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EVOLUTION OF ENERGY CONVERTERS
FOR WIND TURBINES

A wind generator system requires a power conversion circuit called a
power converter that is capable of regulating the generator frequency and
line voltage. Several types of converter topologies have been developed over
the past decades; each of them has its own advantages and disadvantages.
Currently, there are mainly two converter topologies used in industrial
wind turbines. Most of the proposed converters require line filters and
transformers to improve the power quality and raise the voltage level
accordingly. These heavy and bulky components add significantly to tower
construction, turbine installation and maintenance costs. Recent advances in
power semiconductors and magnetic materials have led to the development
of new converter designs that could be a possible solution to reduce the size,
weight and cost of power converters. This article provides an in-depth study
of energy converter technology, ongoing research and development.

Keywords: wind generator; power converters, research and
development,; modern devices and materials.

Introduction

Wind energy has continued the worldwide success story as the wind power
development is experiencing dramatic growth. According to statistical data the
cumulative installed wind power capacity in 2014, 2017 and 2020 were 74.0,
158.86 and 282.43 GW respectively; almost doubled in every three years. The
dynamic growth of wind power directly pushes the wind technology into a more
competitive area. Therefore, it is essential for scientists and researchers to find out
the effective technologies for the wind power generation systems. The variable
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nature of wind energy sources (in terms of the real power, reactive power, output
voltage, and frequency) is a major challenging issue. The conversion of an input
AC power at a given frequency and voltage to an output power at different
frequency and voltage can be obtained with static circuits called power converters,
containing controllable power electronic devices. Various power converters have
been developed to fulfil the requirements of the wind power generation. Each of
them has some advantages and some disadvantages. The traditional converter
voltage level is in the range of 380-690 V due to the low generator voltage rating
and the use of two-level converter topology. To reduce the electrical losses, a
power frequency power-transformer is commonly used in wind power generation
system (usually installed inside the turbine nacelle) to step-up the voltage to
medium voltage level (e.g. 10-35 kV), as shown in Fig. 1. This heavy and bulky
transformer significantly increases the weight and volume of the nacelle as well as
mechanical stress of the tower. Nowadays components can handle higher current
and voltage ratings, the power loss decreases and the devices become more reliable
for the control of megawatt scale power thanks to the power electronics as a rapidly
developing technology. The price is still decreasing, and power converters are
becoming more and more attractive which means improving the performance of
wind power generation systems. With the advent of new power semiconductor
devices, different soft magnetic materials with high magnetic saturation flux
density and low specific core loss are conceived to reduce the weight and volume
of medium or high frequency-link [1].

Figure 1 — Fully-rated converter based wind turbine generator system

These recent advances have led to the development of new medium voltage
converter system, which would be a possible solution to eliminate the transformer
of the wind turbine generator systems. This chapter aims to a comprehensive study
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of traditional converter technologies for wind turbine generator systems. In addition
the challenges, current research and development trends, possible future directions
of the research to develop new converter topology for future wind turbine are also
considered in this chapter.

Materials and methods

2 Converters for wind turbine generator systems

In the last two decades different converter topologies have been investigated
for power conditioning of wind turbine generator systems. All the proposed
converters have some advantages and some disadvantages. Only diode rectifier
based unidirectional converter and back to back bidirectional converter topologies
are commonly used in the commercial wind turbine generator systems.

2.1Diode rectifier based converter

In this converter system a variable frequency and variable magnitude AC
power from the wind turbine generator is firstly converted to a DC power by a diode
rectifier circuit and then converted back to an AC power at different frequency and
voltage level by a controlled inverter. The diode rectifier (uncontrolled rectifier)
based converter system transfers power in a single direction e.g. from generator
to the grid. This type of power converter is normally used in a wound rotor
synchronous generator (WRSG) or a permanent magnet synchronous generator
(PMSG) based wind power generation system instead of an induction generator.
In WRSG based system, to achieve variable speed operation the systems use an
extra excitation circuit, which feeds the excitation winding of WRSG. The PMSG
based wind turbine generator systems are equipped with a step-up chopper circuit.
The step-up chopper adapts the rectifier voltage to the DC-link voltage of the
inverter. Controlling the inductor current in the step-up chopper can control the
generator torque and speed. The diode rectifier with step-up chopper based power
conditioning system is illustrated in Fig. 2. The output voltage and input current
of the diode rectifier and step-up chopper based converter system are shown in
Figs. 3 and 4, respectively. The frequency spectrum of the output voltage of diode
rectifier and step-up chopper based wind power conditioning system is depicted
in Fig. 5. In this converter system the grid side inverter controls the active and
reactive power delivered to the grid. The output voltage of this converter system
is in the range of 380-690 V. Therefore, a step- up transformer is commonly
installed inside the nacelle to feed-in the energy into an medium voltage grid.
Many power semiconductor vendors such as Semikron, ASEA brown boveri
(ABB), IXYS, and Mitsubishi Electric produce devices specially designed for this
type of converter in a module form, all the devices in a single pack, which reduces
the cost and complexity of the power conditioning system. Semikron developed
SKS 660F B6U+E1C+B6CI 250 V06 and IGDD6-4-426-D3816-E1F12-BL-FA
modules for diode rectifier based power conditioning systems. According to the
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internal circuit configuration the SKS 660F B6U+E1C+B6CI 250 V06 module
is suitable for PMSG based wind turbine generator systems and IGDD6-4-426-
D3816-E1F12-BL-FA module is suitable for WRSG based wind turbine generator
systems. Mitsubishi Electric developed CM100MXA-24S module with this
converter topology which can be used for both WRSG and PMSG based wind
turbine generator systems.

Figure 2 — Diode rectifier based converter topology

Although it is a cost effective choice, the power quality of this converter
system is critical to the selection. A summary of advantages and disadvantages
is presented as below:

Figure 3 — Output voltage of diode rectifier based converter,
where inverter switching frequency is 2 kHz

Advantages:

Low system production cost and

Simple to implement

Disadvantages:

Diode rectifier produces a large amount of harmonics (input current), which
affects the performance of theutility system

Higher harmonic losses (output voltage) and

Unidirectional power handling capability
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Figure 4 — Input current of diode rectifier based converter

Figure 5 — Output voltage frequency spectrum
of diode rectifier based converter system

2.2 Back to back converter

The controlled rectifier and controlled inverter based converter is called
back to back converter consisting of two conventional pulse width modulated
(PWM) voltage source inverters (VSIs). It differs from the diode rectifier based
converter for the rectification stage, where the diode rectifier with chopper circuit
is replaced by controlled rectifier as shown in Fig. 6. The controlled rectifier
gives the bidirectional power flow capability, which is not possible in the diode
rectifier based power conditioning system. Moreover, the controlled rectifier
strongly reduces the input current harmonics and harmonic losses. The output
voltage and input current waveforms of a back to back converter are illustrated
in Figs. 7 and 8, respectively. The grid side converter enables to control the active
and reactive power flow to the grid and keeps the DC-link voltage constant,
improving the output power quality by reducing total harmonic distortion (THD).
The generator side converter works as a driver, controlling the magnetisation
demand and the desired rotor speed of the generator. The decoupling capacitor
between grid side converter and generator side converter provides independent
control capability of the two converters. A simulation analysis of back to back
converter based wind turbine generator system was carried in [2]. The harmonic
spectrums of the back to back converter are shown in Fig. 9. Due to some special
features this converter topology has received great attention recently. Many power
semiconductor manufacturers such as Semikron, ASEA brown boveri (ABB),
Hitachi, Siemens, IXYS, and Mitsubishi Electric produce components in a module
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form, all the devices in a single pack; suitable for this converter, which makesthe
converter compact and lightweight. As an example, Semikron developed SKS C
120 GDD 69/11-A3A WA B1B module for power conditioning of synchronous
and double-fed generator based wind power systems. The back to back converter
can be used for PMSG and squirrel cage induction generator (SCIG) based wind
power generation systems. Siemens employs back to back converter for power
conditioning of SCIG based wind turbine generator systems. The voltage rating
of the most common generators is usually in the range of 380—690 V except
that Repower employs 6.6 kV DFIG. Therefore, converter voltage level is also
in the range of 380—690 V due to the low generator voltage rating and the use
of two-level converter topology. In order to integrate the wind turbine with local
medium voltage grid a step-up transformer is normally installed inside the nacelle
of the wind turbine. In the last two decades a lot of research and development
have been reported to improve the performance of this converter. New control
schemes were proposedto improve the performance of inverter section [3, 4] and
field programmable gate array (FPGA) based reconfigurable control strategy has
been proposed [5]. An integrated control strategy of back to back converter has
been developed for direct drive PMSG based wind turbine systems [6].

Figure 6 — Back to back converter based wind turbine generator system

Figure 7 — Output voltage of back to back converter
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Figure 8 — Input current of back to back converter

Recently, the back to back converter has also attracted significant interest
for partial rating converter applications, where the wind turbine system employs
doubly-fed induction generator (DFIG). The block diagram of DFIG based wind
turbine generator system with back to back converter is shown in Fig. 10.

Figure 9 — Frequency spectrum of the output voltage of back to back converter

Several manufacturers such as ABB, Repower, Vestas, GE Wind, and
Ecotecnia currently employ DFIG concept for modern wind turbine systems. To
obtainsub- and sup-synchronous speed operations the rotor side converter must
be able to handle slip power in both directions. When the turbine speed is below
the synchronous speed, the power input to the system through the stator winding
is balanced by subtracting a small portion of power from the system through the
rotor circuit. On the other hand when the shaft speed is above the synchronous
speed the power is balanced by adding a small portion of power to the system
through the rotor circuit [7]. To improve the performance of the back to back
converter based wind turbine generator system several literatures have proposed
different control topologies.

Previously, the development and design of DFIG, using an inverter in the
rotor circuit with a vector control circuit, was described [8].

In order to improve the fault ride-through capabilities and crowbar dynamics
of the system an internal model control controller has been proposed in [8].
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Figure 10 — DFIG based wind turbine generator system
with back to back converter

Conclusions

The back to back converter is a bidirectional power converter.

The DC-link voltage can be boosted to a level higher than the amplitude
of the grid line to line voltage in order to achieve full control of the grid current

The capacitor between the inverter and rectifier makes it possible to decouple
the control of the two inverters, allowing the compensation of asymmetry on both
the generator side and the grid side.

The component costs are low (commercially available in a module form).

Disadvantages:

The presence of the heavy and bulky DC-link capacitor increases the costs
and reduces the overall lifetime of the system

Another important drawback of the back to back converter is the switching
losses. Every commutation in both the grid inverter and the generator inverter
between the upper and lower DC-link branch is associated with a hard switching
and a natural commutation

The back to back converter consists of two inverters, so the switching losses
might be even more pronounced

The high switching speed to the grid may also require extra EMI-filters, and

The combined control of the controlled rectifier and inverter is quite
complicated.
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current, power of static losses at the switching stages of an inverter with pulse-width
modulation for power supply systems with renewable energy sources] // PMU
xabarshy sy =Vestnik PGU. Ser. E'nergeticheskaya. —2014. - Ne 3. —S. 129-137.

8 Sarsikeyev, Y. Zh., Kaidar, A. B., Lukutin, B. V., Obukhov, S. G.,
Kislov, A. P., Markovsky, V. P., Shapkenov, B. K., Akayev, A. M., Sarsikeyeyv,
Y. Zh. Turbulent wind component using Kaimal s function = Turbulentnaya
sostavlyayushhaya vetra s funkciej Kaimal [Sarsikeyev, Y. Zh., Kaidar, A. B.,
Lukutin, B. V., Obukhov, S. G., Kislov, A. P., Markovsky, V. P., Shapkenov B. K.,
Akayev, A. M., Sarsikeyev, Y. Zh. Turbulent wind component using Kaimal
s, function = Turbulent wind component with the function Kaimal] / PMU
xabarshy sy '=Vestnik PGU. Ser. E'nergeticheskaya. —2014. — Ne 4. — P. 120-125.

Material received on 19.03.21.

C. K. Ulepwvszos!, C. C. Heenoé’, A. B. Katioap?
Keani rypOunasapra Heprusi KOHBepPTePJePiHiH IBOTIOUUSICHI
'0HTYCcTiK Opan MeMJIEKEeTTIK arpapiiblK YHHBEPCUTETI,
Peceii denepanuscer, Yensoi K. ;
?Kazak arporexaukanbik yausepcureti C. Ceidymius,
Kazakcran Pecniyonukacer, Hyp-CyoiraH K.;
3«Alstom, EKZ» KOMIIaHHUSACEI,
Kazakcran Pecnyonukacer, Hyp-CyuitaH K.
Marepuan 19.03.21 6acnara TycTi.
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C. K. lHlepwvszos!, C. C. Heenoé’, A. B. Katioap?

JBoaonus npeodpa3oBartesieil IHEPTruM A1 BeTPOBBIX TYpOUH

"TOxHO- YpaJbCKHid TOCYAapCTBEHHBIN arpapHOBIil yHHBEPCHUTET,

Poccuiickas ®enepanusi, . UensOMHCK;

’Kasaxckuii arpotexunyeckuit yausepeutet umenu C. Ceiidymnunna,

Pecnyonuka Kaszaxcran, r. Hyp-Cynras;

SKommanus «Alstom, EKZ»,

Pecny6nuka Kazaxcran, . Hyp-Cynran.

Marepuan noctynui B penakiuto 19.03.21.

Ken eenepamopui Jucylieci eenepamop dicuiniei MeH Jiceniniy KepHeyin
pemmeyee Kabilemmi Kyam mypieHOIpeiui 0en amaiamsli Kyammol
KoHgepcusiiay mizoezin Kaxcem emeoi. CoH2bl OHIHCHLIOLIKMA MY PIeHOIpeiu
MONoNo2UsIHBIH OIPHeue mypi Hcacanobl,; 01apobll OPKAUCHICLIHbIY O3iHOIK
apmMulKIUbLILIKMApbl MeH Kemwinikmepi 6ap. Kazipei kez0e onoipicmix gicein
MypOUHANAPBIHOA He2I3IHeH eKi KOH8EPMEPIIK MONOI02Usi KOJLOAHbLIAObL.
¥evinvinamoin myprenoipeivimepoiy konwiiniei Kyam canacoli Jeakcapny
JiCOHe KepHey OeHeellin COlKeCiHule Komepy YWIH HCeliniK cyseliep
MeH mpancgopmamopnaposl Kadxcem emedi. Byn ayvip dicone Komemoi
KOMROHeHmmep MYHapa KYpblibiCblHA, MYPOUHAHbL MOHMANCOAY MeH
Kbl3Mem Kepcemy wbl2blHOapbiHa aumapavikmai Kocaovl. JKapmoiiati
omKizeimmep MeH MASHUMMIK MAmepuaioapobiy COHebl JCemicmikmepi
Kyam mypieHOIipeiumepiniy KOJeMIH, CAIMAZbIH HCOHe KYHbIH MOMEHOeny
YULiH MYMKIH wewin 60J1a anamvii Jcana mypieHOIpeiul KOHCMpPYKYUSIAPbIH
Jrcacayea oxendi. byn maxanaoa suepeust myprenOipeiuimiy mexHoa02UsChl,
JICYPRIININ AHCAMKAH 3epMmeyiep MeH 93ipiemenep Mmeper 3epmmenceH.

Kinmmi cezdep: osicen eenepamopul, Kywmik mypienoipiwumep,
3epmmeyep MeH d3ipiemenep, 3aManayyu acnanmap MeH Mamepuanloap.

Cucmema eempoezeHepamopa mpebyem cxemvl npeodopaz06anus
IHepeuu, HA3bleaeMol npeobpazosamenem MOWHOCMU, KOMOPAsL
CnOCOGHA pecyiuposams 4acmomy 2eHepamopa U HAnpsdlceHue 6
cemu. 3a nocnedHue decsmujemusi 6vl10 pazpabomanHo HeCKONbKO
MUn08 Monoso2utl npeobpazosameiell; y Kaxcoo2o u3 HUx ecms ceou
docmouncmea u Heoocmamiu. B nacmosiuee pems 8 npoMbIUIEHHbIX
6eMPAHBIX MYPOUHAX UCNOTLIVIOMCS 6 OCHOGHOM 08€ MONOI02UU
npeobpazosamerei. /s 60abUUHCMBEa npediazaemvlx npeobopazosameriell
mpebylomcsi cemegvle GUIbMPbL U MPAHCHOPMAMOPbL OJisL YIIVHULCHUSL
Kauecmea 3JeKmpoIHepeUU U COOMEEmCmeyoulec0 nogululeHUs ypPOosHs.
Hanpsiicenusi. Dmu magjcenvie u 2pOMo30KUe KOMNOHEHNbL 3HAYUMETbHO
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VEEAUUUBAION PACX00bL HA CIMPOUMETbCME0 OAUIHIL, YCMAHOEKY MYpOuibl
u mexHuueckoe obcayscueanue. Ilocieonue docmudicenusi 6 obracmu
CULOBBIX NOAYNPOBOOHUKOE U MASHUMHBIX MAMEPUATO8 NPUBELU K
paspabomie HOBbIX KOHCMPYKYULL npeobpazoeamesel, Komopvlie Mo2ym
cmamo 803MOJNCHBIM peuteHueM Ol YMeHbULeHUs pasmepd, 6eca u
cmoumocmu npeobpazoseamerieli swepeuu. B smoii cmamve cooepacumes
VenyOIeHHOe UCCTIRO08ANUE MEXHONO2UU NPEOOPA306AHUSL DHEP2UL, MEKVIUUEe
uccre0osanus u papabomxu.

Knioueswie cnosa: eempozenepamop, cunosvie npeobpazosament,
UCCIe0068anUs U pazpabomyi; cospementbie nNPUOOPbL U MAMepudbl.
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