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Abstract—Wind energy installed power worldwide reached
350.000 MW in 2015 with strong prospects to grow notably in the
next 20 years.

The cases of E.U. and of Denmark are illustrated. Electric
generators and their power electronics control represent an
important part of any wind energy conversion system, besides the
turbine, tower and auxiliary electrical equipment.

Large wind generator transmission stages designs, tailored to
application, of various types with ever better performance up to
10 MW per unit are envisaged for the near future and are
presented in this lecture. The same technology is shown to be
applicable to other related industries such as pump storage and
inertial storage needed to reconcile wind energy production
variability with consumers.

Typical and new control systems for large wind generators are
reviewed also.

Index Terms— Large wind generators, control systems, pump
storage.

[. INTRODUCTION

ITH a total installed power of wind generators of above

350,000MW in action in 2015 and worldwide
orientation towards more and more renewable energy quota,
wind energy consumption and processing is assumed to grow
fast in the forthcoming decades. So the need for better large
wind generator system, in the terms of performance per cost
(initial and global lower costs) is to increase in coming years.
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Fig. 1. Power/unit evolution of wind generators

The power per unit target is 10 MW (Fig. 1), but so far two
8 MW units have been commissioned one direct drive d.c.
excited synchronous generator (Fig. 2a) and one with
transmission, at around 490 rpm by a permanent magnet
synchronous generator (Fig. 2b).
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Fig. 2. Eight MW recent wind generators: a) d.c. excited SG (direct drive), b)
PMSG (at around 490 rpm, with transmission).

Figure 3 summarizes the four main commercial types of
wind generators:
*  Cage rotor inductance generators
*  Doubly fed induction generators
*  D.c. excited synchronous generators
*  PM synchronous generators

d) I =
Fig.3. Frequently used generator topologies: a) Induction generator [©
Nordex], b) Doubly-fed induction generator [© NEG Micon], ¢) Synchronous
generator [© Enercon], d) Permanent magnet synchronous generator [©
Jeumont Industrie].
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Also an orientative list of multimegawatt wind generators in
fabrication is offered in Table I [1].

TABLE 1. TOP WIND TURBINE MANUFACTORIES IN 2013

. Generator ) used for 690 Vac and three level ones for 3.6 kV (Fig. 5a, b).
Ranking Manufacturer concents Rotor diameter Power range . X
P An extension of d.c. excited SG systems to 100 MW for
3G-DFIG  |80-110m 18- 2 MW o e )
1 |Vestas() IG-PMSG  |105-164m  |3.3-8 MW pump storage is illustrated in Fig. 6 while a DFIG system at
2 |Goldwind() DD-PMSG  |70-109m  |1.5-2.5 MW 200 MVA is shown in Fig. 7, both already commercial. The
3G-CRIG _ 110m 3MW main merit of variable speed generator system is their
3 |Enercon() DCE-SG  |44-126m _ |08-75MW flexibility for tapping the prime mover energy efficiency and
4 Siemens 3G-CRIG 82-120 m 23-3.6 MW for bett to d di d .
(Germany/Denmark) _|DD-PMSG | 101-154m___|3—6 MW or better response o demanding dynamics. _ _
5 |Suzong 3G-CRIG |52-88m 0.6-2.1 MW A panoramic view on PM wind generator optimal designs
ulzon . . . .
3G-DFIG _ |95-97m 21MW (from 0.75 MW to 10 MW) with single stage transmission and
. 3G-DFIG 77-120m 1.5-2.75 MW . . . . .
6 |General Electric(US) | pp bvsG | 113m 1MW dlI’CCt. drive is shown in T?ble 2 [1]. From thf: ta?ble it seems
7 | camesat 3G.DFIG 52— 114m  085-2 MW that single stage transmission drives are superior in Euro/kW,
1G-PMSG | 128m 45MW but other factors such as transmission reliability and oil spills
g Guodian United Power | 3G-DFIG 77-100 m 15-3MW and cost per kWh have to be considered also.
0 DD-PMSG | 136m 6 MW With thi | view in wind ab h 1
o iy 3G.DFIG  177-83m 15— 2 MW it .t 1S generz? VleW.ln wind al Qut t‘e status quo let us
ing Yang () IG-PMSG  |92-108m  |2.5-3 MW summarize some innovation trends in wind generators and
10 |Nordex () 3G-DFIG  |90-131m  |24-33MW their control.
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Fig. 4. Generic power electronics converter control of wind generators
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The generic control of commercial wind generators comprises
a back to back voltage source PWM converter at 690 Vac or
3.6 kV (on line voltage RMS), Fig. 4.

As expect two level voltage source converters have been

Fig. 5. Generic two level, a), and three level dual (back to back) converters for
wind generators, b).

F1g 6 Pﬁmp — storage SG variable speed system at 100 MW (ABB).
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B Single line diagram of a Varspeed Drive System with PCS8000 AC
excitation system

200 MVA / 12.5%

15.75kV /50 Hz

Operational modes controlled by the PCS 8000 AC excitation system

Generator mode | Feeding electrical power to the 110kV Grid
m Synchronisation with the grid (voitage, frequency)
| Control of the reactive power

The plant pumps water from the river SoSke to the upper

II. INNOVATION TRENDS ON CRIG, DFIG, DCE-SG, PMSG

SYSTEMS

A. The generators

The innovation trends in commercial large wind generator

system are nominalized here follows:
*  Topological refinements and new material,
*  Better modeling for optimal design,
*  Optimal design methodologies,
* Improved static power

(converters),

*  Active and reactive power control options,
¢ Robust control issues,
*  Motion sensor-less issues.
CRIG - cage rotor induction generators
DFIG — doubly fed induction generators

converter

Dce — SG — dc. Excited synchronous generators

PMSG — PM synchronous generators

interfaces

Let us start with the dce — SG system (Fig. 8) which
comprises a direct driven SG, a rectifier plus line side PWM
converter and a full power transformer with vector control or
direct PQ control. Also a d.c. — d.c. converter of 3-5% power

rating controls the d.c. field rotor current.

line side

reservoir which s located 500m above the plant
m Soft start without load
m Speed control in pump mode

Reactive power Supply or absorption of reactive power, this mode does

not require water

Additionally, the AC excitation system provides important functions to assure
safe operation:

| Protection against rotor overvoltage in case of failures in the grid

B Protection against rotor overcurmrents

m Protection against overtemperature of the windings

Additional functions are provided to protect the various modules of the system,

the cooling and also to act as a watchdog of the control system itself.
Fig. 7. DFIG pump storage system at 200 MVA (ABB).

TABLE 2. PM WIND GENERATOR OPTIMAL DESIGNS

ated Power [MW] 075 15 30 50 10
urbine rotor diameter D [m] 50 70 90 115 17
stimated hub height H [m] 60 84 108 140 20
ated wind speed vy [m/s] 112 113 12 12 11
Rated rotor speed 7, [rpm] 286 20.5 16 148 10
Optimal gear Ratio 4.55 ~ 533 - 636 - 7.12 - 9.7 -
Generator system dii
Generator rated speed [rpm] 130 286 | 109 205 | 102 16 105 148 | 97 10
Air gap diameter D;; [m] 18 256 | 22 39 34 50 38 75 42 100
Stator length /; [m] 04 069 | 05 089 | 04 119 [ 035 150 | 09 18
ole pitch 7, [mm] 602 5L | 71 61.2 | 80. 701 | 905 81 101395
tator slot height /1, [mm] 573 485 £ 638 L 764 | 68.1 68 8 8
tator slot width b, [mm] 89 76 X 9.2 . . 136 12 3 14
tator tooth width b, [mm] 109 93 L 11 5 i 166 4. 717
tator yoke height /1, [mm] 173 129 X 14. 5 F 224 7. 215 28.
agnet height h, [mm] 9.6 83 ; 12, 03 ; 94 25 | 98 23
agnet width b,, [mm] 421 355 | 49, 40, 61 493 | 634 68 | 709 66
System weight [Ton]
Tron 099 227 | 179 542 | 329 117 | 539 196 | 927 449
Copper 023 061 | 049 162 | 096 331 | 147 546 | 281 108
PM 010 026 | 025 070 | 034 192 | 042 235 | 071 7.02
Generator active material 131 304 | 254 773 | 459 169 | 729 274 | 1279 628
Single-stage gearbox 1.22 - 451 - [1592 - [3502 - [1805 -
Ci cost [kEuro]
Generator active material 103 263 | 227 685 | 377 161 | 552 235 | 983 578
Generator i 48 218 | 1301 705 | 312 150 | 644 458 | 127.7 1062
Single-stage gearbox 73 - 27.0 - 95.5 —~ [ 2101 - 1083 -
Power electronic converter 30 30 60 60 120 120 [ 200 200 | 400 400
Electrical subsystem 284 284 | 568 568 | 113 13 [ 189 189 | 378 378
Generator system cost 81 106 | 180 256 | 398 544 | 719 1082 | 2088 2420
Cost per kilowatt [Euro/kW] 108 141 | 120 171 [ 132 181 | 143 216 | 209 242
Reduced percentage of cost per kilowatt
based on the direct drive [%] 20 - 23 - 24 - 333 - — -
Annual energy
Copper loss [MWh] 82 149 | 141 250 | 193 415 | 240 698 | 403 1485
Iron loss [MWh] 45 30 67 46 136 80 213 120 | 464 210
Converter loss [MWh] 11 10 | 234 234 | 449 455 | 807 813 | 1773 1786
Gearbox loss [MWh] 71 - 145 - 295 - 460 - 951 -
Total loss [MWh] 309 289 | 587 530 | 1073 948 | 1720 1631 | 3591 3481
Annual Energy production (AEP) [GWh] 333 344 | 704 707 | 1372 1401 [ 2371 2429 [ 5225 53.09

rectifier

converter

]

WS B

Fig. 8 dce-SG wind generator system

The addition of PMs between rotor poles was recently
proposed (Fig. 9) and proved to produce 20% more power and
above 1% more efficiency. Inter — pole PMs reduce the
excitation field flux fringing thus increasing no load voltage
while when excitation circuit is opened the emf. produced by
these magnets is very small because their field paths close
then mainly through the rotor core.
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An optimal design methodology, using a nonlinear
magnetic circuit model, based on Hooke — Jeeves algorithm
has produced results as in Table 3 for 8 MW, at 12 rpm and
respectively 1500 rpm.

TABLE 3. OPTIMAL DESIGN OF DCE — SG, 8 MW, 3.6 KV

Parameter 12rpm 1500rpm__ | Units
Poles pairs 200 4

Rated frequency 20 50 Hz
efficiency 94.316 96.93 %
Armature Copper 180.474 31.27 kW
losses

Excitationlosses 77.696 11.253 kW
Iron losses 194.308 38.023 kW
Mechanical loses 3.559 142.543 kW
Statorinner diameter |11.742 1.0025 m
Stator outer diameter |12.0 1.592 m
Ideal core length 1.291 1.250 m
Air-gap height 2 (flexible framing) |18.75 mm
Generator total weight| 96.47 15.92 tons
Rotorinertia (active  |1774400 546.453 Kgm?
mat.)

Activematerial cost 542,714 90,692 $ USD

Considering a 97% efficiency for the transmission (with an
1500/12 ratio!) the total efficiency of the system is slightly
better for the direct drive but the initial cost the maintenance
cost of the 3 stage transmission has to be considered too.

A similar optimal design was performed for a PMSG at 480
rpm and 1500 rpm for 8 MW and 3.6 kV (Table 4). Here
however the efficiency at 480 rpm is better mainly due to
notably larger (dominant) mechanical losses at 1500 rpm.

TABLE 4. PMSG 8§ MW, 3.6KV

Parameter 480rpm 1500rpm Units
Poles pairs 7 3

Rated frequency 56 75 Hz
efficiency 98.49 97.37 %
Armature Copper losses 40.3 28.55 kW
Iron losses 40.2 31.1 kW
Mechanical loses 42.1 151.57 kW
Stator inner diameter 1.983 1.182 m
Stator outer diameter 2.181 1.525 m
Ideal core length 1.7962 2.12 m
Air-gap height 13.6 27.1 mm
Generator total weight 9.92 12.6 tons
Active material cost (pcu=10USD/kg, {439,700 355,770 USD
piron=5USD/kg, 150 USD/kg)

Active material cost 876/131,390 |779/116,920 |Kg/USD

Also, the weight is smaller but the initial cost is larger due
to more high energy magnet weight (with 100 euro/kg).
The difference in initial generator costs may cover or not

for the extra transmission ratio at 1500 rpm. Recent progress
in static converters for wind generators may be summarized as
follows.

B. Power converters and control

The about 97.5%efficiency of each side of the back to back
converter is becoming a problem with high efficiency wind
generators (97% efficiency in a 3 MW, 15 rpm PMSGQG).

Silicon Carbide and other power switches and converter
configurations [14] would be considered to increase 1.0-
1.5%more the static power converter affordably which will
show strongly in the yearly energy yield, and thus compensate
the extra initial cost of the converter. A Vienna 3 power
switch bidirectional rectifier plus a Z-type inverter may be one
of the solutions [15], but matrix converter should not be
excluded especially of the energy is to be carried out on shore
in a.c.

An advanced motion sensorless control for PMSGs (Fig.
10) should handle:

*  Self-synchronization

*  Stand-alone to grid and viceversa

*  Handling of asymmetric voltage swells and sags
*  Source side current harmonics filtering

These features are illustrated in laboratory experiments as in
Fig.11 [1].
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Fig.11. Complex sensorless vector control of PMSG [21]: a) harmonic
attenuation for nonlinear load, b) grid to standalone transition, c¢) single phase
voltage sag response.

C. New wind generator configurations

1) Superconductivity synchronous generators and power
fromers.

Superconducting

3 rotor coils
5
B -
£! -
=l Mutual magnetic
= flux flow
=
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3
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3 stator windings
v

Fig. 12. High temperature superconductivity, direct drive synchronous
generator with: a) iron back core stator (8§ MW, 11 rpm, 2.2 Hz); b) air-core
stator (10 MW, 10 rpm, 0.833 Hz)

A superconducting 10 MW, 10 rpm unit would require only
20 tons of active materials (framing and cooling hardware is
not indicated) but the efficiency is only 96% while the
fundamental frequency is only 0.833Hz [1].

Besides potential higher initial costs almost daily SC
“current replenishing” the building of such 10MW, 0.833Hz
converter is an unresolved issue in economic condition so far.
It may be that here a direct ac-ac converter (such as a cycle-
converter with low loss power switches or a matrix converter)
should be adapted.

The power former is a regular SG with cable stator winding
designed at medium voltage (up to 60 kV) which eliminates a
transformer that connects the wind generator system to the
medium voltage power grid [ABB].

2) The transverse-flux (TF)axial airgap (A - A)-PMSG
TABLE 5. TF-AXIAL-AIRGAP PMSG (3 MW, 15 RPM)

Ferrite rotor | NdFeB rotor

External diameter Dext (m) 5.04 5.04
Number of poles, 2p 216 216
Efficiency 0.968 0.970
Power factor, cos(¢) 0.7045 0.75
Active material weight (ton) 36.96 16.60
PM weight (ton) 1.98 1.76
Yield energy/year (MWh) 265.15 266.53
Generator active material ($)

Price: Ferrite 6 $/kg; NdFeB 133.8 $/kg 380014 343905

500 -100

Fig. 13. TF-PMSG (3MW, 15 rpm) one phase shown

The TF — A — A — PMSG has a low weight / kW at low
speeds and may be used both at indirect drives (Fig. 13) but
the power factor is lower though the efficiency is reasonably
high (Table 5). The ferrite PM version is a lot heavier but
notably less expensive (Table 5).

3) Flux —reversal (FR) axial — airgap (4 - A) PMSG

The FR — A — A — PMSG (Fig. 14a) is easier to manufacture
with potential modular twin stator poles and tooth — wound
coils, but it is still to be considered for wind generators
[EGH]. It is similar to Vernier machines [Lipo ECCE] with
non-overlapping windings [R. Qu, ECCE — 2016]. Even a dual
stator radial airgap version might be feasible [Topor, OPTIM
2010 (2012)], Fig. 14b.

Stator core

PM
Rotor pole
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Fig. 14. Flux reversal PMSG: a) with axial air-gap, b) with dual stator radial
air-gap.

4) BLDC multi — phase reluctance machine (BLDC — MRM)

The advantage of a not so small air-gap and of essentially
dc motor operation in a BLCD machine without PMs which
makes good use of iron and copper (all phases are active all
the time), with very large weakening capability (as dce — SG)
but without brushes or rotor windings, makes the BLDC-
MRM suitable in principle for both direct drive or
transmission drive wind generators (Fig. 15) [Weh, Boldea,
Lipo].

1 2 3 4 5 6 7 8 9
A B C

G N

nonmagnetic spider

a) axially laminated core

A Torque current

7
!
!
|
H
H
|
H
i
H
{
i
|
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b)
Fig. 15. BLDC-MRM: a) configuration, b) phase current windings

It is a multiphase machine where mr phases play the role of
excitation and m — mg=mr as torque phases as in a d.c. brush
motor, but now brushless.

M

T, =ky 'mF'(m_mF)'iF'iT

TABLE 6. BLDC-MRG, 6MW, 12rRPM

Number of phases, m 6
Polepairs, p,/f; (Hz) 70/14
Total active weight (ton) 55
Air-gap g(mm) 4
Inner stator diameter (m) 9.0
Stack length (m) 1.5
Copperlosses (kW) 180
Predicted efficiency 96%

Design results for a 6 MW, 12 rpm, BLDC — MRG are
given in Table 6 and they compare favorably with a direct
drive dce — SG.

5) Brushless doubly fed induction (reluctance) generators

Besides the DFIG, dual stator winding (pi, p2, pole pairs)
p=pi+p2 pole nest — cage or reluctance rotor machines have
been proposed and investigated now for decades for wind
generators. The absence of brushes is a strong asset by the
lower torque density, moderate efficiency and power factor are
still demerits to be treated before implementation for high
power wind generators.

P,+jO
p p
P, +jO
g Cg
~o 1
o I
< - DC link
B +jO; Rectifier
Voltage
control

Py ®py =0y

Ao, Control freq.
calculator

Rotor

End Ring

Fig. 16. Brushless doubly fed reluctance (or induction) generators & their
generic control

6) Potentially lower cost HVDC interface

HVDC transmission is recommended also for wind parks. A
potentially lower cost scheme is presented in Fig. 17.

Transformer

Double-fed IG
AC
DC
Diode rectifier
Small scale power converter
DC Excitation SG
Transformer -
XN AC
. - r ¢ () 3 HVDC
Diode rectifier
oc |
{ AC I
IG or PMSG
Transformer )
R [
|

/ ~ A\ \ AC - .

Full scale power
converter

Fig. 17. Reduced power electronics kVA HVDC transmission power line.

III. A NEW WIND POWER TECHNOLOGY: INVELOX

Invelox [31] has introduced a rather new technology to
harvest more wind energy at lower wind speed, besides the
standard wind turbines (Fig. 16, 17).
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Invelox uses ducted turbines (Fig. 19, 20) where the wind
energy is oriented into a tube (Fig. 21, 22) where the speed of

air is accelerated a few times (4 — 5 times) which means that
b i i _
B e the turbine plus the generator, operating at say 40 — 50 rpm at
rotor J rotor
diameter height

nacelle

fixed pitch
rotor blade -

10 MW/unit may be placed in the tube at the soil (or above or
under water).

[ tower

gearbox

generator
horizontal axis vertical axis

Fig. 17. Horizontal—-axis and vertical-axis turbines.

Fig. 18. Different configurations of vertical — axis wind turbines: a) Darrieus;
b) giromill; ¢) helical blade; d) Savonius; ¢) twisted Savonius

Fig. 20. Designs of airborne turbines: a) Megenn Power; b) Altaeros Energies;
c) Joby Energy; d) Makani Power

If reliable such change in topology for wind energy
harvesting and processing, in larger amounts (Fig.23) than
with standard tower — turbine systems could lead to 30 %

lower total costs per kWh as now the tower also is lighter
(possibly flexible) and less costly.
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Fig. 21. Schematic of the INVELOX wind delivery system showing its key
parts. (Courtesy of SheerWind Inc.)
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Fig. 22. Fielded INVELOX demo under evaluation in Chaska, Minnesota,
showing the sequential process of how it works. (Courtesy of SheerWind Inc.)
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Fig. 23. Energy production improvement of INVELOX compared to
traditional turbine — tower systems. The data set was collected from January
2 to January 9, 2013. (Courtesy of SheerWind Inc.)
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The hereby review of large wind technologies has revealed
spectacular wind energy penetration with generators up to 8
MW/ circuit. Quite a few innovative solutions to reduce
weight/power at high performance in the four commercial
wind generators and quite a few new promising topologies
have been proposed recently. However, we have to remain
realistic and always compare/..global costs (Euro/kWh) of
wind generator systems in comparison with other primary
resource energy conversion systems (Table 7) in order to keep
by steady improvements (Invelox) the actual positive trends
for wind energy.

TABLE 7. INVESTMENT AND GENERATION COST PER TECHNOLOGY (OECD
COUNTRIES). (SOURCE: IEA 2010)

2008 2030
Investment (US$/kW) G ion (US$/MWh)  Investment (US$/kW) G ion (US$/MWh)

Nuclear 1600-5900 42-137 3200-4500 55-80
Hydropower 1970-2600 45-105 1940-2570 40-100
Biomass 2960-3670 50-140 2550-3150 35-120
Wind-onshore 1900-3700 50-234 1440-1600 70-85
Geothermal 3470-4060 65-80 3020-3540 55-70
CCS coal 3223-6268 67-142 - 1400 94-104
Combined cycle LNG ~ 520-1800 76-120 900 78
csp 3470-4500 136-243 1730-2160 70-220
Wind-Offshore 2890-3200 146-261 2280-2530 80-95
Tidal 5150-5420 195-220 2240-2390 100-115
Solar PV (Central Grid) 5730-6800 333-600 2010-2400 140-305

IV. CONCLUSIONS

o,
X4

Design of a drive train — it is a total system optimization.
Many solutions have been illustrated — low power — often
DFIG — higher power (PM and ...).

« DFIG: at constant but also at variable stator frequency for
HVDC power levels.

% The DD-PMSG have spread up to 5 MW, but the high
price of NdFeB strong magnets (130 $/kg) leads to either
using PMSGs with NdFeB in 3(4)G drives, or in the stator
(flux switch) PMSGs.

s The DFIG may go brushless by using a rotary
transformer, switching stator and rotor — maybe also
match directly with medium voltage (>30 kV) power
grids with lower torque density — medium voltage is seen
on stator in products.

¢ To achieve an internal machine reactance in less or no PM
generator to around 1 p.u. is beneficial for inverter
operation — but may be difficult.

+»  Switched reluctance generators (SRGs) are suggested for
3(4) G configurations.

« For direct-drive SRGs, a transverse flux version is proved
capable of 96% efficiency

% Adding Ferrite PMs between the rotor poles in SGs
increases the output by 20 % and should be investigated
further for weight reduction.

% Generator design and improvements still possible — and

the power will continue to go up.

>

5

%
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