannot be
controlled by the inverter as in normal operation, as it is already operating at minimum
firing angle.

e The rectifier thyristors can only be naturally commutated within certain intervals, and
with the low frequency of the SCG the time before the firing angle can be changed in
the event of a grid fault may be significant. This could lead to a large DC-link over-
current.

The last two problems could be solved by increasing the size of the DC-link inductor
significantly, limiting the rate at which the current can change and the size of the current ripple.
However this would significantly increase the converter cost as well as reduce the torque control
bandwidth.

97 | Page
(INNWIND.EU, Deliverable D3.31, Converter designs tailored to SC and PDD concepts)



VIND

R

— .;H

The proposed solution is to use the active filters to assist or force the commutation of the
thyristors. The grid-side active filter can assist the commutation of the inverter thyristors, while the
generator-side filter for the SCG converter can force-commutate the rectifier thyristors to allow
instant switching.

The method of assisted commutation is explained using the diagram in Figure 4.10, which
represents the commutation of the rectifier between devices 1 and 3, which represent the upper
devices connected to phases A and B respectively. During commutation, the large DC-link
inductance means that the DC current ioc can be considered constant. The fact that the generator
inductance is significantly larger than the filter inductance means that the generator currents igs,
i and igc can also be considered constant, with commutation occurring through the filter
inductance. The active filter strings have voltages v, v and vue.

Just before the firing pulse is sent to thyristor 3, the voltage across both thyristors is ramped
down to zero at time tz, at a rate determined by the previously calculated dv/dt. This is achieved
using the active filter, by ramping v and vm to the average of both values. To prevent filter
switching during commutation, the nearest whole number of levels are activated and PWM
switching is temporarily disabled.

After the switching pulse is sent to device 3 at time t2, and firing angle «, the voltage between
points B and A, vsa, will be zero, and vs will be raised above v by an amount Veomm in order to
commutate the current between the devices via the active filter and inductor Lr. Veomm is kept at
one active filter voltage level, which ensures that commutation occurs even with a low generator
or grid voltage while keeping the di/dt to the specified limit. This occurs for a specific time after
the switching pulse, calculated to allow for commutation to fully occur, with the active filter
returning to normal operation at time ts.

( i y L JH)__.

&

=
\ B
{;
N
o

Figure 4.10 Rectifier commutation

This method also allows for force-commutation of the thyristors, allowing the firing angle to be
changed instantaneously or the rectifier devices switched off altogether. Force commutation
requires the negative voltage across the device which has switched off to be maintained for longer
than the turn-off time tq [4-11], which is around 1.5ms for the medium-voltage devices used in this
study.

During severe voltage dips, which would require a large rectifier firing angle and the associated
huge DC current ripple, it is proposed that the rectifier only be operated for brief pulses. The
remaining time forced-commutation can be used to place it in a shoot-through state, with the top
and bottom thryistors from a single phase activated, and the others blocking.

One aspect of grid fault ride-through control which has not been considered is the application of
dump resistors. To protect the turbine structure it is desirable to avoid a rapid reduction in
generator torque, which would occur when a grid voltage dip reduces the power which can be
exported. Because of this, dump resistors are needed to absorb the excess power until the grid
voltage can be restored or the turbine is allowed to disconnect and come to a gentle stop. One
method of connecting a dump resistor might be to include an additional thyristor bridge connected
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to the generator, as shown in Figure 4.11. This will increase the size and cost of the converter, but
the increase will be small due to the thyristors making up a small part of the overall size and cost.

Additionally, control of the active filter DC-link voltage during a grid fault has also not been
considered. If the generator is de-torqued, then the generator current must be reduced to zero,
and the energy stored inductively in the generator coils will be passed into the active filter, causing
the DC-link voltages to increase significantly. The use of a dump bridge as described in the
previous paragraph will alleviate this problem, but if a dump bridge is not used then dump
resistors will need to be included in the active filter modules.

Dump bridge
] R
Dump
Main bridge
Y Y
(\J vy } LD('
L rryy
Generator )
Active filter
3 5

Figure 4.11 Generator dump resistor connection.

4.7.4 Series operation of converters for segmented generators

For the PDD, with each generator segment having the same voltage and each rectifier having
the same DC-link current, power will naturally split evenly between segments. For the SCG, each
segment has its own active filter which controls the generator current. If the generator current
demands for the segments are identical, and the segments produce the same EMF, then power
will be evenly split between segments.

An issue with adapting the non-segmented controller for the segmented SCG is that the main
converter DC-link current is controlled to regulate the active filter DC-link voltage. As there are now
four separate active filters each with their own DC-link, then it is not possible to regulate the
separate DC-link voltages independently. One solution would be to have the overall generator
torque demand control the main converter DC-link current, with the active filters regulating their
own DC-link voltages through the individual segment current demands, but this reduces the
directness of the torque control.

Instead it is proposed that the main converter DC-link current is controlled to regulate the
average DC-link voltage of all four filters, with the segment torque demand for each filter modified
depending on the deviation of that filter's DC-link voltage from the average. In this case, the sum
of the torque demands for each segment will equal the overall torque demand, and in the steady
state all segment torque demands will be equal.

4.8 Modelling and Simulation Studies

The converter for the 10MW non-segmented superconducting generator was simulated in
Simulink. The segmented generator was also simulated, but found to be relatively similar in
performance but without the issue of balancing the DC voltages of the different phase strings. All
simulations were carried out based on rated wind speed, with a constant wind speed. For the
generator-side filter, the filter capacitance is increased by a factor of three over the minimum in
order to prevent instability due to issues of voltage balancing between phases. It will be shown in
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section that voltage balancing issues limit the controller bandwidth, which will either require a

reduced control bandwidth or increased capacitor sizes.

Figure 4.14 shows the response of the converter to a generator torque demand, at 0.1s.
Response speed is relatively fast, but a slight dip in the overall filter DC voltage is evident.

Figure 4.14 shows the overall filter DC voltage, but if this is decomposed into the voltages of the
individual phase strings then the resulting response is shown in Figure 4.15, in which the inter-
phase balancing is not activated. It is clear that the step response causes an unbalance in the DC
voltage of the phase strings, with the final average voltage dependent on the trajectory of the DC
voltage at the time of the current demand step.
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Figure 4.14 Generator torque step response.
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Figure 4.15 Generator active filter DC-link voltage for the three phase strings.

The DC voltage balance with the voltage balancing controller activated is shown in Figure 4.16,
along with the generator current and torque. The balancing controller can be seen to eliminate the
unbalance within 0.4s, which is a comparatively long time, and also causes a minor ripple to the
generator torque while the unbalance exists. If the torque control bandwidth is severely reduced
then inter-phase DC voltage balance can be maintained, but this may be undesirable in terms of
the turbine control. Otherwise, the filter capacitance will need to be doubled to accommodate the
overshoot, greatly increasing cost.
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Figure 4.16 Generator active filter inter-phase DC voltage balancing.

Operation of the inverter side of the converter is shown in Figure 4.17, in which the grid
impedance is assumed to be much smaller than the 0.1 P.U. leakage reactance of the grid
transformer, and is therefore ignored. The operation of the commutation assistance system can
be seen in the filter voltage, with the phase voltages briefly becoming equal around the time of the
thyristor switching instants. Distortion in the grid current can be seen around the thyristor
commutations. This is due to the relatively high inductance of the filter coupling inductor, despite
it being around 10 times smaller than the main grid coupling inductance. The distortion could be
reduced by increasing the switching frequency, allowing a higher controller gain, which would
increase losses, or by choosing a thyristor with a higher di/dt rating, allowing a smaller filter
coupling inductance but increasing cost.
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Figure 4.17 Inverter commutation in normal operation.

Response to a grid fault is shown in Figure 4.18. At 0.5s, the grid voltage is reduced to 10V,
which triggers the converter to enter a fault ride-through mode. In this case, the rectifier thryistors
are force-commutated so one phase leg is in a shoot-through state and the others are off,
disconnecting the generator. The active filter forces the generator voltage to zero, and the DC-link
current free-wheels, with a slow decrease. The grid-side active filter maintains the grid current,
and assists commutating the inverter thyristors.

Not shown is the generator-side filter DC voltage, which increases significantly due to having to
absorb the energy stored in the generator inductance. For this reason, dump resistors will be
required even if it is not required to maintain the generator torque.

It is expected that at very low grid voltages, the rectifier will switch on for brief pulses in order to
transfer energy into the DC inductor and maintain the current. For less significant voltage dips the
rectifier may continue operating at a high firing angle.
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Figure 4.18 Response to grid fault.

The PDD generator converter was simulated on the generator side, with the rest of the converter
represented using a current source. Generator current and torque are shown in Figure 4.19, with
the significant commutation overlap evident in the generator current. The generator current

waveform a

One method of reducing the torque ripple may be to phase shift the individual segments of the
generator, and if four segments are used then a phase shift of 15° between segments
will offer the greatest reduction in torque ripple. Such a system would give the torque ripple shown
20, which shows a greatly reduced torque ripple compared with the ripple from the

segmented

in Figure 4.

Iso leads to a significant torque ripple.

individual segments.
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Figure 4.20 PDD multi-phase generator torque.

4.9 Discussion and Conclusions

Converters based on current-source topologies have been evaluated for use with
superconducting and pseudo direct-drive generators. Voltage-source active filters are used to
reduce grid-side current harmonics and ensure thyristor commutation during grid faults, and to
provide a low current distortion to the superconducting generator.

Compared to Deliverable 3.32, converter designs are updated for the more recent generator
parameters and segmented generators are added. Additionally the active filter is eliminated for
the PDD generator, as the current distortion is considered not to be a problem. Finally, the
coupling inductors for the active filters have been designed, based on the di/dt ratings of the
thyristors, and thristor snubbers designed based on the dv/dt limit.

The segmented SCG allows the use of more conventional 2- and 3-level active filters, compared
with the cascaded active filter for the non-segmented generator, which reduces the DC
capacitance requirement considerably, resulting in a significant cost reduction particularly at
10MW. However, losses in the generator-side thyristor snubbers are greatly increased, which is
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significant at low wind speeds. Overall losses are also increased due to the higher currents from
operating at a slightly lower voltage. For the 10MW SCG, segmentation also significantly reduces
the physical size of the active filter, reducing the overall converter size and mass, although mass
is largely dominated by the DC-link inductor. This is less significant for the 20MW generator, as the
3-level converter requires a significantly higher DC capacitance leading to a higher relative size,
cost and mass.

Operating the PDD without an active filter results in a significant commutation overlap in the
rectifier, due to the inductance of the generator, which has the effect of reducing the generator
terminal voltage and increasing the current. This raises the losses in the converter, and will also
increase losses in the generator, which was not considered in this study. Due to the relatively high
frequency of the PDD generator, an active filter would not be particularly large or expensive, and
the cost may be worthwhile to increase efficiency. Another option may be to use a smaller active
filter which only operates to assist commutation. Finally, if the generator reactance can be
reduced with minimal additional expense, then this would significantly increase the generator and
converter efficiency.

Another consequence of operating the PDD without an active filter is that the current distortion
results in a significant generator torque pulsation, which may be an issue for the turbine structure.
Phase shifting the segments of the segmented generator can significantly reduce this pulsation. It
has also been suggested that the PDD produces a trapezoidal EMF, which would result in lower
torque pulsation, but simulation of a generator with trapezoidal EMF showed that the rectifier
would not commutate, so the generator reactance would need to be reduced.

Control of the converter has been simulated at rated wind speed. A particular issue for the non-
segmented SCG is in maintaining the balance of DC-link voltage between the three phase strings
of the generator-side active filter. By nature, the control system is slow, and a sudden step change
in generator current demand will result in a significant unbalance in DC voltage. This means that
either the DC-link capacitance must be increased, significantly increasing cost, or large and rapid
torque increases must be avoided, although these are undesirable in any case.

Control of the SCG converter during severe voltage dips has also been simulated. In this case,
the generator-side active filter is used to force commutate the rectifier thyristors, allowing instant
switching outside of the normal commutation window, while the grid-side active filter assists in
commutation of the inverter thyristors. This addresses most of the problems associated with using
current-source converters in renewable energy applications. A limitation in the grid fault operation
presented here is that it has only considered a severe voltage dip, and has not considered
operation when the voltage dip is less significant.

In all converter designs here the converter is designed to be fault tolerant. An extra thyristor is
added to each stack of the inverter and in the rectifier of the non-segmented generators in order
to provide redundancy, while failure of individual rectifiers in the segmented system are tolerated.
The modular active filters are capable of fault-tolerance, with extra modules added to the grid-side
active filter. On the rectifier side, module faults will reduce the maximum voltage output, limiting
the turbine speed, although the exact response of the converter to module faults has not been
simulated [4-12], [4-4].

A major uncertainty is related to current control of the main current-source converter,
particularly during less severe voltage dips and at lower wind speeds when the average current is
lower and the inverter firing angle is higher. At these points, the DC current ripple will be higher
while the average current is lower, and at low wind speeds it may be necessary to increase the
rectifier firing angle to increase the DC current, which would increase all losses. Alternatively it
may be necessary to increase the size of the DC inductor, increasing the cost, although the
inductor designs presented in this report may not be representative of a real-world inductor, so the
existing costs may not be accurate. It should be noted that due to the active filters a low DC
current ripple is not strictly necessary, although a higher ripple will lead to higher losses due to the
higher peak current.
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5 CONCLUSIONS

In this report, the power converters are designed for the 10 and 20 MW wind turbines based on
the SCG and PDD concepts, where the unsegmented and the segmented SC and PDD generators
are both considered. The Chapter 2 designs the power converter based on VSC for the wind
turbine tailed for SC generator. The Chapter 3 designs the power converter based on VSC for the
wind turbine tailed for PDD generator. The Chapter 4 designs the power converter based on CSI
for the wind turbine tailed for SC and PDD generators. In this report, the passive components and
the active components for the power converters are designed and the total cost for the power
converters are investigated. In addition, the size and the weight of the power converters are
assessed. The efficiency, energy capacitor and wind energy cost contributed by power electronic
system is also investigated. Finally, the control systems for the power converters are designed and
the simulations have been performed for both normal operation and for ride-through grid faults
Table 5-1 lists the cost, size, weight, and CoE of the designed power converters in this report.

Table 5-1
Comparison of the designed power converters
Power | Gen. Power | Seg. Gen. | Total Size Weight | AEP CoE
Conver (MW) type cost (m3) (kg) (MWh) | (€/MWh)
ter (k€)
10 non-seg. T8 841.9 30.4 10710 47588 0.71
SCG Seg. T8 861.1 46.4 19308 47423 0.73
VSC 20 non-seg. T10 1508.7 | 34.3 12822 95171 0.63
Seg. T10 1595 60.8 21420 95018 0.67
PDDG 10 non-seg. 859 26,69 | 8550 47020 | 0.731
20 Seg. 1823 59.37 | 17100 93799 0.777
non-seg. 75,6 499 23.8 7040 47,668 | 0.419
10 78,9 452 20.3 6040 47,635 | 0.380
Seg. 15,6 376 20.7 5820 47,611 | 0.316
SCG 78,9 384 20.7 5590 47,464 | 0.323
non-seg. T10 760 30.7 9880 95,580 | 0.318
csl 20 T11 824 34.7 11100 95,607 | 0.345
Seg. T10 711 30.0 | 9680 95,335 | 0.298
T11 777 33.0 10800 95,370 | 0.326
10 non-seg. 402 17.8 7590 47,436 | 0.339
PDDG Seg. 376 19.9 7780 47,524 | 0.317
20 non-seg. 619 26.7 11100 | 95,388 | 0.259
Seg. 601 26.7 11100 | 95,458 | 0.252

The current-source converters have a considerably lower cost than the equivalent voltage-source
converters, which is similar to the findings in the WindPACT study in the US [4-11]. Compared with
the load-commutated converters in that study, the converters under consideration here add active
filters on the grid side of the converter, and the generator side for the superconducting generator.
This is necessary in order to comply with regulations on grid harmonics and grid fault ride-through,
as well as limiting harmonics in the superconducting generator. The additional cost for the active
filter is somewhat compensated by the reduction in passive filtering and reactive power
compensation components.

The voltage-source converters considered in this study have a considerable cost for the passive
filtering components, which is not required with the tandem converter as the multilevel active filter
leads to a low current ripple using just the generator and transformer inductances, leading to a
significant cost saving on passive components.

However, the tandem converter has a significant uncertainty, as it is there has been relatively little
research on its design and control, with the converter control in particular beign complex due to
the use of two parallel converters. This, however, could be solved with further research and
development.
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The cost of CSI option may be significantly influenced by the rating of active filters which are
voltage source converters. If the active filters are required to support the operation of thyristor
converters during a grid fault, such as fault ride through. significant larger current ratings would be
necessary than that required for only harmonic compensation. Further investigations are needed
to determine the required rating of the active filters and the cost, as well as the operation and
control strategies under both normal situation and disturbance conditions.

A more significant problem is that while the tandem converter may be suitable for 10 and 20MW
wind turbines, such devices will represent a small part of the wind turbine market and the power
electronics market as a whole. Hence a converter dedicated to this application will have a low
production volume, and be expensive by its novelty. The increased flexibility of the 3-level NPC
converter, and its use in multiple multi-MW industrial applications, means that in reality this
converter design may be cheaper overall due to increased production volumes.
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