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Introduction

= Permanent magnet synchronous generator (PMSG)-based wind turbines
surpassed the market share of doubly-fed induction generator (DFIG)-based
turbines in 2017.

= Permanent magnet synchronous generator (PMSG) is main-stream solution
for wind turbines due to efficient energy production, gearless construction,

self-rotor field excitation, simple control, and increased reliability.
= Offshore wind farms are gaining attention in recent years.

= Back-to-back (BTB) connected voltage source converter (VSC) is used by many

manufacturers to connect the PMSG wind turbines to the electrical network.
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Introduction > Market Share of Turbines

m Vestas (DK) - PMSG, DFIG

m Siemens Gamesa (ES) - PMSG, SCIG

“‘ » Goldwind (PRC) - PMSG

= GE Energy (USA) - PMSG, DFIG

= Envision (PRC) - PMSG, DFIG AL ) e el e

Top 10 WT

Manufacturers = Ming Yang (PRC) - PMSG, DFIG

in 2020 turbine manufacturers in
(GW Installed) m Windey (PRC) - PMSG

2020.
‘ m Nordex (GE) - DFIG

m Shanghai Electric (PRC) - PMSG

by 9 out of top 10 wind

m CSIC (PRC) - PMSG

#6/31



@)

Introduction > Growth in the size of Turbines
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» Wind turbines above 5 MW dominate the present market
» 15-20 MW turbines will be in market by 2020 (Clipper, Sway Turbine, Sinovel, Mitsubishi, Goldwind,
Mecal, MingYang, United Power, GE Energy, and Gamesa announced projects)

» Large wind turbines: Siemens Gamesa's 14-222 DD (14 MW), GE Haliade-X (12 MW), Vestas V164 (10 MWW



Introduction - Large Turbines

MHI Vestas V164-9.5MW Siemens Gamesa SG 8.0-167 DD

GE Haliade 150-6MW Ming Yang SCD 6.0 Adwen AD 5-135
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Introduction > Powerful Turbine in the Market

HALIADE-X 12 MW

: GE Renewable Energy is developing Haliade-X
67 GWh gross AEP _ 12 MW, the biggest offshore wind turbine in the
world, with 220-meter rotor, 107-meter
63% capacity factor : _ blade, leading capacity factor (63%), and
7 4 - digital capabilities, that will help our
38,000 m? swept area ’ , ' . ity customers find success in an increasingly

: competitive environment.
Wind Class IEC: IB

Generates double the energy -
as previous GE Haliade model :

Generates almost 45%
more energy than most
powerful wind turbine
available on the market today

Will generate enough clean
power for up to 16,000
European households per
turbine, and up to 1 million
European households ina

750 MW configuration windfarm

Source: GE

Haliade-X 12 MW Chrysler
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Power Converters for PMSG WECS
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» PMSG is popular in the present wind energy market.
» Back-to-back (BTB) connected converters have highest market share.
» Passive Generator-side (PGS) and Multi-Phase (MP) converters have limited market share.

» MYV matrix converters are offered by Yaskawa, but not operational yet.
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ver Converters for PMSG WECS - BTB 2LL-VSC
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Turbine + Gearbox 2L-VSR (MSC) Regulated 2L-VSI (GSC) MYV Grid
'+ LV Wind Generator | + Harmonic Filter '+ DCLink | ! + Harmonic Filter ' | Integration !

____________________________________________________________________________________________________________________

Topology: Back-to-back connected two-level voltage source converters.

Power and voltage rating: Up to 750 kW and 1000 V (line-to-line).

Used with: SCIG, PMSG, and WRSG.

Features: Bidirectional power flow, and decoupling between generator and grid.

Commercial products: Employed by over 50 WT manufacturers.
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Power Converters for PM$SG WECS - Parallel BTB 2L-VSCs
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Harmonic Filter (Optional)

= Topology: Parallel connected BTB 2L-VSCs.

= Power and voltage rating: Up to 10 MW and 1000 V (line-to-line).
= Used with: SCIG, PMSG, and WRSG.

= Features: Modular, redundant, and reliable.

= Commercial products: Employed by over 40 WT manufacturers.



Power Converters for PMSG WECS - Multiphase BTB 2L-V$SCs

LC 2L-VSR 2L-VSI LCL
0 B Al 0 e
pen
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. é : 3
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(Optional ~ PMSG ™ i o_l *-L O_| >
with SG)  WRSG 3¢ | T n 1 | T |36
Turbine + Gearbox MV Grid
i+ LV Wind Generator | | Distributed BTB VSCs + Harmonic Filters | | Integration

______________________________________________________________________________________________________________________

Topology: Multiphase generator + BIB 2L-VSCs.

Power and voltage rating: Up to 4.5 MW and 1000 V (line-to-line).
Used with: SCIG, PMSG, and WRSG.

Features: Modular, redundant, and reliable.

Commercial products: Gamesa G10X, 4.5 MW with 6 modules.
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Power Converters for PM$SG WECS — BTB NPC Converter

4V MV-IGBT/
KT eer
LCL
T 32 3¢ ‘
Step-Up
A Transformer
i
Turbine + Gearbox NPC Rectifier NPC Inverter MV Grid
'+ MV Wind Generator | ! + Harmonic Filter P P + Harmonic Filter ' 1 Integration !

_________________________________________________________________ e
Regulated DC Link with Two Cascaded Capacitors

Topology: Back-to-back connected neutral-point clamped (NPC) converters.
Power and voltage rating: Up to 6 MW and 4000 V (line-to-line).

Used with: SCIG, PMSG, and WRSG.

Features: MV operation, low COE, better power quality, and low cable size.

Manufacturers: ABB, Ingeteam, Converteam, Areva, Shandong, XEMC-Darwind, and Zephyros
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Power Converters for PMSG WECS — Parallel LV PGS Converters
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= Topology: Six-phase diode bridge + parallel boost converters + parallel 2L-VSIs.
= Power and voltage rating: Up to 1.5 MW and 1000 V (line-to-line).

= Used with: PMSG and WRSG.

= Features: Low generator current ripple and modular.

= Manufacturers: Vensys and Goldwind.



Power Converters for PMSG WECS —> MV PGS Converter

]

] s
] |

D
Turbine + Gearbox 3¢ MV Diode 3L Boost
'+ MYV Wind Generator | Bridge Rectifier: ' 11 Converter i 11
____________________________________________ LSRR SR
Unregulated Regulated
DC Link DC Link

A 1 MV-IGBT/
KT TIGCT
LCL
T :ZZ: 3¢ ‘
Step-Up
q A A Transformer
] | |
NPC Inverter MV Grid
+ Harmonic Filter | i Integration !

_____________________________________________________

Topology: Three-phase diode bridge + 3L boost converters + NPC inverter.

Power and voltage rating: Up to 6 MW and 4000 V (line-to-line).

Used with: PMSG and WRSG.

Features: Combines low-cost diode bridge with efficient NPC converter.

Manufacturers: None.

#16/31




Control of PMSG WECS

WT

Gearbox Offshore Onshore
(Optional) MSC GSC WECP Converter  pC Cable Converter

: DC 00 AC — nc
DC o (| | ( )
Chopper | \1} | \1

DC I AC DC _ﬂ_ﬂ_ AC S ¥
Cei I\ Step-Up Offshore
2 ﬁ ﬁ Transformer  Transformer ﬁ ﬂ georsiia
Gnid
Control Control Control of Control of
of MSC of GSC Oftshore Converter Onshore Converter
[ Fault Ride-Through Controller

Offshore PMSG WECS with HVDC Transmission
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-
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Control of PM$G WECS — Overview of Control Schemes

Model

Controller Design

Nature of Controller
Implementation Platform
Modulation

Switching Frequency
Multivariable Control
Constraints Inclusion
Complexity of Concept
Steady-State Performance
Transient Performance

Computational Burden

Linear:Gontrol

Linear Load Model for Pl and
Converter Model for SVM

Pl Adjustment + Modulator
Design

Linear

Analog or Digital
PWM/SVM

Fixed

Coupled Control

Not Possible
Medium with SVM
Excellent in dg frame
Moderate

Medium

Predictive Control

Discrete-Time Model of
Complete System

Cost Function Definition

Nonlinear

Digital

Not Required

Variable (but controllable)
Decoupled Control

Easy to Include

Simple and Intuitive

Good in abc, aff and dq frames
Excellent

High

Discrete-Time Model of
Complete System

Cost Function + Modulator

Nonlinear

Digital

SVM

Fixed

Decoupled Control

Easy to Include

Bit More Complex than MPC
Excellent in all frames
Excellent

High
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Control of PM$G WECS — Overview of Control Schemes

Model Predictive Control (MPC) is like playing chess!!
» Prediction
» Optimization

» Receding Horizon Strategy

By Karophyr at English Wikipedia - Transferred from en.wikipedia to Commons., CC BY-SA 3.0,
https://commons.wikimedia.org/w/index.php?curid=2160498
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Control of PM$SG WECS > Commercial MPC Products

Medium Voltage Drives
Technology — the cornerstone of success

> 45 years

experience

1969

AC drive
development started

o

2012

ACS5000 second generation ACS580MV General ACS6080 all compatible
Power extension 13.8 kV Purpose Drive MV multidrive

2014 2017

2009

ACS2000 MV drive for
direct-to-line connection

1997

2

2016 2018

Model Predictive Torque Model Predictive Pulse

ACS1000 first IGCT-
based MV drive

1985

Megastar 3-level PWM
MYV drive with vector control

Control (MPTC) for Pattern Control (MP3C)
MegaDrive-LCl for ACS6080
ACS6000 first MV multidrive | ACS5000 first MV drive
a with PEBB technology with VSI-MF topology
Direct Torque
Control (DTC)

1993

Self-healing
capacitors Source' ABB

ABB MYV Drives Products at Glance -
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Control of PMSG WECS — Classical Control

Beference

Currents

(1)and @) | ? [ Var | Sabe | v | IFLRA
% PWM
igs comps i

comp;: Lgswyige.cOMPa: —Lggwy ige + wy Py

Block diagram of ZDC/MTPA control for MSC in PMSG WECS
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Control of PMSG WECS — Classical Control

Comparator T ookup Table
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Block diagram of DTC for MSC in PMSG WECS
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Control of PMSG WECS — Classical Control
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Block diagram of VOC for GSC in PMSG WECS -
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Control of PMSG WECS — Classical Control
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Block diagram of DPC for GSC in PMSG WECS
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Control of PM$G WECS — Predictive Control

2L-VSR
Oricinal i
ﬁ Gearbo,; LV-SPMSG e + 2
| Onpti f———
(Optional) Measured ig o-|
3¢ +
— 4" =
- ON
| T
sr(k)
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|

> T,

i ix (k) Extrapolation

1 gs\"/) !

W:n(k) ’( %) > K >15 P, r > (Optional)
PI

Block diagram of PCC for MSC in PMSG WECS

Design Procedure:

1.

Measurement of Stator Currents,

DC Voltage, Wind Speed, and Gen.

Speed/Position

Estimation of Rotor Angle
Calculation of Reference Stator
Currents

Extrapolation of Reference Stator
Currents

Prediction of Future Behavior of
Stator Currents

Generation of Optimal Switching
Signals Through Cost Function

Minimization
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Control

of PM$SG WECS - Predictive Control

2L-VSI
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Block diagram of PCC for GSC in PMSG WECS

Design Procedure:

1. Measurement of Grid Voltages and

Currents
2. Estimation of Grid Angle

3. Convert Grid Voltages and Currents
to dg-Frame

4. Calculation of Reference Grid

Currents

5. Extrapolation of Reference Grid

Currents

6. Prediction of Future Behavior of

Grid Currents

7. Generation of Optimal Switching
Signals Through Cost Function

Minimization
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Control of PM$SG WECS — Modulated Predictive Control
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Block diagram of modulated PCC of BTB 2L-VSC in PMSG WECS

K. Mileyv, V. Yaramasu, A. Dekka and S. Kouro, "Modulated Predictive Current Control of PMSG-Based Wind Energy Systems," 2020 11th

Power Electronics, Drive Systems, and Technologies Conference (PEDSTC), Tehran, Iran, 2020, pp. 1-6.
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Control of PM$SG WECS — Modulated Predictive Control
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Block diagram of modulated PCC of BTB NPC converter in PMSG WECS

V. Yaramasu, K. Milev, A. Dekka and J. Rodriguez, "Modulated Predictive Current Control of NPC Converter-Based PMSG Wind Energy
System," 2020 IEEE Energy Conversion Congress and Exposition (ECCE), Detroit, MI, USA, 2020, pp. 75-80.
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Future Trends

More bigger wind turbines (20 MW turbines are already announced)
Gearless wind turbines

High temperature superconducting generators

More efficient medium voltage power converters (ANPC, MMC, etc.)
Wide band-gap semiconductor devices

Multiterminal HVDC transmission

Fault-ride through and advanced grid codes

Advanced control schemes at wind turbine and wind farm levels
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