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Abstract—The integration of renewable generation into the
existing power grid heavily relies on converter-based technologies.
The increasing penetration of Inverter-Based renewable sources
(IBRs) in the network impacts system stability, necessitating the
development of new grid codes and industrial practices. IBRs
are typically classified into Grid- Forming (GFM) and Grid-
Following (GFL) control approaches, with grid codes approx-
imating these controllers’ behaviours as voltage and current
sources, respectively. Furthermore, identifying the control type of
Electromagnetic Transients (EMT) vendor models is challenging
using frequency-domain analysis. This paper proposes a method
to assess converter characteristics by comparing the ideal voltage
and current source behaviours using the time-domain response
of converters. The results provide a clear methodology for
characterizing GFM and GFL converters using time-domain
signals alone, employing a fixed 5ms window to analyse transient
behaviour.

Index Terms—Inverter-Based Resources, Converter Stability,
Grid-forming Control, Grid-following Control.

I. INTRODUCTION

To achieve a low-carbon energy system, a large amount of

Renewable Energy Sources (RES) is expected to be integrated

into the network, approximately 85 % of the electricity pro-

duction worldwide will be from RES by 2050 [1]. The newly

integrated RES will interface with the network using power

electronics inverters [2]. RES have characteristics different

from traditional energy sources. As a result, current standards,

models, and understanding of system dynamics will differ, pre-

senting new challenges. These challenges relate to the control

modes used in Inverter-Based renewable sources (IBRs), which

include several variants.

The different variants can be categorized into two control

modes: Grid- Following (GFL) and Grid- Forming (GFM) [3].

GFL technology is widely used to integrate IBRs into the

grid due to its simple control structure and ease of regulation

within existing power systems. GFL controls the current and

follows the phase angle at the Point of Common Coupling

(POC) using a Phase-locked Loop (PLL). Based on its control

objectives, GFL can be represented as a controlled current

source during transient time. However, the representation of

GFL is not fixed, as different control strategies can be applied

to this type of converter. GFL is commonly modeled as a

current source in many modeling frameworks, as defined by

International Electrotechnical Commission (IEC) and Western

Electric Coordinating Council (WECC) [4], [5].

GFM has garnered attention as a new type of controller

for use in IBRs due to the various services it provides, such

as black-start capability, robust performance in weak grid

conditions, and the ability to operate in island mode [6]. The

main objective of a GFM converter is to control the terminal

voltage. Unlike conventional approaches, GFM synchronizes

with the grid without relying on a PLL to track the phase

angle, enabling self-synchronization due to its characteristics

similar to those of conventional synchronous generators. GFM

is typically represented as a voltage source with an impedance.

This representation is valid during transient time [7] and is

considered in the UK grid code [8].

To meet the growing demand for electrification, a greater

number of IBRs must be integrated into the power system,

which consequently reduces the presence of synchronous

Generation (SG) units. Maintaining an appropriate balance

between GFL and GFM converters is essential for ensuring

system stability [9], [10]. Transmission System Operators

(TSOs) conduct studies and simulations during both planning

and operational phases to evaluate various scenarios involving

IBRs integration and its impact on system stability. However,

due to intellectual property constraints, TSOs often have

limited access to detailed information about IBRs, which

complicates stability assessments. The increasing deployment

of IBRs with diverse control modes adds further complex-

ity to simulation studies. Integrating black-box converters

from multiple vendors into an Electromagnetic Transients

(EMT) simulation environment without knowledge of their

operational modes can result in instability due to unforeseen

interactions. Identifying the control type of these converters

is therefore crucial for developing robust integration strate-

gies within EMT simulation models. Several methods have

been proposed based on measurements taken at the POC,

utilizing impedance or admittance models to analyze converter

behavior. These assessments are typically conducted without

prior knowledge of the converter’s operational mode or control

structure. Impedance and admittance-based approaches are

commonly employed to characterize converter dynamics [11],

[12]. A study presented in [13] introduced a non-parametric
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impedance method to identify the internal control dynamics

of a grey-box model using system identification techniques.

This method demonstrated the capability to determine which

controller within an interconnected system influences overall

stability. However, neither of the referenced studies provided

explicit information regarding the operational mode of the

converter under investigation, nor did they consider the specific

characteristics of GFM converters.

Machine learning techniques have been introduced to clas-

sify converter control modes as either GFL or GFM, based

on frequency-domain admittance obtained through external

measurement methods [14]. In another study, researchers [15]

utilised measurements at the POC to investigate the char-

acteristics of both GFM and GFL converters under various

scenarios. The results demonstrated that GFM converters can

be clearly distinguished from GFL converters based on grid

behaviour during disturbances. A recent review paper exam-

ined the behaviour of various GFM converters by conducting

multiple assessments, including time-domain analysis, to com-

pare transient performance and evaluate GFM capabilities [16].

However, the existing literature does not provide quantified

metrics or clear criteria for distinguishing between different

control modes. The purpose of the proposed framework is to

assist TSOs in identifying converter control modes and simpli-

fying modelling by approximating converter behaviour using

Voltage Source (VS) and Current Source (CS) representations.

The aim of this paper is to demonstrate a time-domain based

approach for identifying the operational mode of an inverter

either GFM or GFL by evaluating the similarity between POC

measurements of the IBRs under investigation and reference

models for VS and CS, using the Euclidean distance method

under externally applied voltage disturbances.

• To verify the basic principle of GFM and GFL converters

with the equivalent behaviour of VS and CS.

• Present a practical methodology to identify the mode

of operation for a black-box converter EMT model by

measuring time domain only at POC of the converter. The

focus of the study is during the transient phase under an

external disturbance.

The remainder of this paper is organised as follows: Sec-

tion II presents the proposed methodology, where Euclidean

distance is employed as the statistical benchmark metric.

Section III discusses the results obtained and their implications

for identifying converter control modes. Finally, Section IV

concludes the paper with a summary of the key findings and

recommendations.

II. METHODOLOGY

The authors propose a method to benchmark the behaviour

of different converter control algorithms namely Virtual syn-

chronous Machine (VSM), Virtual Synchronous Machine with

Current Controller (VSMCC), and Power Voltage Current

Controller (PVCC) against the behaviour of ideal CS and

VS models in the time domain. Fig. 1 illustrates the gen-

eral system structure employed in this study, along with the

overall analysis pipeline. Active power is recorded for all
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Fig. 1: The overall study pipeline followed in this work

cases, and comparisons are performed using the Euclidean

distance approach. A time window is applied to the active

power signal to capture the transient response of the various

systems considered. The resulting Euclidean distances are then

presented in a confusion matrix to facilitate interpretation and

comparison. The optimal size of the window is investigated

in this work. The proposed window lengths are 2 ms, 5 ms

and 10 ms. 2 ms and 10 ms are proposed to capture the

behaviour of the inner loops of the different controllers and

the outer loops for large window size, while 5ms is selected

based on GC0137 UK grid code, it proposed that 5ms after

disturbance as time window for GFM is enough time to deliver

different capabilities [8]. All control algorithms studied, along

with the ideal sources, are tuned in this work to deliver the

exact set points (P = 1 pu, V = 1 pu) at the POC prior to the

application of any disturbance. The power grid is modelled as

an equivalent Thévenin source, where Rg and Lg represent the

grid impedance. These parameters can be adjusted to reflect

different grid strengths based on the Short Circuit Ratio (SCR).

The initial voltage of the voltage source is set to 1 pu at a zero-

degree angle. The equivalent network is configured to provide

an SCR indicative of a strong network typically, an SCR value

above 3 is considered strong. In this study, a value of 10 is

selected.

The converters and ideal sources under study experience

a voltage disturbance from the equivalent grid that varies

by 5%. This variation percentage is based on the acceptable

threshold from the U.K. grid code for transmission-level

systems. Following the disturbance occurs, a fixed window

is applied to the active power measured in POC. The results

are summarised for each window length in a confusion matrix

to show the Euclidean distances obtained by each pair.

A. Ideal voltage and current sources

To compare the different converter controllers, ideal voltage

and current sources are introduced to compare and validate the

fundamental definition of GFM and GFL. The point of the

active power set of the voltage source is set by adjusting the

angle, while the impedance is identical between the different

sources and converters studied here according to Equation 1:
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PV S =
RC · VS · VPOC

Z2
(

VS

VPOC

−cos(δ))+(
VS · VPOC ·Xc

Z2
sin(δ))

(1)

where δ = δVPOC
− δVs

is called load angle. For lossless

system (Rc ≈ 0) the equation can be further simplified as

shown in equation 2:

PV S =
Vs · VPOC

XC

sin (δ) (2)

for the current source the angle of the ideal source is

calculated according to equation 3 to achieve the desired active

power:

PCS =| Ic |
2 ·Rc + VPOC · Ic · cosϑ (3)

where ϑ = δVPOC
−δIc is the difference between the voltage

angle of POC and the angle of source current Ic.

B. Converter control models and structures

Several GFM and GFL topology exist in literature [2], [6],

GFM topologies mainly focus on recreating the response of

SG [10]. Different versions are built based on the idea of VSM

control [6]. This work covers a VSM and another form with

a variation in the internal loops, as a current loop is included,

the topology is referred to as VSMCC. Fig 2 illustrates the

used structure for both topologies. A standard GFL structure

used widely in literature [10] is demonstrated in Fig 2. It

includes the main components which are PLL, current control

loop, outer power and voltage control loops. It is referred

to as PVCC. The reason for selecting those controllers is

to meet the different industrial possible controllers that are

used in different RES and network systems and to test against

commonly used controllers in literature [6], [10], [16]. The

system parameters used in this study are shown in [17]. All

converters and ideal sources use the same filter and network

equivalent impedance during the study and current limiting for

PIs are considered based on [17].

C. Euclidean distance

Euclidean distance is a statistical measure used to determine

the distance between two signals; this distance indicates the

similarity between any two given signals. A greater distance

(high value) signifies less similarity, and vice versa. Equation

4 presents Euclidean distance mathematical expression:

d(x, y) =

√

√

√

√

N
∑

i=1

(xi − yi)2 (4)

where xi and yi are the ith samples of signals x and y,

respectively, and N is the number of samples in each signal.

Euclidean distance is a straightforward approach; however, it

effectively captures the overall similarity between two signals.

It provides a simple and computationally efficient way to as-

sess similarity before considering more sophisticated methods.

This method works best when signals are of equal length and

sampled at the same rate [18]. However, it requires data to be
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measured on the same scale and aligned to avoid inaccurate

distance measurements.

III. RESULTS AND DISCUSSION

The behaviour for the converters and ideal sources under

different voltage disturbance levels (0.95 pu and 1.05 pu) is

shown in Fig. 3. The response of the VSM exhibits oscillations

that match those of the VS. In comparison, another GFM con-

verter, the VSMCC, shows an initial peak around 3.005 s that

aligns with both VSMCC and VS during the early transient

stage, after which the remaining transient for VSMCC begins

to diverge from VS and VSM. This difference can be related

to the impact of the current loop as the current loop is faster

than the outer loops. Thus, their impact can be observed at an

early stage.

3

Identifying grid-connected converters behaviour based on current and voltage source characteristic

I I I 
I 

I 
I 

I 
I 

I 
I 

I 
I 

I 
I 

I 
I 

I 
~

-
_

J
 

;-_! 
...i...._

_
_

_
_

., f] 0 ® " --: ~
 

I 
I 

I 
I 

I 
I 

I 
I 

I 
I 

I 
I 

I 
I 

I 
I 

~
--1

 
I 

I 
I 

I 
I 

I 
~--' 



3 3.1 3.2 3.3

Time [s]

-1.2

-1.1

-1

-0.9

-0.8
P

 [
p

u
]

0.95 pu Voltage disturbance

3 3.01 3.02 3.03 3.04

Time [s]

-1.2

-1.1

-1

-0.9

-0.8

P
[ 

p
u

]

0.95 pu- Zoomed

3 3.1 3.2 3.3

Time [s]

-1.2

-1.1

-1

-0.9

-0.8

P
 [

p
u

]

1.05 pu Voltage disturbance

3 3.01 3.02 3.03 3.04

Time [s]

-1.2

-1.1

-1

-0.9

-0.8

P
 [

p
u

]

1.05 pu- Zoomed

VS

CS

PVCC

VSM

VSMCC

Fig. 3: The active and reactive power behaviour for converters

and ideal sources under 0.95pu and 1.05pu voltage disturbance

and SCR = 10

In contrast, the GFL converter shows a faster transient with

minimal oscillations, the current loop can be a reason for

such behaviour. The transient response of the PVCC can be

visually compared with that of the CS as shown in Fig. 3.

On the other hand, the CS transient is clearly distinguishable

in comparison to GFM converters, similarly, the VS and GFL

converter exhibit distinct responses. The converters and ideal

sources have different transient responses in a time window

less than 0.1 s as shown in the analysis and Fig. 3.

Based on the time-domain response analysis, Euclidean

distances between the different systems were calculated to

quantify the similarities between transients across varying time

windows, the measurements are presented in per-unit scale.

The confusion matrix reveals low similarity between the VS

and CS (with values higher than 0.66) for shorter window

options(2ms and 5ms).

The GFM converters (VSM and VSMCC) in the reported

results exhibit very low similarity (high dissimilarity) with

CS in all window sizing. Conversely, the similarity between

GFM converters and VS is consistently high in all cases, as

interpreted from the aggregate euclidean distance, which is

below 0.5 in all cases. The observed conclusions align with

the proposed definition of GFM behaviour, where a GFM

converter operates similarly to or approximately as a voltage

source. Within the GFM converters family, the similarity

between VSM and VSMCC is very high in all cases. As

a result, the proposed method is observed to successfully

identify converters that belong to the same control family,

despite differences in their control loop structures. The GFL

similarity with CS varies depend on the selected window as

shown in Fig 4,5,6 . At a T = 2ms window size, the distance

is recorded to be d = 0.04525, the value can be considered

as marginal as it not far from the middle value. Thus, it can

be challenging to relate the PVCC with CS in this case. For
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Fig. 4: The confusion matrix and the time domain for 2 ms

window
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Fig. 5: The confusion matrix and the time domain for 5 ms

window

T = 5 ms and T = 10 ms the distances are below 0.5.

Thus, the similarity between the CS and PVCC can be better

observed. Thus, at a proper measurement window selection the

GFL converter behaviour leans toward the proposed definition

of GFL in literature, where the behaviour can be approximated

by a CS. For a window size of T = 2 ms, some similarity

is observed between VSMCC and PVCC. This similarity can

be attributed to the resemblance of the inner current loops

in both controllers. However, the influence of this loop starts

to diminish as the outer control loops begin to dominate the

response. With a larger window the impact of outer loop can

be observed as the distance increases beyond 0.6.

Results indicate that both systems exhibit similarity across

different window sizes, with a marginal distance observed

at a window size of 5 ms. The similarity between GFM

and GFL converters is relatively high at a smaller window
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TABLE I: A summary of the main findings using Euclidean distance under different window sizes

Window

size

High similarity be-

tween GFMs and VS

High similarity be-

tween GFL and CS

Low similarity be-

tween GFMs and CS

Low similarity be-

tween GFL and VS

High similarity be-

tween GFM con-

trollers

Low similarity

between GFL

and GFMs

2 ms Yes, with a clear in-
dication of high simi-
larity as d < 0.1536

It can be considered
marginal with a dis-
tance near 0.5

Yes, it can be seen
clearly as distance
reaches 1

No, the result shows a
high similarity

Yes, with distance be-
low 0.1

No

5 ms Yes, with a clear in-
dication of high simi-
larity as d < 0.1025

Yes, with high simi-
larity

Yes, the results show
d > 0.9

The distance is close
to 0.5, which is
marginal

Yes, with distance be-
low 0.1

Yes, with
distance above
0.6

10 ms Yes, the similarity is
high

Yes, with high simi-
larity

Yes, with high dis-
tance values

No, the result shows a
high similarity

Yes, with high dis-
tance values

The distance is
marginal
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Fig. 6: The confusion matrix and the time domain for 10ms

window

size of 2 ms with less sensitivity at window time of 5 ms

and 10 ms. The observation can be linked to the impact of

the different converter controllers during a disturbance. The

analysis demonstrates that a window length of 5ms provided

the best results for the different criteria as shown in Table I.

The results showed that the approximation of GFM and GFL

using ideal sources is possible. Thus, this can help to develop

better understanding for the grid codes. The 5 ms window

results are related to the requirements in the UK grid code.

IV. CONCLUSION

This paper presents a comparative analysis of GFM and

GFL converter control topologies against ideal VS and CS

behaviours, focusing on transient responses in the time do-

main. A Euclidean distance-based approach is proposed to

quantify the similarity between active power signals of various

converter models and ideal sources. The study investigates the

impact of different time window lengths (2 ms, 5 ms, and

10 ms) on the accuracy of control mode identification. The

results demonstrate that GFM converters exhibit high simi-

larity with ideal voltage sources, while GFL converters align

more closely with current source behaviour, particularly when

a 5ms window is used. This window length corresponds with

recommendations in the UK grid code and effectively captures

the transient dynamics necessary for accurate classification.

Additionally, the proposed method successfully distinguishes

between different GFM topologies, highlighting its potential

for identifying control structures in black-box EMT models.

The findings support the feasibility of approximating converter

behaviour using ideal source models, which can enhance grid

code development and simulation practices. Future work will

explore additional disturbance types, varying SCR and larger

network configurations.
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