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Control Performance and Stability Analysis of
Frequency Estimator in Grid-forming
Synchronization Control

Jaume Girona-Badia, Juan Carlos Olives-Camps, Vinicius Albernaz Lacerda, Eduardo Prieto-Araujo,
and Oriol Gomis-Bellmunt

Abstract—This paper analyzes the effect of a frequency esti-
mator in a grid-forming (GFM) synchronization control on the
stability and control performance. GFM control for power con-
verters has been proposed as a promising solution to enhance
the stability and resilience of electrical systems dominated by
power electronics. However, no consensus has been reached on
the control structure for this operation mode. Moreover, the in-
teractions between different GFM schemes and frequency esti-
mators are not completely defined in the literature. In this pa-
per, the effect of adding a frequency estimator to the two main
industry-class synchronization controls, i.e., droop and virtual
synchronous machine (VSM), is studied. Additionally, different
AC voltage measurement points, tuning, and structures of fre-
quency estimator are considered. Two distinct analyses are per-
formed to discuss the characteristics of different configurations:
(D an analytical study on the control performance of different
configurations, and 2 a small-signal analysis to ensure system
stability. Finally, the results are validated using dynamic simula-
tions, followed by a discussion. This paper concludes that the
droop should be avoided when applying a frequency estimator,
and other structures such as the VSM are more desirable.

Index Terms—Droop, virtual synchronous machine (VSM),
frequency estimator, grid-forming (GFM), synchronization con-
trol, stability analysis.

1. INTRODUCTION

HE penetration of renewable energy sources into the
AC network has increased over the last decades as an
outcome of climate concerns [1]. As a consequence, a signifi-
cant percentage of power that used to be supplied by syn-
chronous generator (SG)-based power plants is being sup-
plied by inverter-based resources (IBRs). Power networks
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dominated by IBRs might experience reduced strength [2].
Under such conditions, the grid-forming (GFM) control strat-
egy is one of the most promising solutions to increase the
AC network stability [3], [4]. This control strategy can be
applied to the grid-connected converters such as energy-stor-
age static synchronous compensators (E-STATCOMs), high-
voltage direct current (HVDC) converters, and inverter-based
resource (IBR). The grid support that converters can provide
will depend on their specific capabilities.

Although the general parameters and design of GFM con-
verters have been extensively discussed in the last few years,
the estimation of grid frequency, a key variable for the GFM
operation, has not been properly addressed. As a conse-
quence, the real control performance of GFM converters can
be different from the expected control performance. The se-
lection and tuning of frequency estimator are relevant for the
manufacturers. There are still some open questions regarding
the design of frequency estimator, and how to tune it or
where to estimate the frequency. The lack of consideration
of the effect of frequency estimator in the synchronization
control has generated two main problems. On the one hand,
the poor choice of a frequency estimator or control configu-
ration can provoke an unstable system, which is undesirable.
On the other hand, the lack of a proper definition of frequen-
cy estimator evokes an inaccurate provision of the desired
services or GFM capabilities, due to the bad provision or
coupling between inertia, damping, and frequency response.

Previous work in the literature has addressed the GFM
control structures and the effect of frequency estimator. Ref-
erence [5] concludes that the virtual synchronous machine
(VSM) and droop are equivalent when the frequency estima-
tor is not implemented. In [6], it is claimed that the power
reference tracking is more precise using a phase-locked loop
(PLL) when implementing the droop, but there is no discus-
sion on the selection and tuning of frequency estimator. In
[7], it is highlighted that the design of GFM control plays a
key role in the transient stability, but the impact of frequen-
cy estimators is not examined. Similarly, [8] examines the
way that oscillations propagate in VSM-based systems due
to the interaction between frequency and voltage but does
not explore the influence of different frequency estimation
methods on the oscillation behaviors. Reference [9] presents
a detailed analysis of how frequency and voltage interactions
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in GFM VSGs can lead to self-sustained or induced oscilla-
tions. References [10] and [11] address the transient stability
in VSGs under current saturation and mode-switching con-
trol but do not consider the role of frequency estimators. In
[12] and [13], the synchronization control strategies that esti-
mate frequency based on power measurements are presented,;
however, they rely on a non-industry-class control architec-
ture.

To the author’s best knowledge, no study has yet investi-
gated the effect of the frequency estimator in the GFM syn-
chronization control. Also, it has not yet discussed the tun-
ing and structure of frequency estimator for GFM control
and its effect on the synchronization of GFM and grid. To
this end, this paper presents a novel analysis regarding the
behavior and stability of GFM synchronization control with
the frequency estimator. Further, the structure, tuning, and
AC voltage measurement point of frequency estimator are
investigated. Aiming to address these challenges, this paper
provides the following main contributions.

1) This paper evaluates the impact of frequency estimator
in the GFM synchronization control and static frequency re-
sponse.

2) Different configurations are analyzed, taking into ac-
count the following.

(D The industry-class synchronization control implementa-
tions: the VSM and droop.

@ The AC voltage measurement point employed by the
frequency estimator.

(3 The structure of frequency estimator: the PLL, frequen-
cy-locked loop (FLL), and a first-order filter of the converter
frequency.

(@) The tuning of frequency estimator.

3) This paper describes the system behavior under differ-
ent configurations both analytically and numerically. More-
over, the stability is discussed.

II. ANALYTICAL COMPARISON

The GFM controllers require a synchronization control to
function correctly. There are two main industry-class syn-
chronization control implementations: the VSM and droop.
Both synchronization control structures employ the grid fre-
quency as input, as shown in Fig. 1. In this section, an ana-
lytical comparison is conducted under different configura-
tions considering two synchronization control implementa-
tions, different types of frequency estimators (ideal frequen-
cy estimator, rated frequency of grid, PLL, and FLL), and
two AC voltage measurement points for frequency estima-
tors (the point of connection (PoC) and the point where the
converter sets the frequency and voltage (MP,.), as shown
in Fig. 2).

Fig. 1.

Synchronization control structures. (a) VSM. (b) Droop.

Xig Py X

X £ L
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AC network T X,

GFM converter

Filter

Fig. 2. GFM converter connected to AC network.

The analysis uses an equivalent formulation similar to the
swing equation obtained from the control structure and AC
grid equations. Moreover, a linearized model of the frequen-
cy estimators is employed. The equivalent formulation will
permit the comparison of control functionalities (virtual iner-
tia, damping, or frequency response) under different configu-
rations. However, this analysis assumes that a proper AC
voltage control is implemented [14] and the DC voltage is
regulated.

The control functionalities analyzed in this paper, i.e., vir-
tual inertia, damping, and static frequency response, are relat-
ed to the control performance and can be defined as follows.

1) Virtual inertia: injection of energy due to a variation of
frequency, which can be related to the energy provided by:

o S,
2H Ao =E, (1)
where H" is the global virtual inertia coefficient; S, is the
nominal power; w, is the rated frequency; Aw is the varia-
tion of frequency; and £, is the energy injected into AC net-
work during the frequency variation. The virtual inertia is ex-
pressed in the equivalent formulation as 2Hw"s, where " is
the converter frequency; and H is the virtual inertia constant.

2) Damping: power that is injected to converge the con-
verter frequency to the AC network frequency. The damping
in the equivalent formulation is defined as kd(a)g—a)* ),
where k, is the global damping coefficient; and w, is the
grid frequency.

3) Static frequency response: a static frequency support
contribution, which provides power when there is a devia-
tion of the converter frequency " with respect to the rated
frequency w,, expressed as mi(wo—a)*) in the equivalent

12
formulation, where mi is the global static frequency re-
P
sponse coefficient. This frequency support affects the power

exchanged in the steady state.

A. Ideal Frequency Estimator

In this subsection, a system behavior analysis will be car-
ried out for both industry-class synchronization control im-
plementations, considering an ideal frequency estimator, i.e.,
the frequency is obtained ideally from AC grid.

1) VSM

The VSM is a synchronization control based on the syn-
chronous machine characterized by the swing equation, and
its structure is represented in Fig. 1(a). The VSM equation
in the Laplace domain is expressed as:

1 .
275 Pac™ 2

where P is the reference power injected into AC network;

w'= PAC+kd(a)g_w*)]
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and P . is the actual power injected into AC network. Equa-
tion (2) can be reformulated as:
Ho's =P,.—P, .+ k;(0,—o"
L,_/ ac—Huc a( g )

Virtual inertia

: €)
Damping

It can be seen that the virtual inertia is defined by 2H. Al-
so, it does not provide a static frequency response.
2) Droop

The droop is a synchronization control based on the be-
havior of governor turbine, and its structure is shown in Fig.
1(b). The droop equation in the Laplace domain is expressed
as:

o =w,+m,

“)

. 1
Pic= T8+ 1 PAC)
where m, is the power-frequency droop constant; and 7, is
the time constant of low-pass filter, which is expected to em-
ulate the virtual inertia. Considering that P} is constant and
its derivative is equal to zero, the equivalent formulation of
droop with an ideal frequency estimator can be expressed as:

Ty o« . 1 .
—S(@ —w,)=P =Pt —(0,~w)
mp ¢ mp ¢
—_—
Damping

)

From (5), it can be seen that this configuration does not
emulate the virtual inertia since there is no s’ term in (5),
which will be validated in Section IV. Nevertheless, it has
the term s(ow" —w ), which does not match the effect of virtu-
al inertia, as will be demonstrated in Section IV. Further-
more, the damping is emulated with a global damping coeffi-

. . 1
cient equivalent to —.
m[’
In conclusion, if the frequency is obtained ideally from

the AC grid, the behaviors of the VSM (3) and droop (5) are
not equivalent. Moreover, the droop does not emulate the vir-
tual inertia. Note that the system does not provide a static
frequency response.

B. Rated Frequency of Grid

In this subsection, the grid frequency w, is set to its rated
frequency (w,=wm,) to observe the effect of a constant value
on the synchronization dynamics.

1) VSM

The equivalent formulation of VSM in the Laplace do-

main considering the rated frequency of grid is expressed as:

2Hw's =P~ P+ kj(w,—") ©)

Virtual inertia

The virtual inertia coefficient is equivalent to 2H. The sys-
tem has no damping (since the term (a)g—a)*) does not ap-
pear) but has static frequency response.
2) Droop

From (5), considering w, is constant and its derivative is
equal to 0, the equivalent formulation of droop in the La-
place domain considering the rated frequency of grid is ex-
pressed as:

Static frequency response

T g =Pic=Pict —(0,-")
m, , ™
~— —

Virtual inertia Static frequency response
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Comparing the equivalent formulations of VSM (6) and
droop (7), it can be deduced that they both emulate virtual
inertia, provide a static frequency response, and do not con-
sider the damping. Additionally, if s =2H, L =k, and

m, m,
®,=w,, they exhibit the same behaviors, as demonstrated in
[5]. If a static frequency response is not desired, w, cannot
be set as a constant, and the grid frequency needs to be esti-
mated.

C. PLL

In this subsection, a synchronous reference frame phase-
locked loop (SRF-PLL) tracks the grid frequency needed in
the synchronization control. The system dynamics of PLL
can be obtained by linearizing the closed loop considering
small angle errors [15], [16]:

ég(s)_ 2lwm,5+ >
0,(5)  s*+2w, s+

®)

where ég and 0, are the estimated and real angles of grid, re-
spectively; ¢ is the damping; and , is the natural frequency.
Equation (8) is also equivalent to:
0, () 2w,sto,
0, () §7+2lw,s+w]

)

where @, is the estimated frequency of grid. The PLL imple-
ments a proportional-integral (PI) controller, whose transfer
function is defined as [15], [16]:

Tp S+1

Kp, (S):kp (10)
where 7, is the time constant of PLL; and k, is the propor-
tional gain of PI controller. To relate (9) and PI control pa-
rameters, the following parameters must be considered:

k E

w,= "
TpLL

T K E

p—m

2

where £, is the peak AC voltage.

Here, two possible AC voltage measurement points, PoC
and MP,., for the PLL are considered. Note that in the
MP, . case, w, will be the same as @ (considering that the
voltage is properly controlled), since the AC voltage used is
the same as the one when the converter sets frequency to "
1) VSM with PLL at PoC

If the PLL is employed at the PoC utilizing the VSM (see
Fig. 3(a)), its behavior can be obtained by applying (9) to
(3), resulting in:

TprrS

(11)

2lwm,5+ @)

2Hw s=P,.—P,.+k, w,—o" | (12)

s* 4280w, s+w]
Multiplying (12) by s*+2&w,s+w? the synchronization
control behavior can be defined as:
2Hw s(s* + 28w, s + 02 )=(Pe— Py N8+ 2(w s + 0> )+
k,[Qw,s+w))w,—(s*+ 2w, s+, Yo' ]

(13)
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Fig. 3. Synchronization control schemes under different PLL configura-
tions. (a) VSM with PLL at PoC. (b) Droop with PLL at PoC. (¢) VSM
with PLL at MP,. (d) Droop with PLL at MP .

If the voltage is assumed constant, the AC network is in-

ductive, and only small variations of phase are considered,
the derivative of P . can be defined as [12], [17]:
UyscU .
X, @) (14)
where U, is the modulated voltage by the converter; U, is
the AC network voltage; and X, is the AC equivalent induc-
tance, which may include the virtual admittance if added.

Substituting (14) into (13) yields:

Pyes=

2H . (4H§ k| ., .
— o s+|——+ 5 |o s+ 2Ho s +
wi @, a)i Virtual inertia

UVSCU/21C i k2 s —w,)=

XACCOn w" ¢

* E UyscU,c *

P PAC+( X, k| (@, —w) (15)
Damping

From (15), the following conclusions for VSM with PLL
at PoC are obtained.

1) The virtual inertia emulated is maintained at 2H.

2) The damping is affected by the PLL dynamics and
damping parameter.

3) It does not have static frequency response.

4) Several new parameters such as the terms s’w’, s*w’,
and s(w*—wg) appear, which are not corresponding to the
virtual inertia, damping, or static frequency response.

2) Droop with PLL at PoC

The equivalent formulation of the droop with PLL at the

PoC can be defined as (using (5), (9) and (14)):

(2ét”s+ Ty 2, UnclUic

*
s —w,)+
m,e Xco; ¢

* 2_ *
P SO S =P, P+
m,w, m w

268 UpscUse | 1|,
(w X, + (w,~w")

n P

(16)

Damping
From (16), the following conclusions for droop with PLL

at PoC are obtained.
1) It does not emulate the virtual inertia since the parame-

ter s” does not appear.

2) The damping is influenced by the PLL tuning and 1/m,,.

3) It does not have a static frequency response.

4) Several additional parameters such as the terms s(w” —
w,), s'w’, and s’w" appear, which are not desired and affect
the frequency response.

3) VSM with PLL at MP ,.

When the AC voltage measurement point changes to
MP,. for VSM with PLL, as shown in Fig. 3(c), the syn-
chronization control behavior can be defined as:

2w, s+’

* * *
2Hw s=P,.— P, +k,0 B 3
57+ 28w, s+ w,

—1) (17)

Substituting (14) into (17), the equivalent formulation can
be defined as:

U SCUAC *
Bl S0 —w,)=

s+ 2Ho's +

n n n Virtual inertia ACwn
P* P + 26 UVSCUAC (CO _w* )
AC AC g
@, XAC (1 8)
Damping

The effect of the AC voltage measurement point for PLL
on the equivalent formulation and synchronization control be-
havior can be observed by comparing (18) and (15). If the
AC voltage measurement point is located at MP,., the fol-
lowing terms are omitted in Laplace domain:

1) %”fs(w*—wg).

2) k, (a)g—a)* ). The damping does not depend on k, and is
reduced. And it only depends on the PLL tuning and grid
characteristics.

4) Droop with PLL at MP ,.

The following case study is the droop that employs a PLL
at the MP,.. Its equivalent formulation can be defined as
(using Fig. 3(d) and (14)):

U,.U,- T 1
B0 —w )+ S0’ cw's =
X, o, m,w, m,w,
PP +£M(w —a)*)
AC AC g
0, Xy (19)
Damping

If the PLL measurement point is placed at the MP,. (19)
instead of PoC (16), the following terms disappear:

h Zfris Ty 28

+ =+ s(w*—a)g).
pn

®,m, m,

1 . .
2) mf(w —o,). The damping does not depend on m, and
4
is reduced.

Locating the PLL at the PoC increases the damping and
stability in the droop and VSM. This is further demonstrated
in Sections III-B and VI.

D. FLL

The FLL implemented in this paper is the second-order
generalized integrator frequency-locked loop (SOGI-FLL), as
shown in Fig. 4, which has two parameters to tune: y (inte-
gral controller gain) and & (bandwidth of band-pass filter). In

[18], it is explained that if k= V2, the SOGI-FLL dynamics
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are expressed as:

= (20)

where 7,,=1/y.

vﬁg Lk —o—M

| |

R

B3y

Fig. 4. Structure of FLL-SOGI.

In this subsection, the FLL is applied to the VSM and
droop at the PoC and MP,.. As explained in Section II-C,
when the AC voltage measurement point for FLL is placed
at the MP,., o, is equal to o', as shown in Fig. 5. In [19]-
[22], the structure shown in Fig. 5(c) is used as a synchroni-
zation control, employing a filter to estimate the grid fre-
quency. The same structure can also represent the VSM with
an FLL that measures the frequency at MP,.. Moreover, this
structure is also equivalent to implementing a low-pass filter
in the VSM case since:

1 * * Tﬁws ®
= )
T, +1

@n

)
TrpS+1

Py Pyc
! !

P+ o 1 L

A=) il TSt

1 - +d)g
— P+ ]k L,
TS T1 AC ® ® P

© (d)

Fig. 5. Synchronization control schemes under different FLL configura-
tions. (a) VSM with FLL at PoC. (b) Droop with FLL at PoC. (¢) VSM
with FLL at MP,. or with a low-pass filter to define grid frequency. (d)
Droop with FLL at MP .

1) VSM with FLL at PoC
The effect of implementing a VSM with FLL at the PoC
is analyzed below. The equivalent formulation can be ob-
tained from Fig. 5(a) and (14):
21, Ho's*+ QH+k,t,,)0"s =P c—P o+
| A —
Virtual inertia

UVSCUAC
(XAC Ty, t k,

(0,~0") 22)

Damping

By comparing (15) and (22), different dynamics of FLL
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and PLL lead to differences depending on the frequency esti-

mator employed. The relevant conclusions from (22) are:

1) The global virtual inertia coefficient is 2H+k,z,,,
which means that the virtual inertia emulated also depends
on the FLL tuning and £,

UVSCUAC
XAC
3) The additional parameter s°e” appears.

2) Droop with FLL at PoC
The equivalent formulation of the droop with an FLL at

the PoC can be obtained from Fig. 5(b) and (14):

2) The damping depends on 7, and k,.

T,T T T
Hre st Lt =P, .—P, .+ o
m

m m
p p
)2 )2 P
Virtual inertia

s(w,—w" )+

UyscU,ic L *
( Xyc o m, (COg )

Damping

(23)

As in the VSM, using FLL increases the virtual inertia em-
ulated, as shown in (16) and (23). The main characteristics
of this configuration are:

T,
1) f defines the virtual inertia emulated, which does not
4
depend on 7, and is influenced by the FLL tuning and m,,.
. . UyeU, e
2) The damping of system is defined by —>—“1, + L
X, ’ m,
3) There are additional parameters, i.e., s’®  and s(w,—
o).
3) VSM with FLL at MP ,
The equivalent formulation of VSM with an FLL at the

MP,. can be obtained from Fig. 5(c) and (14):
21, Ho's*+ QH+k,1,,)0"s =
Virtual inertia

* UVSCUAC *
PAC PAC+ XAC Tj,'w (wg @ ) (24)

Damping
The main difference at different measurement points for
FLL using the VSM is the damping. When comparing (22)
and (24), it can be observed that the parameter k, disappears
from the damping when the FLL is connected to MP,., re-
ducing the damping and the capability to tune it.
4) Droop with FLL at MP ,.
The equivalent formulation of droop with an FLL at the
MP,. can be obtained from Fig. 5(d) and (14):

Tilfw  « Yo * UyscU *
A S B TP =P~ P+ 2 ACwa(CUg_w )
mP mP XAC
Virtual inertia Damping

(25)
When the measurement point for FLL is placed at the
MP,, the two following parameters disappear:

1) mL(a)g—a)* ). This leads to a damping that only de-
p

pends on Mrﬁw, and is not affected by m,,
AC '
2) s(w,— ).

In Table I, there is a summary of the analytical analysis.
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The most relevant point is that the addition of a frequency
estimator leads to a system that does not provide static fre-
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quency response. However, there are various problems relat-
ed to the virtual inertia emulated and system behavior.

TABLE I
SUMMARY OF ANALYTICAL ANALYSIS

Configuration Synchronization f:ontrol Virtual *inertia Damping; Static frequency s o' meN) '(o,-o )neN)
implementation (' s) (0,~w) response g
VSM N x N x x
Rated frequency of grid (o) Droop J y J y y
VSM N N X J J
PLL at PoC Droop y J y J J
VSM N NS x N N
PLL at MP Droop « g « J J
VSM v N x N/ x
FLL at PoC Droop N N X N N
VSM V' NS x N
FLL at MPyc Droop V" J x v x

Note: the symbols V and x represent that the corresponding term appears and does not appear, respectively; the superscript * represents that the virtual iner-

tia emulated does not depend only on H or 7,/m,; the superscript ** represents
perscript *** represents that the damping coefficient is not affected by k, or m,,.

There are relevant differences between the two industry-
class synchronization control implementations. In the droop
case, the parameter 7,,/m, does not define the system virtual
inertia emulated. This discrepancy increases the difficulty of
tuning the virtual inertia emulated or even renders the sys-
tem incapable of emulating any virtual inertia. Nevertheless,
the parameter H in the VSM always influences the virtual in-
ertia emulated. Moreover, from Table I, it can be observed
that employing the FLL results in an increase in the virtual
inertia emulated. However, the PLL has a minor impact on
the relevant functionalities. Additionally, the inclusion of a
frequency estimator introduces side-effect dynamics into the
synchronization control. Finally, the AC voltage measure-
ment point for PLL or FLL affects the system damping, re-
sulting in greater damping at the PoC.

III. SYSTEM STABILITY

This section analyzes the stability under different configu-
rations, taking into account various frequency estimator tun-
ings. A simplified model of GFM converter connected to the
AC network in Fig. 2 is utilized, as shown in Fig. 6. The
voltage control and the fast dynamics of AC network are
simplified to focus on the synchronization control.

A. Modeling

The modeling used in this subsecton is explained in [17].
As shown in Fig. 6, the simplified model has three parts: the
power exchange, AC network synchronization control, and
converter synchronization control.

The GFM converter is modeled as a controlled voltage
source, whose voltage magnitude is constant and voltage
phase is set by the power synchronization control, which de-
pends on the configuration selected. To represent the frequen-
cy estimators, (9) and (20) are utilized.

The AC network is modeled as an ideal voltage source
with the mechanical dynamics of a non-reheat steam turbine

that the virtual inertia emulated does not depend on H or 7,,/m,; and the su-

from [23], and it is assumed to have an ideal voltage regula-
tion.

P
AC network gg network
synchronization control l
WP ++ U?
Xic o Xy
+ 2 2 \-1
P load - (L + U ) 0, oac
ir Xic Xy foad
U2 ta |
O
erf - Tif
Converter T
synchronization control| g* P
GFM

Fig. 6. Simplified system of GFM converter connected to AC network.

To represent the power exchange between the converter
and AC network, the following assumptions are made:

1) The voltage is considered constant.

2) The network dynamics are omitted for this analysis to
focus the study on the inertial-related dynamics.

3) The variation of phase is small (sin(8,—68,)=8,—6,).

Using these assumptions, the power flow of an inductive
line can be calculated as:
u,\u,
X 1-2

where U, and U, are the voltage amplitudes at both ends of
the line; X, , is the line inductance; and 6, and 6, are the
voltage phases at both ends of the line [12], [17].

If the load is connected at the PoC of AC network and
GFM converter, its power P, is expressed as:

Poa=P (27)
where P, and P., are the power of AC network and

GFM converter, respectively.
Equations (26) and (27) enable the representation of a lin-

P=

0,-6,) (26)

+PGFM

network
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earized system of power interactions, as shown Fig. 6.
B. Pole Analysis

In this subsection, the system poles are analyzed using the
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aforementioned modeling under different configurations and
several frequency estimator tunings, as shown in Figs. 7-10.
Supplementary Material A presents the validation of the mod-
eling method.
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In Figs. 7-10, when the frequency estimator is at the PoC,
different AC network inertia (represented by H,.), virtual in-
ertia (represented by H), and short circuit ratios (SCRs) are
considered for the sensitivity analysis. Figures 11-13 show
the pole trajectories at the MP,. (in green) and POC (in
blue) for PLL and FLL.

The main difference between the two industry-class syn-
chronization control implementations, when the frequency es-

(©

Pole trajectories with varying 7, from 10 ms to 1 s for VSM with PLL at PoC with a sensitivity analysis of AC network inertia, virtual inertia,

timator uses the AC voltage from the PoC, is that the VSM
is stable for all the analyzed scenarios. Nevertheless, the
droop has several unstable cases depending on the frequency
estimator tuning. The system is stable for fast PLLs (zp;;<30
ms), slow PLL (z,,>500 ms), and FLL (z;,>500 ms).

The AC network inertia affects all configurations equally,
and the damping is reduced with the reduction of the AC net-
work inertia. Moreover, it can lead to instabilities such as
for the droop with PLL, as shown in Fig. 7(a). Regarding
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the virtual inertia emulated by the converters, the smaller the
virtual inertia, the smaller the damping. If the SCR decreas-
es, it produces an increase in the damping with the excep-
tion of droop with a fast PLL, which implies that the GFM

operates better with low SCR. The increase in the response
time of frequency estimator raises the system damping and
moves the system poles to the left, except in the case of
droop with PLL, where the poles 4, and 4, are slower.
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As can be observed from Figs. 11-13, if the frequency es-

timator is placed at the MP,. and but not at the PoC, the

IV. DYNAMIC SIMULATIONS

In this section, the analytical and small-signal analyses are

poles 4; and /g are moved to the right, reducing the damping .jidated through time-domain simulations, which consider
or making the system unstable in certain cases.

the full GFM control (voltage and synchronization control)
and the dynamics related to the electrical grid. The parame-
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ters employed in these simulations are set in Supplementary
Material B. The software employed is MATLAB Simulink.
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In Fig. 14, the dynamic simulation of a load connection
under different analyzed configurations is shown, consider-
ing three different response time (10 ms, 100 ms, and 500
ms) of frequency estimator. The integral of the AC power,
which represents the energy injected into the AC grid, will
allow the exploration of the emulated virtual inertia if the
system does not have a static frequency response. The differ-
ent configurations are only plotted if they are stable. The
test performed is a load connection to the PoC.

Figure 14(a)-(c) depicts the cases with a time constant of
frequency estimator equivalent to 10 ms. Additionally, it con-
siders the configurations that employ the rated frequency of
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the grid and a grid-following (GFL) control (with a PLL hav-
ing 7, =10 ms). The GFL is implemented with both zero
active and reactive power injections. Here, it can be seen
that the stable configurations are the VSM with PLL, VSM
with FLL, and droop with PLL at the PoC. It can be seen
from Fig. 14 that if ,=w,, the system has frequency re-
sponse (the power after the transient is not zero, and the en-
ergy increases with a ramp). When the time constant of fre-
quency estimator is 10 ms, three groups of different respons-
es appear:
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Fig. 13.  Pole trajectories with varying z,, from 10 ms to 1 s for droop at
MP, and PoC. (a) PLL. (b) FLL.

1) The droop and VSM when w,=w, are identical, as ex-
plained in [5].

2) The behaviors of the GFL and droop with a fast PLL
are not identical in power. However, the frequency is equiva-
lent and the emulated virtual inertia is 0 s in both cases, as
demonstrated in Section II-C-2).
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3) The VSMs with FLL and PLL have similar responses.
Nevertheless, as anticipated in the analytical analysis (Sec-
tion II-D-1)), the virtual inertia coefficient is bigger (2.2 s)
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in the FLL case. This is because the virtual inertia coeffi-
cient of the VSM with an FLL at the PoC is 2H +k,7,,, as
demonstrated in (22).
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In conclusion, implementing a fast-tuned PLL in droop
causes the system to behave similarly to a GFL. As a result,
it fails to ensure the adequate frequency response capabili-
ties of GFM. However, when a VSM is employed, there is a
fast power injection immediately after the event, as required
in GFM with inertia. Therefore, the employment of a fre-
quency estimator does not necessarily endanger the GFM op-
eration.

When the time constant of frequency estimator is 100 ms,
the stable configurations are: the VSMs with FLL and PLL
at PoC and MP,.. As demonstrated in Section III-B, if 7,,,
or 7, is equal to 100 ms, none of the droop cases are sta-
ble. There are two tendencies based on the frequency estima-
tors used.

1) PLL: the virtual inertia coefficient is the expected
one, i.e., 2H=4s.

2) FLL: the virtual inertia coefficient is not 2H, and it is
2H+k,t,,=4+2=6 s, as demonstrated in Sections II-D-1)
and II-D-3).

The frequency estimator position affects the damping of
system, as can be seen in the AC power in Fig. 14(e). If the
PLL or FLL uses the PoC voltage, the system has fewer os-
cillations. This reduction of oscillations is equivalent to an
increase in the damping. This tendency is consistent with
Sections II-D-1) and 11-D-3).

If the time constant of frequency estimator is 500 ms, all
the analyzed cases are stable. The location of PLL or FLL
mainly affects the damping of system, as shown in Table I
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and Fig. 14(h). Also, the use of different frequency estima-
tors affects the emulated virtual inertia to different degrees
depending on the configuration, as shown in Fig. 14(1).

1) VSM with PLL: the virtual inertia coefficient is
2H=4s.

2) VSM with FLL: the virtual inertia coefficient is 2H+
k,t;,=4+10=14 s, corresponding to an energy of 0.07 p.u.
(using (1)), as demonstrated in Section 1I-C-3) and II-D-1).

3) Droop with PLL: the system has zero virtual inertia,
and the energy provided after the event is equal to zero.
This lack of virtual inertia is also represented in (16)
and (19).

4) Droop with FLL: since the energy provided is 0.05
p.u., the virtual inertia coefficient is 10 s. As indicated in
(23) and (25), the virtual inertia by the system depends on
the tuning of FLL.

The dynamic simulations validate the analytical study
(Section II) and stability analysis (Section III). These dynam-
ic simulations also demonstrate that the frequency estimator
and voltage control interactions do not affect the previously
conducted studies.

V. DISCUSSION

This section offers a discussion of the results derived
from the previous analysis and assesses the most suitable
configuration for the GFM synchronization control consider-
ing the GFM synchronization control structure as well as the
structure, tuning, and AC voltage measurement point of fre-
quency estimator .

A. GFM Synchronization Control Structure

The different analyses show that the control structure af-
fects the emulated virtual inertia: when the PLL is em-
ployed, the VSM emulates the expected virtual inertia and
the droop emulates zero virtual inertia. However, when the
FLL is utilized, the emulated virtual inertia increases in both
cases.

The stability analysis in Section III-B shows that the sys-
tem with droop is not stable under most configurations of
frequency estimator. However, the system with VSM is sta-
ble under most configurations. The droop must be avoided
when a frequency estimator is employed, due to its lack of
controllability over emulated virtual inertia and its stability
sensitivity to frequency estimator tuning. Even though VSM
requires slightly more computing power, it remains the best-
analyzed structure because it is inherently stable and less
sensitive to the choice and tuning of frequency estimators.
Moreover, it can emulate the designed virtual inertia when
the PLL is employed.

B. Structure of Frequency Estimator

The static frequency response is canceled when a frequen-
cy estimator is utilized. Moreover, as demonstrated in the an-
alytical study and dynamic simulations, the structure and tun-
ing of frequency estimator can impact the virtual inertia emu-
lated by the converter. The PLL does not increase the emu-
lated virtual inertia, which is desired since the virtual inertia
is typically designed to be a constant parameter. However,
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the FLL increases the emulated virtual inertia. The slower
the FLL follows the frequency, the more virtual inertia is em-
ulated, as shown in Fig. 14. Therefore, the PLL is more suit-
able as a frequency estimator, as it does not add additional
virtual inertia regardless of its tuning.

C. Tuning of Frequency Estimator

The frequency estimator adds dynamics not related to the
primary goals such as virtual inertia, damping, or frequency
response. The slower the frequency estimator is, the more
significant the undesired dynamics are. The stability when
the droop is employed is highly dependent on the tuning of
frequency estimator. In contrast, the VSM is stable in all cas-
es when the frequency estimator is connected to the PoC.
When using the droop, the frequency estimator should be
tuned carefully.

The best tuning of frequency estimator is the fastest one
(around 10 ms), which could reduce the side-effect dynamics
considering that the VSM is recommended (Section V-A).
Especially when operating with an FLL, the tuning must be
fast to avoid the addition of virtual inertia.

D. AC Voltage Measurement Point of Frequency Estimator

The PoC is the most robust AC voltage measurement
point for PLL or FLL. The system damping decreases when
the frequency estimator is moved from the PoC to MP,..
This also affects the stability of system. The frequency esti-
mator has to be slower if the measurement is taken from
MP,. in order to keep the system stable.

VI. CONCLUSION

This paper investigates the control performance of GFM
synchronization control when a static frequency response is
not desired. For this purpose, different GFM synchronization
control structures and frequency estimator configurations
have been evaluated. Three frequency estimators (the PLL,
FLL, and a low-pass filter) implemented under two synchro-
nization control implementations (the droop and VSM) are
explored. Moreover, the AC voltage measurement point for
the FLL or PLL and the tuning of frequency estimator are
considered. To determine the optimal configuration, the ana-
lytical and stability studies are carried out, which are validat-
ed with time-domain simulations.

The results demonstrate that the frequency estimator effec-
tively decouples the static frequency response from the syn-
chronization control. Furthermore, the damping coefficient
can be tuned as required. The absence of a static frequency
response enables tracking the dispatched power. This config-
uration also allows the static frequency response to be added
if necessary.

In conclusion, the best configuration is the VSM with a
PLL at the PoC with fast tuning owing to its robustness, sta-
bility, control performance, and capability to provide a more
stable response. Additionally, due to its inability to emulate
inertia, the droop is not recommended to be implemented
with a frequency estimator.

These recommendations will simplify the tuning and de-
sign of the GFM synchronization control, leading to im-
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proved E-STATCOM, HVDC and IBR integration, and net-
work stability.
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