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New System Strength Classification
Voltage source behind an impedance (VSBI) characteristics - an upcoming need.
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GFM Definitions around the World
Supply: GFMs are expected to demonstrate VSBI characteristics

COUNTRY GFM DEFINITION

NERC [1] “The primary objective of GFM control for BPS-connected IBRs is to maintain an internal voltage phasor that is
(USA) constant or nearly constant in the sub-transient to transient time frame”
FINGRID [2] | “GFM shall provide autonomous, near-instantaneous frequency and voltage support by maintaining a nearly
(FINLAND) | constant internal voltage phasor in the sub-transient time frame”
UNIFI [3] “GFM IBR controls to maintain an internal voltage phasor that is constant or nearly constant in the sub-transient to
(USA) transient time frame”
AEMO [4] “A GFM inverter maintains a constant internal voltage phasor in a short time frame, with magnitude and frequency
(AUSTRALIA) | set locally by the inverter, thereby allowing immediate response to a change in the external grid”
NESO [5] “Any Plant and Apparatus whose supplied Active Power is directly proportional to the difference between the
(GB) magnitude and phase of its Internal Voltage Source and the magnitude and phase of voltage at the Grid Entry
Point or User System Entry Point and the sine of the Load Angle”
ENTSO-E/ | “Within its current and energy limits, the GFM PPM shall be capable of behaving at the terminals of the individual
ACER [6] unit(s) as a voltage source behind an internal impedance (thevenin source) during normal operating
(EUROPE) | conditions and upon inception of a network disturbance”
GFM IBR shall provide autonomous, near-instantaneous frequency and voltage support by maintaining a nearly
MISO [7] . . : . i . , .
(USA) constant internal voltage phasor in the sub-transient time frame, within the inverter’s current limits and the
resource’s energy limitations
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VSBI Characteristics of a Device

A The ability of a device to behave like an ideal voltage source (IDVS) behind an impedance in the sub-
transient time frame.

Via Z0° Zrd VrZor

), S * POI

A Ability to maintain a constant voltage at the point of interconnection (POI).

O In case of a voltage phase angle jump, the device should exchange appropriate amount of active
power or current with the grid.

O In case of a voltage magnitude jump, the device should exchange appropriate amount of reactive
power or current with the grid.
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GFM’s VSBI Characteristics

[ A Synchronous Machine (SM) behaves like an ideal voltage source (E”) behind reactance (X”) in sub-

transient time frame.

d GFM'’s equivalent circuit:

E % [0ls ZF-.IZE!.E IS ZCTnupEf.rr_t; g 1’{;'£(S";'
: [ | PC VCP POI:
: : Collector } { :
s T AC - _L ad }I{ System | ¢ :
: — ZGFM :
® Internal Voltage Source - IVS Verm Zoontro ZGFM Ve Zor
® Voltage Control Point - VCP @—'—’W‘ W —— I
. . : IVS VCP POI:
® Point of Interconnection - POl : < Zerr -

O However, unlike for a SM, V;,, is not an ideal voltage source in the sub-transient time frame.
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GFM’s Compliance & Testing for VSBI Characteristics
Existing Time Domain Requirements

[ 1S0s: Assess active/reactive power response to voltage magnitude (MJ) & phase (PJ) jump at the grid
voltage.

[ Test Setup: GFM connected to the Thevenin grid equivalent with SCR=3 & X/R ratio = 6.

AEMO / MISO P> 0.2 p.u./10° PJ <15ms
P>0.2 p.u./10° PJ AP >0VL <50 ms AQ >
ERCOT Q> 0.03 p.u./3% MJ =16.6 ms 0 VL <100 ms

ENTSO-E I-Active = 50-70% I-RMS <10 ms t-decay = 0.016 s + 33%

Imperial College London 6 02/12/2025



GFM’s Compliance & Testing for VSBI Characteristics
Assessing VSBI characteristics in the time-domain has some major drawbacks

d Dependent on testing setup (e.g. SCR, X/R, etc).

O As requirements are at few-ms time-frame, heavily dependent on measurement device’s resolution,
accuracy, and length of the sliding window for the moving average filter.

0.2 Avg. Window = 0.0 ms
Avg. Window = 5.0 ms
Avg. Window = 20.0 ms
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2 :
£ 0l
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Time (S)

O Can not quantify or compare VSBI strength.

Imperial College London 7 02/12/2025



VSBI Characteristics in Frequency Domain

[ Device should have similar admittance spectra (in the dg domain) to an ideal voltage source (IDVS)
behind an impedance.

O Focus on coupling terms:
O Y,q4/Y 44~ Reactive/Active power response to a voltage magnitude/phase perturbation.
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VSBI Characteristics in Frequency Domain
ldeal voltage source (IDVS) behind an impedance:

O For an Ideal voltage source behind an impedance:

Y,(s)=

1 |:Rld +sLy, oLy, }
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VSBI Characteristics in Frequency Domain
Admittance Spectra vs Small-Signal Jacobian Matrix

O The terms for small-signal Jacobian Matrix are linear functions of terms from dg admittance matrix.
[ Jacobian terms P-6/Q-V are analogous to Yy, /Y, terms:

P, 3 3 ] ~
N_—ypy —Q,-=V*Y > 40
P(s)] |V, 2" () Q=5 Vit () V.(s) 2 SCR = 2.0
) = ; ; o(s) ..3) 3 SCR = 5.0
G2 Syye pedrre L & —— s
L2 2 €|€
B B Q= : — S
: : _ - 10 60 100
d For an Ideal voltage source behind an impedance: Frequency (Hz)
S 3 w, L
Q( ) :%_EK . 21 5 (4) ,;\ I5F
Vm (S) 0(s)=0 I/1 (R + SL) + (a)lL) o, 10
P(s) 3, oL 3 st —
d(s) :_QO_EVI (R+sLY +(a,L) ~() 0 - - |
Vi (5)=0 ! 0 0.05 0.1 0.15
Time (s)

Imperial College London 10 02/12/2025



GFM’s Compliance for VSBI Characteristics
Existing Frequency Domain Specifications

O P-6 & Q-V Spectra Magnitude:
O Should be nearly constant in the frequncy range of about 4-40 Hz.
[ Should be minimum 0.5 p.u./p.u. between 4- 40 Hz.

O P-0 & Q-V Spectra Phase:
O Should be within +60° error band of £180° in frequncy range of about 4-40 Hz.

2.5 MVA SynCon

——2.2 MVA BESS (GFM) |
- = 2.2 MVABESS (GFL) |
~——2.5 MVA Type IIl (GFM) |
2 MVA PV Inverter (GFM);
2 MVA PV Inverter (GFL) |

Magnitude (p.u./p.u.)
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Examples of Magnitude of Q/V Frequency Spectra for different
resources [Source: ESIG]
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GFM’s Compliance for VSBI Characteristics
Drawbacks with Existing Frequency Domain Specifications

O No explicit definition of “nearly constant”.

d A minimum P-8 & Q-V spectra magnitude at low frequencies may exclude GFMs (with faster droops)
with good VSBI strength.

O Can not quantify or compare VSBI strength.
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Design of Voltage Source Behind an Impedance (VSBI) as a Service
Open Questions?

O How to quantify and compare VSBI strength - another system strength metric?

O Need:
O How to define & quantify the need for VSBI strength at each node?

O Supply:
[ How much VSBI strength should be mandated from GFMs (Compliance)?

a Can we differentiate between various devices (GFLs vs GFMs) based on VSBI strength?

d What are the ideal characterstics for cross-coupling terms - {Q-6 ; P-V}?
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