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* Inrecent years, WECC MVS has approved two standard library grid-forming inverter (GFM) models—REGFM_A1 and
REGFM_B1

* Those two models represent two major GFM controls used in industry—Droop Control and Virtual Synchronous
Machine (VSM) Control

* The development of those two models received a significant support from several OEMs, including SMA and GE
Vernova

* After the REGFM_A1 and REGFM_B1 models have been approved by WECC MVS, the team reached out to more
OEMs with the goal of further improving/updating those models, including reaching out to Tesla Energy

* After multiple in-depth discussions with Tesla, the team realized that there is another type of GFM control used in
industry

* Therefore, the team is collaborating with Tesla Energy on developing a new standard library GFM model
specification, aiming to better represent another important representative GFM technology used in industry

* The initial model specifications were co-developed by PNNL, Tesla Energy, and EPRI. Tesla Energy provided main
control blocks to support the model development

* The model specifications have been revised multiple times to incorporate suggestions from WECC MVS members
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Key Features of WECC Standard Library GFM Models

REGEM A1l REGEM B1 REGFM_C1 and REPCGFM_C1
- - (seek for approval)

GFM Droop Control GFM Virtual Synchronous Machine GFM Hybrid Control
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* The GFM hybrid control implements both the GFM control and GFL control simultaneously inside one inverter. Both

controls work in parallel, and they do not switch between the GFM and GFL controls

* The steady state P and Q of the GFM branch is regulated to be 0, and the GFL branch provides the steady state

response

* The actual control implementation has a fast inner current loop, and the current reference is the summation of the

current reference from the GFM branch and the GFL branch

* The current limiting is implemented to limit the total current reference of both branches

F Ifault

AT =

Virtual Current
Machine Source

/

An_v’m%l

Source: Tesla PESGM 2024 Presentation
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* The plant controller sends P, s, and Q.4 6, to the GFL branch, and sends V, ., and w,, to the GFM branch
* The steady state P and Q of the GFM branch is dispatched to be 0

* The green lines represent the virtual impedance control and the fast inner current control loop, which will be modeled
algebraically in the phasor domain

* The current limit logic limits the current magnitude, but the current phase angle remains unchanged

=) lor £ Por
cmd_GFLA
"| Grid-Following
Qcmd_GFL (GFL)
| >
______ ) I Ir 4{0,. Inner
Plant Controller G} oo P [ w O current g
1 Loop Gate Signals
| Vet ) _ Current Limiting
» Grid-Forming T
(GFM) . Ioutéwout
wref: EVSMZé‘VSM‘ Virtual | Ly Z@sum
"| Impedance
Both GFM and GFL controls are
VZSVI implemented in one inverter

Overall Control Structure Source: Tesla Inverter Controls Block Diagrams
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* In phasor domain, the GFM hybrid model is interfaced with the network solution through a voltage
phasor behind impedance in parallel with a current phasor

* R, +jX, represents the virtual impedance

V3,

R, + JX,

) 1>

Voltage Source  Current Source

EZS,

Model Network Interface
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 The GFM branch is a virtual
synchronous machine (VSM) model

E\/SM

* The voltage control block controls
the internal voltage magnitude E .,

* The VSM control block controls the
internal phase angle 6VSM IoniEIi'?\:Z?et;g:i/epoweroftheGFMbranch is initialized as 0

e Eygy equals to the inverter terminal voltage V
e Vpsequals to the terminal voltage V

lg_crm

GFM Voltage Control

PGFMl
—
+
APGEM_max -9
-
1 + 1 APGEM  Pret oem A®max
— —_— Pinv GFM
Dref /_
TMS +1 - m 1
P + -
+ Pemd_ cFm + 1 Aon | @y | dvsm
APGFMJnin - 2Hs s
Plant controller changes cwret j g
—————>e =
— cn% 0 D?I E Awmln
o
- FFlag 0 = %
+ + W
w T D O
" 2 +
Initialization:
e« The active power of the GFM branch is initialized as 0 sD
* Jysw equals to the phase angle of inverter terminal voltage 2 le—
® Pt crm is avariable and its default value is 0 S+ w,

GFM VSM Control
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* The GFL branch represents a typical GFL control

Pemd_GFL_max | oo _L _____ | (5\/1
Pemd_erL — x| pemd_GFL ! : lpmax_GrL Iy, GFL
Pcmd_GFL_min . : : -
] | .. |
Vipy —— ! PQ Priority ! lpmin_cFL dq loe £ ParL
Max i Current ! —>
V . | . el I X
min —————> — | ! Limiting ! gmax_GFL Iq_GFL y
-~ L
Q Qcmd_GFL_max ~ gqcmd_GFL : i
cmd_GFL+> x ¥ d | .
— + L] 1 lgmin_GFL
Qcmd_GFL_min T
Plant controller changes Peng orL @and Qemd arL PQFlag
VrefO 0 7‘\'4 kqv
- Initialization:
Vv 1 \V2 dby; dbyp o Pcmg crL equals to the output active power of the inverter
T 1 v * Qcmd_crL equals to the output reactive power of the inverter
STt

GFL Branch Control Blocks
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The goal is to ensure the magnitude of the total output current is limited at |
remains unchanged.

The current limiting is implemented algebraically The current reference from the GFM branch can be
calculated using (1)

 Eyqu L8y —V 28, ALY
IVSMZ%SM = —H RSV-?-MjXS (1) 7 °

R, + jX,

The total current reference from both branches can be calculated using (2) 1Zp
EZS,

ot Z Poret = Wvsw £ s + 1er £ P (2) L L
Deﬁne the k factor (3) Voltage Source  Current Source
(=lm(3)

max

The total output current can be limited by reducing the current of both branches

< I |<Imax

total m total
EVSMLé‘VSM u" EL§E IGFLA(DGFL —_—> |4§0
\._» \._>
IVSMZ%(RS + sz) +V 246, M» IGFLZK(DGFL lioar 2 Imax»

and its phase angle

max
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Plant Model—REPCGFM_C1
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Main Functions of the Plant Controller

e GFMvol referen nerator [ V,
GFM Branch | gFM :c/o tage refe :: ce generato : ref
requency reference generator " W
* Real power path —p_
* Reactiv wer path -
GFL Branch cactive power pa
* Voltage controller
* Loss compensation " Qg 6r
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frmax
/
The plant controller sends the fsite 1 Vsite meas=Vth frefmax
. e T —
measured site frequency to the GFM 1+sTy, \fsite_meas / 1 fret
J__ - ,
branch to ensure the steady state P of / . / TheeS+1
the GFM branch is 0. frmin ~ Tref_site > :
Vsite_meas<vfth frEfmm
Frequency reference generator for the GFM branch
Ptarget—> i VeiFla
X P — JQ ref-lag
arge . R X targel larget > Vre max "
The plant controller sends v [T ] Qe ’VS“E—””%S“L( s+ | '°“)( 1 1 e e — V.,
> + re
the measured voltage to the TuneasS 1| Visie_meas Voru ret TuS+L[
GFM branch to ensure the Vv L | Vimess| 1 Viretmin
—> > —>e
steady state Q of the GFM TyeasS +1 TS+l
. Initialization:
branch is 0.

o AV is used for the initialization purpose
o AVer=V-Verm_rer V is the inverter terminal voltage

Voltage reference generator for the GFM branch
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The plant controller sends the Qcmd_ GFL to the GFL branch of the inverter model REGFM_C1

Qsite l

—
+
—| %
Voltage §
Control 0 [ Q
err_max
Qsitef Q ch_max
Quref site err_rmax 1
VFlag 1 0 +§ Kig S Ki 1
Qerr_rmin == S
Qref_max Qerr_min + Vsite —1 Q
+ 1 —> ve_min
Qrefisite Qtarget + C M .I-VmeasS +1 -
+ 1+ STQIag chimax
Qref_min Vsite_meas Verr_max ch*max
v ) - 1 ++ QVref_site
ref_site T 7+4 —)@ 1 T N
Ptarget +S Ve
Verr_min d bVSLl, dbysh1 ch_min
Q A Qloss chimin
target
Initialization: VOItage ContrOI
e When VFIlag=0, Qref sit=Qtarger=Qsite
o When VFlag=1,Quret site=Qtarger=Qsite; N Qref site=0

Reactive Power Path
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The plant controller sends the Pcmd__ GFL to the GFL branch of the inverter model REGFM_C1

1
I:)site —>
f TPmeas S+ 1
rmax 0
fref_site P Perr nax
freq_max !
fsite 1 Vsite_measivfth 9 Pesitet P
—> > + Pfreq_droop err_rmax
1+5sTg, - 1
fsite_meas - + g
frmin fref_site — e dble, dbel Pfreq min P I:)err_rmin
- ref_max .
Vsite_meas<vfth /7— P I:>err_m|n + 1 5
Pret_sie Gk ad 1_(")—> TesT |- cmd_GFL
/ +4 +S Plag
fsite_mL FFR _E'. Pref_min
—>e
O Ptarget — 3 /\2
FFRFlag AP oss
Q L
target —— /\2 Rloss I

Active Power Path
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Comparison between PSS/E Model and PSCAD Model

Both PSS/E model and PSCAD model have been developed by the PNNL team based on the model
specifications, and simulation results were compared in a single-GFM, infinite-bus system
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* The GFM branch responds to the voltage change by increasing Q

* The GFL branch remains constant PQ control

* All the GFM and GFL Variables achieve a good match between PSS/E and PSCAD
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* The GFM branch responds to the phase angle jump

* The GFL branch has a very limited response to the phase angle jump

* All the GFM and GFL Variables achieve a good match between PSS/E and PSCAD

GFM Variables
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* The REGFM_C1 can ride-through a long-term fault

I_| i Loy, Lo Ry Ly Vo
* The GFM branch is dispatched at zero output P [ Ii} CT

A Single-GFM Infinite-Bus System

* The GFL branch uses the Q priority

0.5 s Short-Circuit Fault (SCR=10)

GFM Variables GFL Variables Output P and Q
62 0.5
PSSE s 038 15 ] 0.5
~ ——-pscap| T PSSE PSSE
T & 2 06— £ — — —PSCAD — — —PSCAD
z =05 PSSE 2 2 505 =
> — — —PSCAD t PSSE = 2, PSSE 2 I
g 7] = 0.4 = £ o - S o I
3 £ & — — —PSCAD Bos = pscan| )
: 05
&0.2 3“
59 15 1
2 3 4 5 2 3 4 5 0 l 0 : 05
t(s) t(s) 2 3 4 5 2 3 4 5 2 3 4 5 2 3 4 5
. t(s) t(s) t(s) t(s)
1 _
= PSSE 0 2 4
_ S — — —PSCAD \ PSSE - = PSSE
2 =2 E = — — —PSCAD 2 ER — — —PSCAD
& PSSE 2 v &
z 09 — — —PSCAD 3 = PSSE =S s s?
<->-' E 0 EN 0.5 — — —PSCAD g é R % 1
& 2 3 ¢ Ly V—
0 2 -
2 3 4 5 2 3 4 5 0 -4
t(s) t(s) 2 3 4 5 2 3 4 5 2 3 4 5 2 3 4 5
t(s) t(s) t(s) t(s)
—~ 5 115
g PSSE PSSE 1.3 -1l 1 SSE
= — —-PSCAD| o — — —PSCAD PSSE PSSE 1
s 2 =125 — — —PSCAD| S .115 — — —PSCAD Z 05 B — — —“PSCAD
[ = NS & & 5
3 0 =} = J 0 PSSE 2
2 1. 5 12 g 12 = — — —PSCAD = 05
E s} = = 3 0.5 o
i SLls 125 4 & \
. -1 0
2 3 4 5 11 13
t(s) 2 3 4 5 2 3 4 5 2 3 4 5 2 3 4 5

t(s) t(s) t(s) t(s)



PSCAD and PSS/E Comparison for REGFM_C1

Funded by:
SOLAR ENERGY

TECHNOLOGIES OFFICE
U.S. Department Of Energy
U.S. DEPARTMENT OF ENERGY

WIND ENERGY TECHNOLOGIES OFFICE

consortium

* The GFM branch responds to the frequency change because of the frequency

droop

* The GFL branch is constant PQ control

GFM Variables
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Validation of REGFM_C1 against Tesla’s Black-Box PSCAD Model

Tesla team has validated the REGFM_C1 model against their black-box PSCAD model

Lv MV POI

O+t He©

BESS Grid

Strong Grid
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Validation of REGFM_C1 against Tesla’s Black-Box PSCAD Model

Tesla team has validated the REGFM_C1 model against their black-box PSCAD model
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The GFM hybrid model, REGFM_C1, and its plant controller model, REPCGFM_C1 model have been
presented

Both PSS/E model and PSCAD model have been developed based on the specifications, and the PSS/E
and PSCAD results match very well

Furthermore, the REGFM_C1 model has been validated against Tesla Energy’s black-box PSCAD model

We’d like to make a motion to approve the REGFM _C1 and
REPCGFM _C1 model specifications
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universal interoperability
for grid-forming inverters

THANK YOU




	Slide 1: Model Specifications of Grid-Forming Hybrid Control and Plant Control— REGFM_C1 and REPCGFM_C1
	Slide 2
	Slide 3: Key Features of WECC Standard Library GFM Models
	Slide 4
	Slide 5: Inverter Model—REGFM_C1
	Slide 6
	Slide 7
	Slide 8
	Slide 9
	Slide 10
	Slide 11
	Slide 12: Plant Model—REPCGFM_C1
	Slide 13
	Slide 14
	Slide 15
	Slide 16
	Slide 17: Comparison between PSS/E Model and PSCAD Model
	Slide 18
	Slide 19
	Slide 20
	Slide 21
	Slide 22: Validation of REGFM_C1 against Tesla’s Black-Box PSCAD Model
	Slide 23: Validation of REGFM_C1 against Tesla’s Black-Box PSCAD Model
	Slide 24: Validation of REGFM_C1 against Tesla’s Black-Box PSCAD Model
	Slide 25: Validation of REGFM_C1 against Tesla’s Black-Box PSCAD Model
	Slide 26: Validation of REGFM_C1 against Tesla’s Black-Box PSCAD Model
	Slide 27: Validation of REGFM_C1 against Tesla’s Black-Box PSCAD Model
	Slide 28: Validation of REGFM_C1 against Tesla’s Black-Box PSCAD Model
	Slide 29: Validation of REGFM_C1 against Tesla’s Black-Box PSCAD Model
	Slide 30: Validation of REGFM_C1 against Tesla’s Black-Box PSCAD Model
	Slide 31: Validation of REGFM_C1 against Tesla’s Black-Box PSCAD Model
	Slide 32: Validation of REGFM_C1 against Tesla’s Black-Box PSCAD Model
	Slide 33: Validation of REGFM_C1 against Tesla’s Black-Box PSCAD Model
	Slide 34: Validation of REGFM_C1 against Tesla’s Black-Box PSCAD Model
	Slide 35: Validation of REGFM_C1 against Tesla’s Black-Box PSCAD Model
	Slide 36: Summary
	Slide 37: THANK YOU

