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China Electric Power Research Institute (CEPRI)

B Aresearch institute directly under the State Grid Corporation of China (SGCQC).

B 4 Chinese national key laboratories and 18 research departments, including the departments of

power system, high voltage, renewable energy, energy storage, Al in power system, etc.

Founded in 1951
2739 employees

Beijing, Shanghai, Nanjing, Wuhan, Fuzhou...
Ciiiens ommad 2 academicians of Chinese Academy of Sciences
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3 academicians of Chinese Academy of Engineering

10 national laboratories
11 provincial and ministerial laboratories
19 SGCC laboratories




Department of Renewable Energy Research

B Focus on the prediction, schedule/dispatch, control and test of renewable power generation.

B Research resources and wind power test bases include National key laboratory of renewable energy
grid-integration, Zhangbei wind power test base, National offshore wind power test and research

base (under construction), etc.

HiL simulation systems, Beijing Zhangbei wind power test base, Hebei National offshore wind power test
and research base, Fujian
(Completion expected by end 2024)
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B |GBT-based grid simulators rated at 2ZMVA~10MVA (mostly mobile 6MVA and 10MVA), with parallel

operation capability. Mainly used in wind turbine grid adaptability tests and fault ride-through tests.

Tests using mobile grid simulators Large capacity grid simulator for the test bench



‘/ﬂk Grid Simulators in Use -

6MVA~10MVA Grid Simulators
B Input: three-phase voltage source rectifiers connected to a multi-winding transformer.

M Output: cascading of H-bridge modules at each phase.

Output 1# Container _:-; s
T 35kV o=

it ’_l == Specifications Values

Specifications of grid simulators
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Grid Adaptability Test

M [nspired by the frequent tripping of wind turbines caused by railroad traction substations.
B Documents formed as NB/T 31054-2014, GB/T 36994-2018, IEC TS 61400-21-4 annex (CDTS stage).

Voltanp u halanr“: 1 AOA] m IEC DTS 61400-21-4 ® |EC 2024 211 88/1048/DTS

4+ N N0/ ( ﬁ ) :‘_(:7“27 180

~J
< grid code requirement 2.0% \(./

4778 Annex J
1 ; o
4779 (informative)
o 4780 i i .
F | q . 4781 Grid adaptability test using grid emulator
g o # rhoAE N RS 3R 2 b dE
= 482 J.1 Overview
T o=
= “n T
= H‘LI GB/T 36994—2018 4783 Grid p y refers to the er capability and response characteristic of WTs under
2 o7 a 4784 grid variation conditions, such as voltage deviatien, frequency deviation, three-phase voltage
= 1PLL"-L”J ]LL_,l m 4785 unbalance, voltage fluctuation and flicker, harmonic voltage, etc. The grid adaptability test is
L s = et 4786 carried out using a grid emulator, which should be able to generate the necessary grid variations.
F JJ | “‘LL LL L 4787 The test levels of grid adaptability should fallow the corresponding requirements in Clause 5.
05
Ir
o4 [ LL‘].rr 4788 J.2  Grid adaptability test setup

4789 The test device is the grid emulator, which is used to generate the required grid operation
4730 conditions, including voltage deviation, frequency deviation, three-phase voltage unbalance,
4791 voltage fluctuation and flicker, and harmonic voltage. The test point is the POC of the WT under

0z Mrﬁv—r Lm‘_‘;m'l_-u—‘ﬂ-—f ‘IPU m j] ﬁ % *}1 éﬁ m M ]‘ﬁ Jﬁ 'E ':Ijl‘lj ﬁt ;m *; 4792 fest. The test setup shown in Figure J.1 is recommended.
Step-up

o1
s5d:00 600 5800 o000 0z:00 . ) . - - Test Device
Minute-Sacond Wind turbines—Test procedure of grid adaptability ( Emulator)
Transformer

: : China National Standard _ —
W I n (j tu rb I n e C u rre nt u n b a I an C e 4794 Figure J.1 - Recommended grid adaptability test setup

/\m\/\ reac h ed I m it an d tri p p ed G B/T 36994_2018 :;:: qui?:;?:ig? conditions and specifications of the test device should satisfy the following
W4 o

; . J

400.0 -

4797 a) The nominal capacity of the test device should be equal to or larger than the nominal

3600 -
4798 capacity of the WT under test
H’ Wi n d tu rb i n eS Test rOCed u reS Of 4799 b) The influence of the test device on the grid should meet the IEC and national requirements.
000 p 4800 c) The voltage deviation setting range should cover the required range. The minimum step size
4801 of voltage output should be equal to or less than 1 % Uj,.
. 2800 k . e 4g02  d) The frequency deviation setting range and the RoCoF setting range should cover the
= \ / d d t b I t 4803 required ranges. The minimum step size of frequency output should be equal or less than
2 ] g I a ap abdlll y 4808 0.1 Hz, and the minimum step size of RoCoF output should be equal or less than 0,1 Hz/s
= 200.0 —— 4805 e) The three-phase voltage unbalance setting range should cover the required range. The
806 voltage amplitude and phase should be adjustable. The minimum step size of three-phase
4807 voltage unbalance output should be equal to or less than 0,1 %
150.0 408 f) The voltage fluctuation and flicker output ability should cover the required range.
2018-12-28 &7 2019-07-01 56 4809  g) The harmenic voltage output ability should cover the required range.
100.0 4810 Before the grid adaptability test of a WT, the no-load test should be conducted. If the
] 4811 performance requirements of the test device are satisfied, the on-load test can be conducted
4812 The example of maximally allowed errors between the test device outputs under no-load test
50.0 4813 and on-load test are listed in Table J.1 corresponding to each test condition.
oo

F400 56:00 5800 00 02:00
Minute:Second 8
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Grid Adaptability Test

B Voltage deviation, frequency deviation, three-phase unbalance, voltage flicker and harmonic voltage.

Stable operation requirements in GB/T 36994-2018 v e / |
Hz P/Sb
o 0.90p.u. 30min 49.5 | 1.0
VOIta.ge deV|at|0n . 49. 0 o e AN al WA AA A M\t
1.10p.u. 30min 55 I
48.0Hz 30min 18.079
Frequency deviation 47.5 | | | ‘ ‘ ‘ 0.8
51.5Hz 30min 0 10 20 30 40 50 60 70
p— I Inertial response test example °
Three-phase voltage unbalance — W PW
4.0% 1min
Hz P/Sb
50. 5 0.4
Voltage fluctuation and flicker 1.0 (P 10min
50. 0 I —
2.4% (3'4~25t odd) 2min each 49.5 1 - 03
Harmonic voltage 49.0
1.2% (2nd~24t even) 2min each 5 I
Interharmonic voltage 0.16% (5~95t) 2min each 1.0
47.5 \ \ \ \ \ \ \ \ \ \ 0.1

0 10 20 30 40 50 60 70 80 90 100 110

Primary frequency regulation test example

* Requirements may change in recent revisions.
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Undervoltage and Overvoltage Ride-through

B Undervoltage, overvoltage and cascaded voltage ride-through tests with grid simulators.
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Impedance Measurement

B Positive and negative sequence impedance measurements within 1Hz~1250Hz.

100 R oF T 90 T T T ]
oy 90 ———— Grid simulator g o 80— Impedance by eq. (2)(3)
I The other device = — Tield test = ——— Impedance by eq. (4) :
2 %0 < 20 Simulation £ 70— Impedance by eq. (5)
= = £ o — e
& _ & g ©
g 70 =z =
= = 40k =50
Sor—— Y Y § S

50 i S I ';:7 oo 60 - T s . R . L 10 -

10° 10! 10 10° 10° 10’ 102 10° 10° 10! 10° 10°
Frequency (Hz) Frequency (Hz) Frequency (Hz)

200 T T L A L 200 T T 200
. ‘ z]z:;: I EER i 100
2 | EEEE “M: = 2
B 1B /"'"ﬂ P P B
3 — A E 5
< ; : F : < ‘_?-:
2, : 2 =
g - §- S oo

N — -200 e e S -200 : -
10% 10° 10° 10} 10° 10° 10° 10! 10% 10°
Irequency (1z) Frequency (Hz) Frequency (11z)
35kV
35KV Grid V() V.(f,=21)

Z,(f,)= Z,,(f,)=

00 1)

L(f,=21)

_4®+® Power i o | W WT main pr an vt g2 -1

= supply i controller = I | R

AC-DC-AC Converter | T z oz Tl ol r
S controller jJiF o - - P n Un n A

Comparison between test devices Comparison with cHiL simulation Comparison between calculations
11



New Functions Development y

Grid Forming
B Operate as a controllable load to validate the grid forming capability (as a voltage source) of the DUT.
Grid On-Grid
Simulator <F
, e GFM
CB1 closed,CB2 and CB3 opened, Grid }+¢ x * DUT
On-Grid Mode Load simulator is bypassed, | CB1 :
GFM DUT work on On-Grid mode | T : .
| Off-Grid
| Controller i Mode
CB1 opened,CB2 and CB3 closed, : ! E
Off-Grid Mode Load simulator working on current control mode, | Load l
GFM DUT work on Off-Grid mode | "% simulation s i
| CB2 mode CB3 |
CB1,CB2 and CB3 closed, ." T T T T T T P
. _~..+ Load simulator working on current control mode, i i R e
On-Gridto Of-Grid. g control the currentof CBL branch o zero, L s

then open the CB1

i ~Grid simulator voltage — \ -t Grid simulator current '
A WMWWWWMWMW | A
CB1 Open6d,CBZ and CBs3 C|Osed, = brlCI side |npu[ voltage : ~ : '
Off-Grid to On-Grid  Load simulator working on current control mode, |,|| |,,|| RO

il
then open the CB3 and close the CB1 lllhl ".' UELBBRA ||I|||‘|I|‘|||||||"|

"= Grid side filter curre%nt

ol BN NN N

Voltage waveform of off-grid mode test Current waveform of off-grid mode test

12
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Grid Forming

B Grid forming tests in China currently also consider instantaneous inertia response, weak grid operation

capability, mode switch between grid following and grid forming, and active damping capability, etc.

N

_ _ _ ' GFM DFIG-WT ot e

Grid forming test items
i -
1 Inertial response g§6 EM .
2 Primary frequency regulation E;’j EZQ L
3 Voltage phase angle response B

4 Transient voltage support GFM switching to GFL during LVRT

5  Voltage and frequency adaptability — —r e —
6 Low SCR operation capability BT P o o "y o L
7 Active damping N ;WM’WWWWWWWMW 3?“ 34 Eoz%“‘ : -
8 Mode switch [ N G el P S ——
9 Black start and supply the load ol o oi 22 o L
* Test items are not fully standardized yet. T e e e v h TR e m e e e w W
Weak grid test using real reactors Switching from GFL to GFM

13
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Impedance Simulation and Voltage Phase Angle Jump
M Variation of the virtual grid impedance to simulate a weak grid environment with low SCR.

B Step change of the three-phase voltage phase angle.

Aug Au, Aug
—— "
ol C'_ Angle step Voltage waveform

peccccccccieccccccccccccccan” = pececcccccccccccacaay

' > * EERHAEE . dmd - OXYGEN Viewer H H
: Tou == oo : . .
H Zgsi o ;
: + 000 015 630 100 £30 OO SRS SRS SURNIE ASNUINNE SRR SNV NSNS SRS SUGNUNPE SORON: SO SRS SURGPY SNPRON RURISS SORUE SISO SUOINS SRS SR
[ + — e A AT 4500 ‘-
' [ ' 693.114 691.091 691.884 42.405 42.107 30 JUInp AWIWANAWAWANAWIWANAWEWANAWAWI
' ' ' R v rs v | s V| av laar | 406 asr 3 | f f
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sgrowesio funazpoues) ™ N o, o 1S/ o Ly o O 5 B 8 I 000 TR0 SN O UNNH G O N N R S T ¥
as00

" ooosaaszo

60° jump

Voltage(RMS) of Low SCR test for WT

R R ' EEEREEEE]
22 288382888 8 2 8 2888888
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B National offshore wind power test and research base located in Fujian Province, southeast China.
B Include a 25MW drivetrain test bench, two 150m blade test benches (static and fatigue), and a test

wind farm with 30+ onshore/offshore test locations.

AN

Zhangbei wind power~:

test base, Hebeir -
INJIANG UYGUR  ZIZHIQU V‘— = LIAONING

HHHHHHH

uuuuuuuu

Lanzhe

nnnnnnnn

National offshore wind power L.

test and research base, Fujian- 7/

.......

LEGEND (
’ Qundao
an Dao l
h Ch ca
..... ha Qui
1130 000 000
WP GS(2019)1659+4% /
FUATEBED W (
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B 6 DOF load application system: drive motors and 5 DOF non-torque loading device.

B Grid simulation system: grid simulator with real-time digital simulation for pHiL.

©

OIOICIOIOICION0

Grid simulator

Drive motors

Torque limiter & coupling

5 DOF non-torque loading device
Control room

Motor driving converter

Hydraulic station

Cooling subsystem

Turbine drivetrain under test (DUT)
17



*  STATE GRID

Subsystems and Specifications '

Drive Motors
B Series connection of two synchronous motors with electrical excitation, nominal torque 35MNm.

B Adjustable tilt angle 6 ~ 10 degrees for adaptation to DUTs from different manufacturers.

Specifications of drive motor

A
fR
Nominal power 12.5MW X 2 l\
Lift c A .
Nominal voltage 3.3kV
Nominal speed 7rpm
Max. speed 13rpm Hinge
_ base
Nominal torque 3sMNm [ SO/ 0, 0 | R e N
Overload capability 130% -
Number of poles 120 Pads for adjustment

3D diagram of drive motors Hydraulic tilt angle adjustment
18
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5 DOF Non-torque Loading Device
B Loading with 6 hydraulic cylinders, max. static moment 90MNm, max. static force 11MN.

Electro-
hydraulic
servo
actuator

Specifications of 5 DOF load application

Specifications

Accumu-
lator

Max. static moment loading 90MNmM

Hydraulic
oil supply
Max. dynamic moment loading 65MNm
Max. static radial force 11IMN
[null) i [null
Max. dynamic radial force 6.6MN s = |
Max. static axial force 11MN .
NDE y g
Max. dynamic axial force 6.6MN ]
X
Max. dynamic loading frequency 1Hz G c ]

5 DOF load decoupling under : ' ' " st
different tilt angles
19



Subsystems and Specifications Y

Grid Simulator
B |GCT-based grid simulator with 2 ANPC rectifier input (34MVA) and 10 NPC inverter output (90MVA).

B Cascaded output with 35kV voltage. Common AC or DC bus connection with motor converters.

| 35KV input | 35KV input . .
| l | Specifications of grid simulator
é35kV/3.3kV é35kV/3.3kV
i el ik ! ANPC — ANPC — Output power 90MVA
g/ i |~/ : rectifier | i"plif rectifier | inzif
; T 5| IMVA | 17MVA ™ | Nominal voltage 35kV
! T i T T T [ [ T T T "1
§=Mcwi i=m,_.,,wi A A A VA A4 A VA4 A4 VA4 ='”NPC Frequency range 45Hz ~ 66Hz
B et S K@) %5# %3) HSH %3) inverters Voltage range 0 ~ 150%
Casc:ded stacket\j\:jwave transf(;';mers - Hj Voltage flicker Pst 1-~10
Motor drive - Voltage unbalance 0 ~10%
converters Grid simulator
Harmonic voltage generation 1Hz ~ 1250Hz
. Combined h ics iniect THD<10%
)= =31 = (1) —— |-il— (D—EEr Switchgear ombined harmonics injection Accuracy +0.5%
Motor #1 Motor #2 Drivetrain in the nacelle
12.5MW 12.5MW

DUT 20
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Subsystems and Specifications

Test Bench Control and Operation
® Multi-level control architecture for the operation of the test bench.

B Enable mHiL and pHiL operation to accurately replicate the operation of DUT in the field.

' Main Auxiliary
Data server controller operation HiL —— DAQ

computer computer —— Ethernet
P P Safety I/0 computer EtherCAT

m PN
PTPV2 :1’ﬁ » W= Safety signal
- ——— | L —— 1 = ma
|

----- Electrical signal

Auxiliary system : WeMola b : X E
| HBM Qu_:a tumX '. :im ‘I!ﬂ“ mm ﬂmn b mm am 1 : Wind Energy Modeling Laboratory : : I | E
li% s ;i I h 15 | puasea L L] Sjaina : Es ' : 1 !
- DAQ - :El____-_-_-_-_-_-_-_-f Safet :hConverter DUT Cooﬂung controller ﬁ | SO Inte rfac € ! A
. LAS controller y substatlon substation ~and substation ~ Grid monitor ! ‘ - ! H SIMSTATION I |
A — e e e e — NN | kel | _ |
81 am [, B B UlT e - :‘- t i o + Real-time simulator |
Sensors Oil cylinder I/O Grid simulator Cooli MV/LV ! ! | i i .
acutator and motor control ~ controller s;sot(ler;r? electrical . | - _]iO_I’_gI:IE]_(_p_'j I_L_)_ gl
system
Topology of test bench control HiL system and data exchange

21
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WeMoLab

® Wind turbine simulation software developed by CEPRI, with support to mHiL operation.

B Co-simulation of aerodynamic-hydrodynamic-structural-electrical-control characteristics.

..... .
a - — Pitch Angle
- amn —
——r—
- —_ 20
: - =
i It — =
NG — = 15
AN Y =
-
oot o Mg = 10
i =
,/\/1 £ 4
: ; ————— N —
— 0
D A Sl o P e ol o ol © o g P N Sl w oo Al P g a0 ol o P o
B R Gl e R A e N PRSP S S e
I - Time(s)
—_—
-

Blade root My

00000

oo
£ 1600
£ 1400
= 12001
=
= oo
S BOOO
& 600
& 400
200

WeMoLab

E=REyAHTERYE 140000

120000
100000
80000

80000
40000
20000

Tower Base My{kNm|
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Grid Integration Real-time Simulation

B Multi-core CPU simulators with FPGA for small-step power electronic simulation.

B Fiber-optic communication with the grid simulator controller to transmit references and measurements.

Yirg. 3
E -_-AI
Grid simulator
inverter controller ||

\“ﬂfi‘: | B
; \am=y |

| 1#MT8020 l
MMC simulation ‘

‘ i [ e ;&_T’. \
S, .

. MT1070 N
o . { MMC controller \
- = = \

(s ,.
|[e=mme

°

\ 2#MT8020 -
B
;{1 inverter simulation X
Pl LN
3#MT8020

6.25MW PMSG
wind turbine simulation

oo < \|VA|REY T s
i ! / / e o1l 6.25MWPMSG § »
Q ‘,‘ / 2 7 A Dlle :‘i'ﬁ” converter controller

\ ‘ )
S L / - =) ] ']
4 = / 4 e \

- ‘ MT2016
Protocol translator [
| B R

AL Ty ), S
Developing of wind turbine connected by MMC-HVDC

DUT S Grid simulator

Real-time simulator

8 @@ Rudong Offshore Wind Power Grid Integration through MMC-HVDC, Jiangsu
w T +400kV N loa
_(i(ii)_J, —{ Q:) bc Ii;iEl
400w S S = J @ a L e. L Y
| 400KV . i“.
——( IQI — Sending end Receiving end — A
s T MMC station MMC station I Ja‘

Specifications of grid integration real-time simulator

Min. CPU simulation step size 20us
Max. MMC modules in each bridge arm 512
Min. MMC simulation step size in FPGA 1us

Currently: ~800us

Latency from simulator to voltage amplification Aim: <5001
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Equivalent Emulation of Operating Conditions

B Simplify the grid-integration system but equivalently keep some key characteristics.

B Mathematically express the system dynamics and integrated in the grid simulator controller.

200

I
/\ e o Analysis —SimulationI
100F Uy |
U, |
> e
i~ h
~, 0OF | T
=
100} | U. :
: Fault occurs |
2200 ! ' '
1.195 1.2 1.205
t/s

1.21

U /kV

270

260

250

230+

220

1 T,=0.02s

e T,=0.083s

—— Analysis

Simulation

3.9

42 43 44 4.5
(s)

Equivalently model the MMC-HVDC as a simplified system and mathematically analyze the dynamics for testing

24
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Current Status eniaee i

B Key subsystems manufacturing almost finished. System commissioning will start from Q4 2024.

B Plan to start the test of the first DUT (CSSC 18MW) from the first half of 2025.

Test Bench Hall CSSC 18MW  gpecifications of DUT
T s — L o

= ' ’ i ~ Nominal power 18MW
Nominal speed 7rpm

Max. speed 7.84rpm
Blade length 126m
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Testing of Multi-megawatt Wind Turbine for Grid Compliance and Certification

B Electrical characteristic test according to IEC 61400-21 and related documents.

B model validation and compliance assessment,

652

660

662
663

665

666
667

668

669
670

671
672

673
674

675
676

678

IEC DTS 61400-21-4 © |[EC 2024 19 88/1048/DTS

WIND ENERGY GENERATION SYSTEMS -

Part 21-4: Measurement and assessment of electrical characteristics —
Wind turbine p ts and

1 Scope

This part of IEC 61400, which is a Technical Specification, specifies a uniform methodology,

defining measurement, testing and assessment procedures of electrical characteristics of Wind

Turbine components and subsystems, as basis for the verification of the electrical capabilities

of Wind Turbines and Wind Turbine families.

This document includes the following aspects:

- i of test bench, and interface;

— dDefinitions of system requirements for the test bench to perform relevant measurements
(grid strengths, Short circuit power , THD, ...);

- p forgq ing the electrical characteristics;

— test & measurement procedures for verifying and validating the electrical istics of
components & subsystems in relation to grid compliance requirements;

- d for the ility of the and sub test results,
at the test bench to WT ploduct Iam\lles

- and vali of 3 and
wind turbines.

The results of the measurements and assessments of the Wind Turbine components &

subsystems will be used as input for the verification of electrical capabilities as described in

IEC 61400-21-1 and for the vali of the electrical sil ion models for Wind

Power Plants (WPP) as described in IEC 61400-27

QOut of scope of this technical specification are:

— design requirements of test bench systems;

— model development of WT subsystems and WT as e.g. described in the IEC 61400-27
series;

— Power Plant control function test (e.g. FSM, Voltage Control) as described in
IEC 61400-21-2;

— specific component design test and validation of the wind turbine equipment (switchgears,
cables, transformer, generator efc.), which are covered by other IEC standards;

—  mechanical, structural loads and lifetime test:

— noise and acoustical measurements:

— certification procedures and grid compliance at wind power plant level;

— communication system functional and perfermance tests as defined in e.g_ the IEC 61400-25
series

NOTE

For the purposes of this document, the following terms for system veliage apply, based on IEC 60038:

Low voltage (LV) refers to 100 V < U, £ 1 kV;

Medium voltage (MV) refers to 1 kV < U, < 35 kV;
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referring to IEC 61400-27 and IEC TS 63102.

Operating area

Frequency range
Voltage range
Reactive power capability
Short circuit ratio

Power quality

Harmonics

Control performance

Active power control
(setpoint and ramp)

Frequency response
Reactive power control

Voltage control
Q(V) - characteristic

IEC TS 63102 .



Data Collection and Digital Twin Development
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B Digital twin systems of both the drivetrain test bench and the future offshore wind farms.
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Data-driven modeling and simulation of the test bench
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Digital twin of the offshore wind farm
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Thank you!

Haikun Jia (Mechanical) jlahailkun@epri.sgcc.com.cn
Fenglin Miao (Control) miaofenglin@epri.sgcc.com.cn

Chen QI (Electrical) gichen@epri.sgcc.com.cn ‘
|
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