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Introduction

® Due to the increase of distributed generations (DGs), such as PV sources, battery energy
storage systems, and wind turbines, the power-electronics inverters are required to

transfer the energy of DGs to the loads or electrical grids.

® The traditional synchronous generators can contribute mechanical inertia, which can
prevent the frequency forming changing dramatically as loads increase or decrease.
However, the inverter-based resource (IBR) inverters have no mechanical inertia.

® According to the NREL research, if the number of the grid following inverters exceeds 30%,

the grid will become unstable. In 2050, Renewable Energy
increased to 60-70% in Taiwan
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Introduction

UK
Inertia

UK: Synchronous inertia decreases

|

I —9

Italy: Wideband oscillation occurs

Mexico: Wideband
Oscillation occurs.

A

Spain: Synchronous inertia decreases
and voltage becomes less stable.

Spain
Inertia

[——.

Saudi Arabia: Islanded PV & ESS

South Africa
Inertia

South Africa: Decreasing synchronous
inertia and islanded PV & ESS

| B

Chile: Voltage becomes less stable.

I

Ref: Fusionsolar Smart PV & ESS Generator White Paper

Xinjiang and Hebei:
Wideband oscillation

l High-proportion new energy + Series compensation
application/Long-distance power transmission
® e |

Northwest China and Inner Mongolia:

Transient overvoltage
High-proportion new energy + UHV DC power transmission

Qinghai: Insufficient voltage stability margin
High-proportion new energy + Long-distance AC power transmission

Tibet: Frequency
instability
Weak grid

Australia
Inertia @

Australia: Decreasing synchronous inertia,
wideband oscillation, and transient overvoltage



Introduction

® Grid Forming Inverter can be used to improve the power grid stability.
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Introduction
® The following shows GFMI application path.

FM in
bulk grids
10-30 years

bulk grids

Instantaneous GFM challenges

Portion of bulk grids in weak portions of bulk grids.
WECC, ERCOT, etc.

3+ years

GFM in larger island grids.
3-15 years

Larger Island grids

Instantaneous GFM challenges in island grids.

Island grids Puerto Rico, Hawaii, etc.
1+ years

GFM in microgrids
M |crogr|ds Rural villages, millitary bases, university campuses, community microgrids, etc.
Present-10 years

Ref.: NREL
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Grid Forming Control

® Inverter Control Method
® Droop Control

® VSG Control

® VOC Control

® Advantages of VSG Control

_____________________________________________________________
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Inverter Control Method

® Grid Forming Inverter Control Method: Droop Control, Virtual Synchronous Generator/Machine, Virtual
Oscillator, etc.

® Since the concept of virtual synchronous generator control method is similar to that of traditional
synchronous machine, virtual synchronous machine control method is currently the most commonly used

control method for Grid-forming Inverter.

grid-following grid-forming
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* P2988™/D6.0 Draft Recommended Practice for Use and Functions of Virtual Synchronous Machines.
* Yashen Lin, Joseph H. Eto, Brian B. Johnson, Jack D. Flicker, Robert H. Lasseter, Hugo N. Villegas Pico, Gab-Su Seo, Brian J. Pierre, and
Abraham Ellis, “Research Roadmap on Grid-Forming Inverters,” NREL, November 2020.




Droop Control

This control method mainly simulates the primary response of a traditional synchronous

machine. Its main purpose is to distribute active and reactive power among the inverters. The size

of the allocation is based on the actual converter capacity and the setting of the droop parameter.

The advantage of this method is that it does not require communication.
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VSG Conirol

The inverter can be made to have the characteristics of a synchronous generator by changing the control
method. A more common way is to use the Swing Equation. The dynamic characteristics of the output frequency
and power can be changed by adjusting the virtual inertia J and virtual damping D of the virtual synchronous
generator. Since the concept of virtual synchronous generator control method is similar to that of traditional
synchronous machine, virtual synchronous generator control method is currently the most commonly used control

method for grid forming inverter.
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VSG Conirol
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VOC Conirol

The lower right figure is a basic conceptual architecture diagram of the virtual oscillator control method. Since the
virtual oscillator control method only needs to detect the output current of the inverter and does not need to calculate the
active power and the reactive power, the virtual oscillator control method can achieve a faster response speed. The LC
parallel resonant tank can determine the output frequency of the Inverter. Different from droop control and VSG control,
VOC is a time domain controller, which enables the interconnected inverters to quickly achieve synchronization under any
initial conditions. VOC is an attractive control mode in power system applications due to its fast synchronization, precise

power distribution, simplicity and robustness. In addition, VOC does not require a phase-locked loop (PLL) and reduces the

computational burden of an analog synchronizer.
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Comparison of Three Conirol Methods

From the table below, we can see that the original droop control does not have the virtual inertia function,
but it can slow down the frequency change by adding a low-pass filter. The virtual synchronous generator control
method based on the swing equation has the ability to provide virtual inertia and is currently the more

commonly used method. The control method based on the virtual oscillator has a good power distribution

effect. In addition, the virtual oscillator control method has a faster response speed.

Grid Forming Control Control Inertia Response Power IcD)oqu/ZLrjt Power Dispatch
Method Method Providing Time Sharing N Capability
Oscillation
’élrra(;j;’gocr;arll trol No Faster Average No Yes
Droop Control with low Dass
filter P Yes Slower Average No Yes
\é:)r;c]t:f(!ISynchronous swing equation | Yes Slower Average Yes Yes
Van der Pol No Fast Good Yes No
Virtual Oscillator Control | Dispatchable No : Fast Good Yes Yes
(but Possible)
_ Unifi No : Fast Good Yes Yes
(but Possible) L4




Advantages of VSG

- 1. Grid following inverter

Function Inject Power into grid Grid forming «  Grid forming
Description (No Voltage and Frequency
Building) No droop « droop
No inertia inertia
Cannot connect with other Can connect with other VSG
constant output V/F inverter
1 2. Grid forming 3. Grid forming
Grid forming V/F mode VSG mode

Grid following
Inverter
i fails | e —X ~|E|

\4 Then trips

Cannot connect

Pa% Grid forming inverter Q
< HE

V/F mode
Grid forming inverter

F@ Grid forming inverter
e < 1Bl

VSG mode

?@ Grid forming inverter

Cannot connect
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Advantages of

VSG

Grid support function> Reduce of use of synchronous generator

Droop function = Automatic load distribution

Virtual inertia function> Reduce the RoCoF (buying time for other control mechanisms to react)

VSG: Faster Response Time

378

Grid Following Inverter: Slower Response Time 377
376
375
374
VSG A 87"
 Output Power(%) = a72f

Grid-Following Inverter

370

[
»

Response of VSG with different virtual inertia

371

I
I
1
1
/ : 369 |
I

High Inertia

AN
E 367
i Time (s)

[ ]
[ ]
[ ]
[ ]
)
4

buying time
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Simulation Verification

_____________________________________________________________________________________

© Simulation Verification of VSG -
e Simulation Verification of VSG in PV PIant
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® Simulation of SG and VSG in MATLAB

Traditional SG f 100MVA

Steam/water

set point

Mechanical Power

Simulation Verification of VSG

3¢
3¢

Load reference

Shaft P P. Electric Power
Turbine Load
Kinetic energy

generation

Load1

75MW

Load 2

Load 3

75MW

Nw

100MVA

7SMW = 85MW
Load Step

1

100MVA

Energy Storage

Inverter

Filter

Wirtual Synchronous

Lay soplin
e E e
| ;

| 1 l

ﬁ-w Droop'

’ Rm—
Inertia

Generator Controller

(Load Increase)

Energy Storage T

i
i
—
H
P
1 i

I5—w Droop"

[
Inertia
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Freq. (Hz)

(Hz)

Frequ

5900
59.98 - .

S

=

5 5097

Simulation Verification of VSG

® Different Virtual Inertia

Low VSG inertia

0.85
1.0
. —r/—_

Freq. (Hz)

Output Power (pu)
Qutput Voltage (pu)

| Load Increase - Freq. Decrease

Lower virtual inertia-> Larger RoCoF

Load Increase - Freq. Decrease

T

1 L “ ‘ 1 I I |
1 412 396 398 40 40,

39.6 319.8 40 402 404 406 408
- Time (s)
Time (s)

Higher virtual inertia> Smaller RoCoF

Time (s)

B As can be seen from the figure above, by adjusting the inertia constant of the VSG, the rate

of change of frequency (RoCoF) c

an be changed. This can suppress frequency changes

when the power system is disturbed, thereby increasing the stability of the power system.
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Simulation Verification of VSG

Output Power (pu)
——f SG —7P SG ——V SG
—f VSG1 —P_VS8dGl —V_VSGI
0005 —f7V|SG.2 || o84 —P_vsSG2| ] —V VSG2
1.04
Faster output \f\
59.99
power L2
59.985
1
- 59.98 E 0.8 2
%) =) _
£ 59.975 B . < 098
: 3 VSG is faster | -
i3 = =
S 0.78 ]
97 than SG .
59.965 e
/ 0.76 0.94
59.96 Fﬁ
0.92
59935 0.74
Time (s)
59.95 0.9
200 25 30 35 40 45 50 55 60 65 70 20 30 40 50 60 70 200 25 30 35 40 45 S0 55 60 65 70
Time (s) Time (s) Time (s)

B VSG is power electronically controlled and have a very fast response time.
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Simulation Verification of VSG

—— 1 SG —P.56 ——rvsal ——P vsGl
—f VSG1 ——P_VSGl Fvean PR
——f GFC2 —P VSG2| | — —F
3 ——1 VSG3 —P VSG3
[l 60,6
1.5+
2 60,4 *__
60.5 - E 1
= 602 - E
1
5 o g 3 2 os
= 5 . = &0 Jd &
P = = g .
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g — Eor z E
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-1+
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Simulation Result-VSG in PV Plant

® Analysis of the ability of VSG to stabilize the power grid under high proportion of renewable energy

® Energy storage system uses VSG inverter

® PV uses grid-following inverter

VSG Invel

Plant
Measurements

og)|

I ter

POl

PV & BESS Collector System Network & Source

flx) =0
Measurements F
9| e il |

L 5 ra
"-.-..-r 3 i P N
b O e 20| B -—
= An Al b S -2t -4 1 E
i — - Load »
g Measurements & PLL s 416 KV 124.9 kV Line  24.9 kv /230 kV L Comenienal
Point of MV Feeder (RIX=14) = RIX=1.01 e RN
Interconnection Transmission Line
(POI) Conventional Source
4.16 kV, 60Hz Medium Voltage Distribution System 249 kV, 60 Hz System 230 kV, 60 Hz Transmission System

L]
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Suddenly decline in PV power (50% reduction)

® When PV power suddenly drops, VSG with BESS provides power to support
the grid frequency and voltage.

Sudden Change in PV power Sudden Change in PV power
100 Real Power Output 11 Voltage Magnitude at POI Frequency at POI v
T T T T T Ar-"-""""">">""— | [~ === === - 1.08 -
‘ P Total 617 F
P Battery [ 1.05} I - F 104}
P PV Plant . . 60.5 limits E‘mj:
2 s
S sof 1 2 1f I 60
> - e 0.96 |-
0.95| Vimag 59.5¢ v
e T Vlimits 59 osl—
O 1 1 | | 1 Il 09 1 | ! N L ' " (sec)
1 1.5 2 2.5 3 3.5 4 1 2 3 4 1 2 3 4
Time (sec) Time (sec) Time (sec) wal -
6 Reactive Power Output ] Voltages at POI 05 BESS Inverter Currents ok
T T T T T ' . T T
‘ Q Total "’ 59
4 Q Battery B 0.5 - - Esoo]
o Q PV Plant [ — . “
:) 59.4
< 2t J T o0 g 0 .
= > = Inertia
0 L\ 1 0.5 P = : - :
L 135 14 145 T‘m;(:ec) 1.55
2 I 1 I I I I A I 05
1 1.5 2 2.5 3 3.5 4 1 2 3 4 1 2 3 4
Time (sec) Time (sec) Time (sec)
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Load Suddenly Decreased by 45%

® When the load suddenly decreases, the VSG with BESS aborts power to
stabilize the grid frequency and voltage.

Sudden Load Change Sudden Load Change

Voltage Magnitude at POI Frequency at POI

Real Power Output
100 T T T ——— M1 = — = — = 62
\ P Total F
~ P Battery = 1.05+ I — = Flmits |
P PV Plant —~ — o1
S sor T 1 T
> L
v 60
095+ mag
- Vlimit
(= 1 |\ ! ! ! P — = 0.9 ! ! | i 591 } ! ! i
1 1.5 2 25 3 3.5 4 1 2 3 4 1 2 3 4
Time (sec) Time (sec) Time (sec)
: Reactive Power Output Voltages at POI 04 BESS Inverter Currents
T T T T = — = —— . T T v
Q Total ! ’ 1 —
Q Battery 0.5 0.2 '
: — Q PV Plant — \
EE 0 Pﬁ ) S L e
> a o o O A
s N = -
5L | -0.5 02| ,
1 “/-/— 1 | | '1 L " _0 4 ‘ L L L
1.5 2 2.5 3.5 4 2 3 4 1 2 3 4
Time (sec) Time (sec) Time (sec)
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Application of VSG to Mazv () Island

® Using PowerFactory software to verify VSG in Mazu power grid
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PowerFactory VSG Model

u uset
Voltage .
control
*
Unnag ur
V mea. | freq > RN
» GFM control | cos @ gi* | Inverter
>
ur’ui P mea. (VSG) .y ———
\—
P calc. | Q mea. Output
ir,ii — calculate
: ur_v
> Virtual e
: ui_v
impedance |———p
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Comparison using Different Control

® 1MW BESS
® Event: N-1 (G2: 1.2MW)

Larger H—> Larger Output Power Overshoot
(The Power Overshoot Cannot Exceed the PCS Output Limit)

Freq P /

60.1 1
0.9
60 0.8
59.9 0.7
0.6
59.8 —
E § 0.5
T 59.7 2 0.4
0.3
59.6 0.2
59.5 0.1
0
59.4 -0.1 O 3 7 10 13 17 20
0 3 7 10 13 17 20 [s]
[s]
e \/SG e GFM|(Droop) e GFL
e \/SG e GFM(Droop) e GFL

B GFM(Droop), GFL: can increase the lowest point
GFM(VSG): can increase the lowest point and decrease RoCoF 27



S rate rate

G3 453MVA | 1.7MW | 1.78s
VSG | 4.53MVA | 1.7 MW | 1.78s

60.5 61

60 60
— 59
59.5 N
L 58
59 57
58.

(6]
Ul
[e)]

[HZ]

57.5 [s]
57

— (3 e—\/SG
56.5

56
01 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19

[s]

@® v Faster Response Time
v Lowest Frequency Improve

Replacing Traditional SG in Frequency Support

4 Higher Overshoot

3.5

§5 \v/ ———
2
h Longer Stable Time
1
0 2 3 5 7 8 10 12 13 15 17 18

[s]
e (33— \/SG
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Experimental Verification

_____________________________________________________________________________________

EO Prototype of Small Scale VSG
' ® Commercial VSG Test

_____________________________________________________________________________________
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® A prototype is built to verify the performance of VSG
Inverter with VSG control

—— —

..................

DSP Filter inductor, L,

A | VSG control Filter capacitor, C
- |algorithm

a,b,c

DC-link capacitor, C,.
Load

| A

Prototype of Small Scale VSG

Value

450 V
220V
60 Hz
18 kHz
2 mH
23 UF
2200 pF
1 kw
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RoCoF under Different Virtual Inertia
VSG: Pac=0kW—=> 1kW

2 s/div

60Hz

58.5Hz

Max(C2) 2.00 ¥ Min(C2) 0.32 ¥ P-P(C2) 1.68 ¥ Mean(C2) 1.18976 ¥
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RoCoF under Different Virtual Damping
VSG: Pac=0kW—>1kW

"YOKOGAWA #  2024/09/24 183732 Zoom: b= Nomal _ FEdpeCHI £ 0.00V
oy e

60 Hz

59 Hz

Max(C2) 2.04 ¥ Min(C2) 0.47 ¥ P-P(C2) 1.57 ¥ Mean(C2) 1.53505 V
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One VSG Shut Down

® Two VSGs are ruining. Suddenly, one VSG is shut down.

YOKOGAWA 4 2024/10/01 15:11:18  Zoonr: | — Normal Edge CH3 £0 ¥ YOKOGAWA ¢ 2024/10/01 16:3357  Zoom : — Normal Edge CHd £0.35 V
1 Freview 6.25k5/s  Aulo 1l Previen |  3.2%S/s fuo

KTx 250 Vvl [ 250‘4’/-1'\’@ kT 5.00 Adive @ | _ L_j100V/d ]

Zowd 1 1.5k 20ms/ div Zoom! : 625k i : :200ms/div |

_____VSGl Output Power§ . ==——VSGl

OutputVoltage = VSG2 o ==VSG2

VSG1 1kW
|(§).5k ;‘mwwwmmmmmwmw

VSG2 OkW (OFF)

ms{(:1 126.450 ¥ Mean(C1) 1.45234 ¥ FreQECI; 59.52381 Hz
ax(C3 190 ¥ Rms((3) 128.631 V Freq 60.09615 Hz
ms{ (4 604.012mA Freq(C4) 60.09615 Hz
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VSGs with Different Droop Coefficients
® Droop Ratio=2:1

YOKOGAWA 9 2024/10/01 23:1624  Zoom : | " Normal Edge CH4 F0.35 V
. 31.25kS/s Auto

10 Vagedm | - B o
Zoom

.1t 156.25 & 500ms/div

P(700W/div) .

VS5G1
V5G2

500ms/d1v .
R
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Commercial VSG (36kW) Test

® A 36kW with commercial product is test
Test Item:

- Bees
Utility Power = 1 Vi -
I . Virtual Inertia
2. Seamless Islanding
SR acaussom oo 3. Black Start
\‘ &

Isolation Y-connection I C
NFB and meter AC load
transformer A-connection

________________________________________________________________________

DC BUS 600V

a[npow [ou0)
a|npouw 193j14
a|npow Jojo
a|npow 1030
a|npow Jojo

\ 7
A rer——————l N R R R IR I i
NFB and NFB and NFB and NFB and NFB and NFB and NFB and
meter meter meter meter meter meter meter
| = o |
u /TR DC load
- -
Diesel Induction  Induction  Energy Storage PV Electric LED - Computer *
Induction Motor Generator Vehicle Air conditioner

Generator

L]
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Inertia Test
® Low virtual inertia (Lowest Frequency=45.6Hz)
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Inertia Test
® High virtual inertia (Lowest Frequency=55.8Hz)

@ By changing the virtual inertia parameter, the lowest frequency can be changed.

A.
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Seamless Islanding [ssrumedorr
GFL Mode GFM Mode
- > < : — —

Current

3 ,.,‘4,]: WAl T

g a A ; K AA A AMA AR A AL A R R TRy o or o i
g A A v;;WMW—wrﬁ\x*)vwmw{wﬁ’f\ A A A A A ARG AAARMNA sl A :4“,*«,".,.\/-‘"‘.-- A !

: 1 DC link voltage

ALM synchronization status

Reactive power

[

RSN (72 50800.000 ms [dT:-305.731 ms | ERRRIERRERIAIE ¥ (72F 10.260 KW [dY: 0.463 kW
YEORLZKW  [YZ5305KW  [dY:-16.037 kW
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Black Start

Black Start g i e e e e, R o ot el e e b e Y -

{ _*-.. PR
 Jepdy
Current Lyt

A
: N )
DC link voltage [ L[quk"’ i %m-w'w*"mhww-‘wwmwawmw,rmw.mw-«%

e _*J,Lr}
VU’

A.
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International
Standard/Recommendation
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Challenges of lacking performance and
conformance test standards for GFM

Performance and functional
requirements

IEEE 1547-2018

Presently

Conformance Test IEEE 1547.1-2020 missing

Procedures

Certification 1741 Ed. 3/ 1741SB

Due to the lack of GFM standards, utilities need to come up with GFM requirements
and verification methods or rely on OEMs

Inverter OEMs offer customized inverter software and hardware based on specific
project needs

Ref.: EPRI

L]
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— GFM Inverter Requirements Development World-Wide

(Link) NREL (Link) HECO (Link) EPRI (Link) FINGRID (Link) NGESO

AL Light

Model
Energy Storage Purchase
Agreement

October 15, 2021 Version

(Link) NERC

Whita Paper: Grid Forming
Functional Specifications
for BPS-Connected Battery
Energy Storage Systems

Sectoreder 382

m

(Link) GPST

S 1 Wed entsol

(Link) AEMO

vou

| . A A
ﬁ HVDC /I\ Wind i PV /j\[z] |
Battery 4l Supercapacitor 1 30 70

’
1
1
1
1
1
1
\

Ref: Tutorial on Grid Forming Inverter Technology, 2023 IEEE PES General Meeting, July 2023 (link); Grid-Forming Specifications and Interconnection Requirements, ESIG (link)

Ref.: EPRI
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IEEE 2988

® [EEE 2988 recommends controller implementation for virtual synchronous machines. The
controller modeling is based on the swing equation of the traditional synchronous machine.

v" Hardware Structure
+ IEEE SA
I l l ey
\ \ | N e -
€a 7 . ! & Vea IEEE Recommended Practice (7))
. ——b 1 Ll v for Use and Functions of a]
Voe T=Coc e o Virtual Synchronous Machines Y
. 7 el Ll Ve <
‘/ CO ntrOI St ru Ctu re f)p VI rtuacl DD ar?u?pl ng IEEE Power Electronics Society G
Pet 1 7| Virtual Inértia )
Wy Js s - Deve\np:d by the
0 Formulas of

= T..Qand e =—|- e IEEE Std 2088™.2024
[ Y A
) 1 | Mr i Vi
(05 - —
= Ks
D, v QIEEE

Ref.: IEEE 2988
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VSG in Shulin Mlcrogrld

io Small Part Shulin Microgrid
'® The Whole Shulin Microgrid

______________________________________________________________

O T

KT ML R XK
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Shulin Microgrid

_

|| vess

First POI

|| veey

|| ssms

| vcee

| vess

KEERE Bl
MERE Kig
BElE = B2 El
A B = 12

2
380 — 220V 480 - 277V
L

[

"/
1MW/1.5MWh
(GFL/GFM)
Control

Room 30kW

250kW  78kVA

400kWh

(GFL)

SMB CU BUS

| vees | ] vees

| ves2

| ves:

Utility 11.4kV

. SMB

— =M

BIE— | | EuB

K12

ily \EQFH

E

| sso

9
380 - 220V 220-127V
L

7| &

#

125kW 100kVA 126kVA

80kWh
(GFL)

F_alBAE
1F - 4F &5

Second POI
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Shulin Microgrid-Testing

40-foot Battery Energy | | SMA PCS !
Storage Container (grid following & forming)
S T === VCBY

S

VCB7-1
380 — 220V 480 - 277V
20-foot Battery Energy DELTA PCS MP33 MP43
Storage Container (grid following) | |
o o W ' _ 3 80V/220V© AC /| smAPCs AC /' |DELTA PCS {}ﬁ
Ll Wik T Control Room DC|(GFL/GFM) pc| (GFL)
i PV

“ e | Load Max: 78kW
|| i | ‘ ! Control Room
= L BESS1 BESS2

" 1MW/1.5MWh 250KW/400kWh

PP 15 MR KA XK wel



Shulin Microgrid-Testing
® There are 4 transition function tests and 2 steady state function tests.
® The testing scenarios are designed according to IEEE Std. 2030.8.

0 IEEE2030.8-2018 0 Modes of operation and transition logic of the microgrid
IEEE Standard for the Testing of Microgrid Controllers control system
Start
Grid connected loop Islanding Islanded loop
status

IEEE Standard for the Testing
of Microgrid Controllers

IEEE Power and Energy Society

sponsored by the Steady state  Unplanned Planned Black start Reconnect  Steady state
Transmission and Distribution Committee connected .r's.fand.-'ng Isfandmg islanded
I / Transition Function Test><\ |

IEEE 1EEE 5td 2030.8™-2018
3 Park Avenue
MNew York, NY 10016-5997
usa

l Dispatch Function Tested ]

L]
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Shulin Microgrid- Steady State Connected (SS1)

Initial Conditions Initiating Events 114Ky
SMA_BESS Delta_BESS 78kW_PV  30kW Load (1) BESS Output Step Change
900kW 250kW (2) PV Inverter Trip VveB?
<[3)FL hmode <[3)FL hmode ON ON (3) Stop/Start Maximum Load
ischarge ischarge
9 9 (4) Stop/Start Maximum DER (SMA_BESS) VCBT-1
__@VCBT Vab[V] @VCBT Vb [V] @VCBT_Vea [V] . @VCB7_Vab [v] @VCB7_Vbc [V] BVCBT_Vca [V] 380 _ 220V 480 _ 277V
MP38 MP48
oo = = i 290 seoviz20v @ AC /| smAPCS AC /'|DELTA PCS {}ﬁ
WVCBT_IA[A] BVCBT IB[A] @VCB7_IC[A] @VCB7_IA[A] @VCB7_IB[A] @VCB7_IC[A] DC (GFL/GFM) DC (GFL)
Load MaXP:\;SkW
Control Room
BESS1 BESS2
1LMW/1.5MWh 250kW/400kWh

@P_VCET (W] ®P_VCB7 (W)

.......
00000

00000 |
00000

Power

600000

*****

] 11:37:14.069)

Measured point: VCB7

» Stop and Start maximum DER (SMA_BESS):
There is not much change in frequency and
| voltage under grid-connected.
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Shulin Microgrid- Planned Islanding(T2)
I R e L i e R T N > Planned Islanding: according

First time: Fail, Second time: Success
First time: Fail, Second time: Fail

1 OkW (actual value will be larger than Okw) Success
2 100kW Success
3 300kW Success
4 400kW
5 800kW
7 SI\\IAJII S P_t@POW 95708 [W]
i S R e 20kW U ’:’.’”VCB7’a’C’t’iVé power
.. 1295kVAR _____ OKVAR.... VCB7reactive power.
i ] - =1 | |
——— L e —
230kW Discharge . MP38 active power
L - [
Q_t@POWER/MP38.m_20240721_095725 [var] MP38 reactlve power‘
50kW Charge | MP48 activTa power
e B bbb iRt R MP48 reactive power

to IEEE2030.7, the VCB7 Sub
Microgrid POI should be set
to O (if applicable) before
changing to islanded mode.
We chose different POI active
power values and found it
will fail if POl active power is
larger than (or equal to)

11.4kV

400kW.

VCB7

+<—— Sub-microgrid POI

380V/220V @

VCB7-1
380 — 220V 480 — 277V
MP38 MP48
AC /| smA PCS AC /'|DELTA PCS
DC|(GFL/GFM) DC (GFL) @
| | PV
Load - - Max: 78kW
Control Room
BESSL BESS2 50
1MW/1.5MWh 250kW/400kWh



Shulm Microgrid- Steady State Islanded (SSZ)
| intial Conditions | niftingEvents

SMA_BESS Delta_BESS 78kW_PV  30kW Load
(1) Delta_BESS Output Step Change
1 GFM mode 2D ON ON -
GFL mode Discharge (2) PV Inverter Trip
2 GEM mode 250kW ON ON (3) Stop/Start Maximum Load
GFL mode Charge
| Current i S — ~ Current

P Delta_BESS Output Step Change -~
GFL_ Connected 'r"'_’: _— e
GFM_ Connected < P
B . 1 1 - ower
120kwW - I120kwL IL120kw
ischarge Discharg ischarg
90kW 50kW .
Discharge Discharge okw _ l
604HZ BQ_MP38 [var) OF_fund@POWER/MP3S [Hz
60.3Hz
60.2Hz |
—— I
| 60Hz
59.8Hz
59.7Hz
59.4Hz Frequency

F] 13:24:57.261 13:281

Measured point: MP38

[ «] 1351:07 1351:12 135147 135122

=PV Inverter Trip
~ G 135107 1351012 135017 13:51:22 127 135132
115skw  Power
Charge
,,,,, 131kW
~ Charge
a  «] 135107 13:51:12 135117 135122 135127 135132

L 59.94Hz

- Frequency

< 133KW
= (Charge)

120kW
(Discharge)

Power

Frequency

When a disturbance
occurs, the GFM PCS
output frequency will
change accordingly. The
output frequency can
return to the steady-state
value of 60Hz after a
transient change of about
10ms. On the other hand,
the SMA PCS has the
droop control function.
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Shulin Microgrid- Reconnect(T3)
- Initial Conditions

SMA_BESS Delta_BESS 78kW_PV 30kW Load
1 GFM mode GFL mgjglg?s/charge ON ON Reconnect to the main grid
2 GFM mode - rrwchc?g\lcvharge ON ON
P | Current .. w Current

] 1436:17 143717 14:38:17 14:3%:17 ~ & 143407 183422 13427 14:3432
n

@P_MP38 (W] @P_MP38 [W]
300000

| » VCB7 microgrid is
S E—— g Power 100kW —, reconnected to the grid after

—— Matching voltage, Phase, anglé / ’ -100kW _ ! about 2 m_inUteS. Wher)
| reconnecting to the grid, a

Reconnect . .
p—— cUCceks « Reconnect large inrush current will
j “success ' occur, with the power
14:36:17 143717 14:38:17 14:39:17 . & 14:3417 183422 143021 143432 H .
’ ) n @Q_MP38 [var] BF_fund@POWER/MP38 [Hz] . BQ_MP38 [var] BF_fund@POWER/MP38 [Hz] Changlng range- +/-200kW
N ' Frequency . e Frequency and the frequency changing
J ,—FN\ P ittt range: 59.9Hz~60.2Hz.
. * approx. 2 min. " —
i SMA_BESS: GFM mode J ud SMA_BESS: GFM mode
. B 1436217 4377 14:38:17 7 - U\ 1434117 143422 143427 14:34.32

T : 52
Measured point: MP38



-Shulin Microgrid- Unplanned Islanding(T1) and Black Start (T4)-

- Initial Conditions

SMA_BESS Delta_BESS
1 400kW 250kW
GFL mode Charge GFL mode Charge
7 400kW 250kW

GFL mode Discharge ~ GFL mode Discharge

@MP38_Vab@DEWE2-A4 [V] @MP38_Vbc@DEWE2-A4 [V] E@MP38_Vca@DEWE2-A4 [V]

Voltage

Soft Start

N
VCB7 OFF

78kW_PV 30kW Load
ON ON 1. Unplanned Islanding
2. Black Start
ON ON

._MPJB Vab@DEWE2-A4 [V] @MP38_Vbc@DEWE2 A4 (V] BMP38_Vca@DEWE2-A4 [V]

Voltage

Soft Start

VCB7 OFF

s SMA_BESS: GFL » | Black Start “  SMA_BESS:GFL . i _Black Start |
- Q 14:42:17 14:43:17 14:44:17 - ﬂ T4:55:47 14:56:17 14:56:47 14:57:17 14:57:47 14:58:17 14:58:47

@MP38_IA@DEWE2-A4 [A] @MP38_IB@DEWE2-A4 [A] @MP38_IC@DEWE2-A4 [A]

Current

144317 14:44:17
WP_MP38 [W]
Power
Disgct\gvr e J laskw o
_ Okw Uischarge Discharge
No output Power

-
Measured point: MP38

BMP38_IA@DEWE2-A4 [A] @MP35_IB@DEWE2-A4 [A] E@MP38_IC@DEWE2-A4 [A]

Current

g T e 145647 L5117 145747 14517 145847
BP_MP38 [W]
- | Power
T s ’  sow
""" i Ischarge
o Dlscharge Dis ge —
< ' »> l Charge
o) OkW 2 ||
n.‘-'n 14:55:47 14:56:17 14:56:47 M5 T1T 145147 e T

Initiating Events

The figures show the
waveforms of unplanned POI
turn-off and black start.
After turning off VCB7, SMA
PCS stops operating and PV
inverter is disconnected.
After a while, SMA PCS is
turned to GFM mode and do
the black start.
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Shulin Microgrid-Islanded Operation

Utility 11.4kV

OFE VCB M

2nd Phase POI

VCBS VCB7 VCB6 VCB5 VCB4 VCB3 VCB2 VCB1
1st Phase PO BEAS | | B_38 BIE—| (E-ak| | HsE] ] oFF
MBERE Kig == Kig BR=E
SSMB SS9
BEME 4% = EE|
et 2 Power Outage
A
Sub Microgrid ‘.V'
380220V 480 - 277V 380 - 220v =g’ 220- 127V

Control Room

B HBAR

1F - 4F &5
IMW/1L.5MWh  250kW  78KkVA 125kw 100kVA 126kVA

— é GEM with  400kwWh 80kWh

O vsG Function  CFL
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v
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The Whole Campus Shulin Microgrid

® We have finished the tests (4 transition function tests and 2 steady state functions)
® |n the future, we will (1) do two VSGs coordinated operation, (2) one VSG trips, (3) one VSG turns on,
(4) suddenly large load turns on/off, (5) suddenly PV turns on/off etc.

S FrEMEA

PF:0.65

Q: 1f;-,:—‘,“1 , t: e Z“ : ! . ""{""i‘_ \ H“:®
VCB8  VCB7 VCB6 VCB5
i e T o =y e v' Based on Shulin Microgrid,

SON® SIN e SON® 51N e
27 ®59 e 27 ®59 ®
EEAEEHGE =_HBicie
ERARE RSEMR

we can verify the functions

P P: 1863 kw
Q: Q: -111.38 kVar
PF: PF:0.16

of VSG and microgrid.

ss.12 | $S.11 7

== Moreover, we can develop

Vi Mp22 MP 38

the testing procedures and

v standards.

-306.36kW
Q: -20.37 kVar
C
Nanogrid

-9.86 2.04 kw
‘ar .88 /ar /ar 0.18 ‘ar

7.00

SRkl 1 —

) DD &

) v ' '
S
20.55 304.6 6.59 k! W -97.00 K 28.74 23.6

o 25.89 a 3 ar ar 0.00 /ar 8 far X3
8 0 = —

44.1(
27.26

PV 17'8kWp 1IMW/6MWh
)
LNAS

GFM with VSG Function
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Conclusion

® As the proportion of Renewable Energy gradually increases, inertia and stability will decrease.
If the number of the grid following inverters exceeds 30%, the grid will become unstable.

® The grid forming inverter with VSG function can be used to strengthen the power stability.

® V/SG is the key technology towards high renewable energy power system.

® By simulation and experimental tests, including small scale prototype and Shulin microgrid
we verify the benefits of using VSG in power grid.

® Many countries are developing standards of GFM or VSG. Therefore, Standard development

of GFM or VSG is also very important for Taipower Company.
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Thank You For Your Listening
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