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1. Inverter Working Concept P A bm

(1) Half Bridge Inverter | Half Bridge Inverter
® SW1:ON & SW2:0FF -> Vinv=VdcU

® SW1:0FF & SW2:0N -> Vinv=VdcL
o Vfilter=> average of Vinv
® Averaged by Lfilter and Cfilter

| SW on Duty

® Switching frequency: fsw

® Duty Cycle: Tsw=1/fsw

® On duty of SW1=Tsw1
= ® On duty of SW2=Tsw-Tsw1=Tsw2

o Vfilter=VdcU*Tsw1+VdcL*xTsw2

Vfilter | Example: VdcU=50V, VdcL=-50V (VdcL<=0)
® When Tsw1=1/2%Tsw=Tsw2, Vfilter=0V
® When Tsw1=Tsw, Tsw2=0, Vfliter=50V
® When Tsw1=3/4%Tsw, Tsw2=1/4%Tsw, Vfliter=25V

| Duty target for the target Voltage
® Vfilter=VdcUxTsw1+VdcLx (Tsw-Tsw1)
Vol v ® Tsw1/Tsw=D1, then
de Tswl Tow Time ® Viilter/Tsw=VdcUxD1+VdcLx (1-D1)
o = (VdcU-VdcL) ¥D1+VdcL
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(2) PWM control of Voltage | PWM: Pulse Width Modulation
® Set the Vfilter reference -> calculate Duty cycle

® Sawtooth wave is used for determine Tsw1 in comparison
with Vfilter reference

— | PWM control of Voltage
® Analog comparator is useful for PWM switching
T ® Comparator compares Vfilter reference and sawtooth wave

Vfilter Sawtooth wave

/ Vfilter reference
VdcU /
VACUXTsw1+VdcLiTsw2 [+ ~( _—

oV / \% i k >
VdcL Y v y v v : :

S — > > B fil
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1. Inverter Working Concept
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(3) Hysteresis control of Voltage | Hysteresis Switching
® Set Vfilter reference

@ Set Voltage band
! Hysteresis mechanism
® Sw1 ON until Vfilter measured exceeds upper voltage band

® Sw1 OFF and Sw2 ON until Vfilter measured exceeds lower
voltage band

® Sw1 ON and Sw2 OFF and repeat

| Disadvantage
= @ Voltage measurement with narrow band won’t be accurate

/ Vfilter reference
VdcU

_ Hysteresis Swﬂch;ngs‘j

VdcL ¥ ]
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(4) Hysteresis control of Current | Hysteresis Switching of Current
® Set ILfilter current reference

® Set Current band (can be wide)

ILfilter

Vo | Cac ® Vfilter=1/Cfilterx § ICfilter dt
= ! Hysteresis mechanism

Filter

_ @ Sw1 ON until ILfilter measured exceeds upper current band

ov
1 T ® Sw1 OFF and Sw2 ON until ILfilter measured exceeds lower
Vo ] € m— Ve current band
® Sw1 ON and Sw2 OFF and repeat
IChlter - ! Advantage
® Current measurement with wide band will be accurate
ILfilter current reference -
P -

Current band \

[ el S VAR A
R i
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1. Inverter Working Concept

(5) Grid Connect Inverter

ILfilter ILGrid

Vgrid
Vdgr_i ar
= |Igrid.Zgrid for stand-alone loads

©Digital Grid Consortium

digital grid =
oo

I Connect Half Bridge Inverter to the Grid

® L, Grid inductance: DGR standard connection to the Grid
® ILg, = (Varid-Vfilter) /Lgrid

® ILy, = (Vfilter-Vinv) /Lfilter

® |Ciiier =ILarid-lifilter

e Vfilter=1/Cfilterx § Icfilter dt

| Power reference

® Pgrid =VgridxILgrid*cos &

® Qgrid =VgridxILgridXsin ¢

® Control ILgrid and ¢

® |Lgrid is not controlled directly by PWM voltage control

® PWM control is difficult the current, because it control Vfilter
® Then differential of Vfliter and Vgrid makes ILgrid

® When Vgrid changes, ILgrid changes largely and cannot
control

| Direct Control of current by Hysteresis: Patented

® |ILgrid=ILfilter+Icfilter (Icfilter=0)
® Then ILfilter=ILgrid
® DGR controls ILfilter directly.

Confidential



1. Inverter Working Concept
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DGR Mini Grid Short Circuit Test:
Fault Current suppressed and restore smoothly: Succeeded

LECO-UOM Smart Grid v
[, : 200V,30A 3phase
- : Delivered from Japan  New to be purchased
‘ } ._ llllllllll 1
t; | 400V/ 200VI30kVA "
‘ _ I Single phask
Grid "
( Simulator I 230V/ 115V:x3 N
transf 1
1 R
J/ J) EmL:lll.l:tar | " : MGC I .
.......... I ! Switch |g DGR “ - .
- |V oA I
| L A | | X T [ : | L ______
e S S G A N G S !
e Losd Y, "7 2 Lead A, A7) seton [ "1 | Basery ' Nissan Leaf Battery Module x 84
= | B 2 = || = | = | = T | storage i Load each with BMU (Batrium Co. Ltd)
l . [ oG Bus I (0.5kVAx3)
Y [ L t i
T R T ] locts 1 e ee e —————
= Ba . y Battery : i
4k Storage S kW Storage 5 kW Sc:lar v
Selar PV MicroGrid .
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1. Inverter Working Concept e s M

I (6-2) Short Circuit
DGR Mini Grid Short Circuit Test:

Fault Current suppressed and restore smoothly: Succeeded
Edge CH1 £ 1 ¥

YOKC}GAWA & 2024/ 05.-" 26 1621826 MNormal
1 25MS.-" 5 Auto

1 100 WAdivE 2 100 Wd.-.m

aul = —” 3
182 ,;;m’%_z ;ﬂ% Main = 125 k : féf;,ﬁ_ﬁ: 16?:% j i 1§§; “ﬁg
| C —t - 2
S -%;25 DGR Mini Grid Voltage y CHE

A “a Display

0]
Coupling
AL B

Intentional Short Circuit (can be longer)
Probe

1050,

Invert

OFEE ON

VYA,

4 | inearScale

4 Label

DGR Mini Grid Current | e

)= E
4 Bandwidth=
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2. Grid Following and Grid Forming Concept

(1) Grid Following (GFL)

Vdgr
aV
T d Vgrid
L d
ldgr
Q axis
Lagr out LG_ext RG_ext

Idgr

D axis ) Oref

XG = 2n.Fgrid.LG

s mitls
Vrilter_ref Viilter = Vdgr Vdgr_out Vgrid
| | = Igrid.Zgrid for

stand-alone loads

VLdgr_out = Vdgr — Vdgr_out
(Inductor voltage measurement or estimate)

©Digital Grid Consortium
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| Current Source

® Vfilter=Vdgr

® AV=Vgrid-Vdgr (vector)

® |dar is determined by AV and L

® Cos ¢ is usually set to 0.9 to 1.0

® Smart inverter is required to change cos ¢
| Idgr is controlled by Vdgr

® Current source is controlled by voltage

® Voltage is controlled by PWM

® Slow to Vgrid change

@ Cannot control short circuit current

| Power flow constant
® P=Vgridxldgrxcos ¢
I Do not supply Inertia
® When Vgrid changes Idgr keeps P

® [t does not supply Inertia (=Additional P injection or
absorption)

11
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2. Grid Following and Grid Forming Concept digital gri ?,Lj

® “Droop Control” with Frequency and Voltage and
“VSG” which is Virtual Synchronous Generator
Droop Control

Frequency | Droop Control with Frequency and Voltage
Active Power ® When grid frequency changes, change the output of
Reference GFM inverter
[ | —» Angle ® Integral may not be allowed, because it affects main
Active Power R Reference grid operator control
AP ® Droop control is similar to governer control of
generators
VSG Control
| Virtual Synchronous Generator
rctie power | rofoence ® When active power changes, GFM behaves like
Reference , synchronous generator to cope with real generators
- . Angle o |t may have second order characteristics oscillation
Active Power Reference equation of synchronous generator
g ® Different type of equations may affect each other and
AP cause unexpected oscillation of the grid voltage and

frequency

©Digital Grid Consortium Confidential
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2. Grid Following and Grid Forming Concept

(3) DGR’ s Grid Forming

ID.XG i -Va

D axis ) Oref

Q axis XG = 2n.Fgrid.LG

ldgr Lagr out LG_ext RG_ext

3
Vrilter_ref Viilter = Vdgr Vdgr_out Vgrid
| | = Igrid.Zgrid for

stand-alone loads

L VLdgr_out = Vdgr — Vdgr_out
dgr_virtual :

- KFilter VI \ (Inductor voltage measurement or estimate)
dgr_out

+

Vdgr* (DGR mini-grid voltage reference)

©Digital Grid Consortium
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Y DGR Grid forming is “Grid Inpedance Control”
® When DGR starts operation, Vdar is established
® AV is established with the difference of Vgrid and Vdgar

® |n the output circuit, physical impedance of R; and L are
existing between Vdgr and Varid

| Idgr is determined by AV and physical impedance
® AVp=lp*RgtlgxX; : (Xg=2mfLg)
® - AVo=lp¥X5-lg*Rg
| Virtual Impedance
® DGR uses virtual impedance to add in the calculation
® Total impedance is almost equal to generator grid impedance

® When the output impedance is similar value, load sharing and
active, reactive power balance is almost even with grid and
DGR

® We can change the balance of load sharing and power flow by
angle addition

| Virtual Inertia

@ When the grid voltage or frequency changes suddenly, Vdgr
maintains the magnitude and angle for short time.

® Then AV changes because of Vgrid change.
@ |dar instantly supply or absorb the active and reactive power

Confidential



3. Parallel Operation

(1) Grid Connected: Voltage synchronization by PLL

ldgr n ZG_n
Vdgr_n
9 /
4
/4
U
ldgr 2 ZG_2 /
/4
I n
Vdgr_1 Igrid = Zk=1 Idgrfi

ldgr 1 ZG_1 Vgrid

= Igrid.Zgrid for stand-alone loads

D axis

* * * ; 'VQ*
0"Re la"xg|? X¢
> > p : D" axis | Oref

A8 Vgrid®

Q" axis XG = 2n.Fgrid.LG

©Digital Grid Consortium
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! Grid Connected
@ Grid is very robust
® PLL finds Vgrid which is common to all the DGR

® Each DGR control Vdgr so that Idgr and AV settles
designated virtual impedance

! Synchronization

® When Vdgr1 and 2 different, they adjust to make a
virtual impedance to setpoint

Total Load

<i:> Vgrid

Main Grid DGR1 DGR2 DGR3 DGR4 DGR5
Vdgr1  Vdgr2

Vdgr1
%v Vdgr2

Vg”d Confidential 14
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3. Parallel Operation

(2) Grid Disconnected: Voltage synchronization by PLL

ldgr n ZG_n

Vdgr_n

!/
ldgr 2 ZG_2

/4
( ; Vdgr_1
ldgr 1 ZG_1
Vdgr_1

lgrid = Yie—1 lagr i

Vgrid
= Igrid.Zgrid for stand-alone loads

D axis

fva'
E D" axis | Oref

Q" axis XG = 2n.Fgrid.LG

©Digital Grid Consortium
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| Grid Disconnected
@ Grid is very robust but disconnected
® PLL finds Vgrid which is developed by DGR

® Each DGR control Vdgr so that Idgr and AV settles
designated virtual impedance.

® However, there is a positive feedback loop and unstable
I To make it stable, special control is required

® Frequency reference is set to 50Hz

® Difference of frequency is controlled by Pl control

® |t is important to apply suitable parameters
| Then independent operation can be established

| When main grid become available, synchronizing
technic is adopted via cloud & global control

Confidential 1 5
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3. Parallel Operation ST _,F,Lj :

Implement small scale grid forming microgrid test: Succeeded
v" Direct Connection to the LECO Main Grid

v" Two DGRs work together and share the load with Main Grid at 1:1:1 ratio.

v Independent operation of two DGRs are succeeded

v Short circuit test is conducted, and the fault current is limited

LECO-UOM Smart Grid Iyt — =
: 200V,30A 3phase 1
. : Delivered from Japan  New to be purchased :
=) _—— - T — - 1 l_ ------------- 1
| | 400V/200VI30kVA . : I i
— ' =Single phasp 4 DGR : l
Simulator I 230\//1 1 5V:X 3 . " (10kVA | | :
fransf 1 — 1 1) - !
=) e J o) | 4 %_@_ =" . I :
| o . 1
J/ EmLLIlT:tar , " : MGC ! ! I I I :
.......... | : Switch GR > . I
- Sl == U A0KVA 1 I
T gl T MHUS| | T T [ : |.L._..l_ ''''''' :
e A N S G N S A S ! !
AC Load [, N7 26 Load [P, Ny | #cLead [Ny _|_ | Battery : Nissan Leaf Battery Module x 84 1
- mulator a - Emulatar ~ - Emulator - T Storage 1 Load each with BMU (Batrium Co. Ltd) 1
O T | . i (0.5kVAX3) i
L e { | !
il A el B | bz STmemmmmmmommmommmommmommmommeomoeoooeooe- '
H ! Ba ! 1 Battery ! r
4k Storage S kW Storage 5 kW Sc:lar PV
Selar PV MicroGrid *
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3. Parallel Operation ST _.F,Ej :

Implement small scale grid forming microgrid test: Succeeded
v" Direct Connection to the LECO Main Grid

v" Two DGRs work together and share the load with Main Grid at 1:1:1 ratio.

v’ Independent operation of two DGRs are succeeded

v Short circuit test is conducted, and the fault current is limited

: S DGR-microgrid - -~
LECO_UOM Smart Grld @ : 200V,30A 3phase
[ : Delivered from Japan  New to be purchased
o) —_ = . - - - T T e
-; | I 400V/200VI30kVA .ot . |
— ' =Single phasp DGR :
/| simulator 230V/115Vix 3 ' (10kVA | |

| I
J . transf eI
? j) o) 1 %—

. - |
. : | - .
EmLLLT:mr ) u 1 MGC ! . I I I
.......... | : SWItCh GR <+ .
AG Bus AG Bus e b= = U T (10kVA l! !I
L — C 3 1 : 1) . _ . ===
I I I N I , |
ot AY) Ny seLeadin, A e (A, 1| Batery H Nissan Leaf Battery Module x 84
- r - C R T Jstorsoe i Load each with BMU (Batrium Co, Ltd)
l i [ oe B I (0.5kVAX3)
€L 1 [ :
L i ! T t [ l grcn.ull:; -------------------------------------------
T .E;:urago | 5 kW I ??::':. I 5 kW ‘Salar PV
Selar®Y MicroGrid T
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3. Parallel Operation ST _.F,Ej :

Implement small scale grid forming microgrid test: Succeeded
v" Direct Connection to the LECO Main Grid

v" Two DGRs work together and share the load with Main Grid at 1:1:1 ratio.

v Independent operation of two DGRs are succeeded

v Short circuit test is conducted, and the fault current is limited

LECO-UOM Smart Grid Iyt — =
: 200V,30A 3phase 1
. : Delivered from Japan  New to be purchased :
=) _—— - T — - 1 l_ ------------- 1
| | 400V/200VI30kVA . : I i
— ' =Single phasp 4 DGR : l
Simulator I 230\//1 1 5V:X 3 . " (10kVA | | :
fransf 1 — 1 1) - !
=) e J o) | 4 %_@_ =" . I :
| o . 1
J/ EmLLIlT:tar , " : MGC ! ! I I I :
.......... | : Switch GR > . I
- Sl == U A0KVA 1 I
T gl T MHUS| | T T [ : |.L._..l_ ''''''' :
e A N S G N S A S ! !
AC Load [, N7 26 Load [P, Ny | #cLead [Ny _|_ | Battery : Nissan Leaf Battery Module x 84 1
- mulator a - Emulatar ~ - Emulator - T Storage 1 Load each with BMU (Batrium Co. Ltd) 1
O T | . i (0.5kVAX3) i
L e { | !
il A el B | bz STmemmmmmmommmommmommmommmommeomoeoooeooe- '
H ! Ba ! 1 Battery ! r
4k Storage S kW Storage 5 kW Sc:lar PV
Selar PV MicroGrid *
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3. Parallel Operation

! Load sharing
Main Grid = DGR Mini Grid Disconnect/Connect test

Connect Disconnect

YOKOGAWA 4 2024/05/26 15:1835 Normal Edge CH1 £ 1 V
Breview. 1 1.25M5/s huto
1 100 vAlivE 4 100 VAdive 6 10.0 AAlivE

Main'gfid Voltage~

RmsEGIg

Rms(C6) 3 .B6806

Push##:0.00A
Offset

- 0.21A

1 g ©Digital Grid Consortium
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Reconnect
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Newly Installed Digital Grid Research Lab

21 ©Digital Grid Consortium Confidential 21



Optional
Neutral
connection

DGR Micro Grid

AC 3phase Main Grid

400V / 200V
Insulation Transformer

digital gri ici HSS

. i ™, iy
A e

> Multi-leg half bridge inverters with common DC bus

> Gate pulse control AC and DC power units

> AC output operates on Grid Forming Mode

> Number of AC output synchronize using virtual impedance

______

Common DC
Bus (-)

J>) _— l ___.g) ELCB Al

TV W Common DC

22

G RGROROR
_ &

Common DC

' ' 4
i

T

T

©Digital Grid Consortium Confidential 22



digital grid =
o)

nlimited number of DGRs synchronize

Real+Virtual > U
impedance .
g0 ZG 0 > No Master-Slave mechanism
> GPS time for Black Start
Vdgr_n / o .
£ > MGC for intentional power flow
agr 2 Zo2 /] > 100% Active/Reactive power supply ops
,' (Global Positioning System)
Vdgr_1 7 lgrid=Y3_; lagr i .
ldgr 1 ZG_1 Vgrid P /5
= Igrid.Zgrid for stand-alone loads Circuit-Breaker Phe - 1,/ N
- T d
Or - - // : N \
Section Switch _- - ’ | \
~ .~ 7 Distribution Circuit |
. (. . l
/
A / (| Y
: ,/ @ I | Customer
D axis 7 y; I
: . / I Load
H-Va ) " Load Load o4
H D* . / _ - » D
axis | Oref » _» D - Load G
@: z=z=2]1 g ————————— RF--—~~7°
Lv Load
Q axis MGC Customer
XG = 2n.Fgrid.LG (Mini Grid Controller)
Confidential

* .
Q" axis
©Digital Grid Consortium
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A o

20kW Helios Unit |- Y=
. ] 5 FPGA
) ri H o] [Ta] [To]
w?‘r\, " % i :+ } +:@j PEOEE E
r%z Egmgmm I [_
B [Fmal ﬁ%uﬁﬂﬂ_{_b
SRRmAE o

\

il

% [IRNANNNN] W

/230V 40kVA

o

9) e Q) - Q) ElCBAL
N U v W :

SFSEFSEN T EL S EN 4 W4 Y
0} 4} K} KF KFimdio
! ' : i T

-

| rated=60A =

DC352V DC330V
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table 2. The summary of the requirements and additional capabilities recommended for GFM inverters.

European Union Grid

GB Grid Code AEMO Code (Draft)"™ UNIFI
Requirements
Active phase jump power v v viA v
Active damping power v v v v
Voltage jump reactive power 4 v v v
Fast fault current injection v v viA v
Voltage source behavior v v VA v
Frequency domain response v v v
Inertial response v v v High frequency. B Vi

yiLow frequency: C)

Last synchronous machine survival v v v
Weak grid operation and system strength v v A v
Oscillation damping v v v v
GFM within current limits v v v
Additional capabilities

Headroom and energy buffer v ) vi?
Current capability above continuous v v
Black start capability v v
Power quality improvement v v
Stability when current limit reached v v v

Type A: Connection point below 110 kV and maximum capacity of .8 kW or more. Type B: Connection point below 110 kV
and maximum capacity at or above a threshold proposed by each relevant transmission system operator (TSO), which is below
1 MW, Type C: Connection point below 110 kV and maximum capacity at or above a threshold proposed by each relevant
TSO, which is below 50 MW. Type D: Connection point above 110 kV or maximum capacity at or above a threshold proposed
by each relevant TSO, which is below 75 MW.

*Even if not explicitly stated in the document, it can be inferred from the specifications that it is a desirable behavior.

**At the present situation, GFM for type A is possible but not mandatory.

. ***In North America, this requirement is categorized under “fast frequency response” and not explicitly defined.

~

digital grid ={ .

"$740707478Y4

L

v" GFM grid code has been discussing as
shown in the left table

v" There are no commercial product that
cover all the request

v DGR has achieved all the requirement for
the GFM inverters

v" Advanced function for Mini grid and micro
grid control is also incorporated

IEEE Power & Energy March/April 2024
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| Higher Level Functions, Operator interface, DMS, Dispatch Optimizer, Forecasting ‘

.. T l
/

/Microgrid Status/ X’ Grid Requests /

/ Grid Requests /

/ /
-
Island Constraints
Reconnect Dispatch Rule edits
Auto-Black Start Dispatch POl fiow requirements
Mode _ Key %
Transition Function > Dispatch Function / Dispatch / ’ i
Rule . i
I | i
i ; Core Function i
Connection | :
‘ Status | /j |
[ ‘ / / E Data Set
! ata Se !
/ Dispatch Order / / Device Status / ; ;
| ,. ]

¥ Set of Functions

and Data

Lower Level Functions, Device and Asset Controls, Instrumentation J

Relationship between transition and dispatch functions IEEE2030.7 Applicable

2 6 ©Digital Grid Consortium Confidential
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W SESISESEINISESINISES

4. ADB’ s Pilot Project of Digital Grid Research Lab at University of Moratuwa

« ADB introduces most advanced technology of Digital Grid and a tangible pilot plan for new “Grid
Forming Micro-grids with renewable energy”.

Newly Installed
Digital Grid Research Lab

Existing LECO-UOM
Smart Grid Research
Lab

R

27 ©Digital Grid Consortium Confidential 27
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Implement PHIL test with RTDS-DGR and -Conventional Inverter

v' Conventional Solar inverter and DGR are compared by PHIL test (Power Hardware in the Loop)
v' Conventional Solar inverter may cause the main grid fluctuation

v" DGR grid forming will stabilize the grid fluctuation

v" We will investigate the mechanism and produce the world advance research

RTDS EGSTON
(Main_ Grid Simulator) CSU100 2GAMP4 . .

F s T == = = = ) i , DGR microgrid
L = - — = [ ———— - - - — - -
I | Virtual Diesel ! I I I i :
' I Generators (15MVA) I I | I ]
! (===== - ; ] | i —~ |1)gEVA H E
I i I Voltage! BOne . 200V, 3phase ! 00 1
: Voltage : e W ! b e I
1 1 1
. -— ; ; | | Switch 1
: O~ Scaling I | i | . i 0GR <> Battery | :
% Voltage @ /AN\e____________ ) '_ - 1

[ Voltage <?‘>< 1 T —~_| #AC source ) .
i O—> Scaling i L) 4oov 3 LECQ-UQM smad orid PN oo
Current lohase i |\ EHE i
I [ L S E—— : i e —k T |
Aurora | I I teeE 1
I i Intekface | | | I i
| ——e——m——mee - SRR EREEE 1 ! Ty y ]
| | Main Grid : | Micro Grid | ) | i L NvAe .
| 1 Load P.Q I 1 Load P,Q ! | | ! i < i
S MY TS A VY7 T LLYMVA)_____) I I e ——————— )

2 8 ©Digital Grid Consortium Confidential
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Legacy IBR
(Commonly Used)

* Injects Active Power at Unity Power Factor
* Provides No Grid-Support Services

Conventional IBR
(Few Networks Use this Capability)

» Delivers Both Voltage and Frequency Response
+ At Plant Level and Full Response Over Multiple Seconds

Enhanced IBR
(Very Few Networks Ask for and Use This Capability)

= Delivers Full Frequency and Voltage Response With 1 s of Event
» Can Survive Loss of Last SM

Future IBR
i (Notin Use Except in Small Islands, Active Research Area)

* Capable of Black Start
» Can Potentially Survive Extreme Events

IBR - Refers to Entire Plant With Multiple Inverters
GFL and GFM - Refer to a Single Inverter

GFL

GFM

figure S1. Levels of services from legacy, conventional, enhanced, and future IBRs
that are utilized in grids around the world and the associated chronology, with an

indicative trend from GFL to GFM.

29 IEEE Power & Energy March/April 2024
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