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ABSTRACT Power system inertia typically refers to the energy stored in large rotating synchronous gener-
ators. Dynamics and stability of the traditional power system is closely linked to the natural inertia of these
synchronous generators. In recent years, increasing amount of synchronous generators have been replaced by
high amount of different type of inverter-based generating units connected at different voltage levels of the
power system. Therefore, the dynamics and stability of future low-inertia power systems will be increasingly
dominated by the control and synchronization of these inverter-based resources. One essential issue is that
the typical grid-following control with phase-locked-loop (PLL) -based synchronization of inverter-based
generation is not enough to guarantee frequency stability in future low-inertia power systems. Therefore,
different grid-forming inverter control and synchronization methods have been proposed and developed.
Currently there does not exist any universal grid-forming control and synchronization method. Therefore,
this paper tries to propose a new universal frequency-locked-loop (U-FLL) -based synchronization method
which is grid-forming for inverter-based generating units and grid-supporting for inverter-based loads.
Advantageous operation of the new U-FLL synchronization and control strategy is confirmed by multiple
simulations with different shares of inverter-based resources and synchronous generators in MV and HV
hybrid power systems as well as with 100 % inverter-based LV, MV and HV networks.

INDEX TERMS Inverter-based resources, grid-forming, synchronization, frequency stability, low-inertia.

I. INTRODUCTION

The development of power systems in the direction of more
flexible, resilient, digital and integrated energy systems needs
a holistic multi-level systemic view and new enabling solu-
tions. Future power system’s increasingly sensitive dynam-
ics and the adaptation capability to different variations, like
inertia, renewables-based generation, fault levels and net-
work topology, requires new flexibility service providers,
compatible control and power system protection functions
and enabling market schemes. Active (P) and reactive power
(Q) control related flexibility services from different dis-
tributed energy resources (DER) will be needed for local
(distribution system operator, DSO) and whole power system
(transmission system operator, TSO) demand. Most common
flexibility services are related to the control of the power
system frequency (f) and local voltage (U) level. In general,
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flexibility services provision by DER can enable larger scale
integration of renewable energy sources (RES) and electric
vehicles (EVs) as well as minimize the whole system and
societal costs. However, the effective utilization of flexi-
bilities requires combination and coordination of different
type and size of flexible energy resources from all voltage
levels (LV, MV and HV). Therefore, flexibility services pro-
vision must be enabled by future-proof coordinated, adaptive
and compatible DER control, management and protection
schemes, regulation, market structures and business models.
(11, [21, [3], [4]

Due to environmental reasons the traditional fossil fuel-
based generation with large rotating synchronous generators
(SGs) have been increasingly shutdown and the natural inertia
of the power system has decreased. This is a risk for the
power system frequency stability and requires new frequency
control service providers as well as development of new
future-proof frequency control related solutions. RES-based
generation, like wind and PV, is connected to the power
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system through power electronic inverter or power converter
interfaces without natural inertia. Therefore, the frequency
stability of future low, variable or zero inertia power sys-
tem is greatly dominated by the control and synchronization
methods of inverter-based resources (IBR). The dominant
effect increases when the share of IBR-based generation in
the power system is high compared to the SG-based genera-
tion. Stability in the future power systems with huge num-
ber of IBR-based resources at different voltage levels will
be increasingly linked with the control schemes stability of
IBRs. Therefore, understanding IBR-based generation con-
trol and synchronization methods will be crucial in the low
or zero inertia power systems. [5], [6], [7], [8]

One major issue in realizing future low-inertia power sys-
tem is that existing IBR-based generation control and syn-
chronization is based on grid-following (GFL) control with
PLL-component. GFL control assumes that power system
frequency and voltage are controlled by traditional SGs with
natural inertia. However, this GFL-based approach is not
enough to guarantee frequency stability in future converter-
dominated power systems with high share of IBRs. There-
fore, grid-forming (GFM) control schemes, which can enable
islanded microgrid operation, are also increasingly needed
from IBRs during normal grid-connected operation. More
importantly, future resilient hybrid power systems with vari-
able share of GFM- and GFL-controlled IBRs and SGs must
remain stable in all situations and also be capable of oper-
ating in several islands (microgrids) if needed. In order to
achieve this new universal, stable and stability supporting
grid-forming IBR-control schemes are needed. [9], [10]

In this paper, new universal grid-forming and supporting
frequency-locked-loop U-FLL-based control and grid syn-
chronization for IBRs is proposed (Section III). In overall, the
target of the U-FLL is to be applicable different type of future
low-inertia power systems with different share of rotating
SGs and IBRs. The proposed U-FLL scheme and its other
general targets are described with more details in Section III.

In the following, Section II provides a state of the art
review regarding control and grid synchronization meth-
ods for IBRs. Section III presents the proposed new grid-
forming/-supporting U-FLL synchronization method for
IBRs. Then, Section IV presents the study cases and simula-
tion models with different shares of IBRs and SGs in MV and
HV hybrid power systems as well as with 100 % IBR-based
LV, MV and HV networks. Thereafter, the simulation results
are presented in Section V to confirm the operation of the new
U-FLL-based synchronization method. Finally, conclusions
are stated in Section VI.

Il. IBR CONTROL AND GRID SYNCHRONIZATION

-STATE -OF -THE ART

A. TYPICAL IBR CONTROL AND

SYNCRONIZATION METHODS

In the following, typical IBR control and synchronization
methods for GFL and GFM inverters are reviewed based
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on the literature. GFL inverter is typically described and
approximated as a controlled current source with high parallel
impedance and GFM inverter as a voltage source with low
series impedance [11], [12]. There is no official formulation
and definition for GFM control [11]. However, it is under
discussion [13], [14] and e.g. in [15] a proposal for the
definition of GFM capability and synchronization services
have been made in the following manner: “A GFM unit shall
be capable of self-synchronization, standalone and provision
of synchronization services, which means that it does not rely
on grid conditions to synchronize and will help other units
to maintain synchronism, while still complying with other
general requirements applying to the specific technology.”.

Synchronization processes of GFL and GFM inverters
are one of the main differences between them. In overall,
many grid synchronization schemes [16], [17], [18], [19]
have been previously proposed for inverter-based DER with
a focus on immunity to disturbances (e.g. harmonics, voltage
fluctuations, faults) and synchronization stability in weak
grids [6]. Typically a GFL inverter utilizes voltage-based
grid synchronization [6] which means that GFL unit is syn-
chronized to measured or estimated grid voltage angle e.g.
by PLL or frequency-locked-loop (FLL) component. On the
other hand, many of the GFM inverter control methods do
not need a PLL or FLL and GFM control schemes can be
based e.g. on power synchronization [6], [20] to emulate
the power synchronization principles of SGs [11]. One main
difference between GFL and GFM behavior can be also seen
in their response to a network disturbance (like fault), and
their small-signal operation when connected to a weak or stiff
grid [11] (see Section I1.B). Table 1 presents a basic overview
about main features and differences related to GFL and GFM
inverter control and synchronization principles (mainly based
on [10]).

Previously, multiple alternative GFM control schemes
have been proposed and presented in [6], [11], and [21], like

1) Droop-Based Grid-Forming Control Methods (e.g. the
basic control and control using low-pass filter),

2) Power Synchronization Loop / Power Synchronization
Control (PSC)

3) Voltage Controlled Inverter (VCI)

4) Virtual Synchronous Machine (VSM) / Virtual Syn-
chronous Generator (VSG)

5) Virtual Oscillator Control (VOC) / dispatchable Virtual
Oscillator Control (dVOC)

6) Matching Control

7) PLL-Based Modified Current-Control Methods and

8) Direct Power Control (DPC).

Droop-based grid-forming control methods and power syn-
chronization control are the most common GFM control
schemes and can be also seen equivalent to each other [6].
On the other hand, for example, VOC-based GFM control
scheme is quite recent nonlinear method which allows con-
verters to synchronize with each other without any commu-
nication between them [11]. In addition, different modified
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TABLE 1. Overview about main features and differences related to GFL
and GFM inverter control and synchronization principles (modified

from [10]).

GFL inverter

GFM inverter

Approximated as a controlled
current source with high parallel
impedance

Approximated as a voltage source
with low series impedance

Expects grid is already formed

Expects it will form and maintain
the grid

Typically needs PLL or FLL for
voltage-based grid
synchronization

Typically does not need PLL or
FLL and utilizes power-based
synchronization
(However, PLL-based GFM
control is also possible [21]-[23])

DQ-based current control

Voltage magnitude and

frequency/phase control
Slight coupling between P and O
control (-)

Decoupled control of P and QO (+)

Cannot be used for black-start i.e.
needs voltage at the connection
point to be able to inject P and Q
(@)

Can be used for black-start of a
power system (e.g. microgrid) (+)

Can theoretically operate at 100
% IBR-based grids (like
microgrids) without SGs and
together with GFL-controlled
IBRs (+)

(However, there is not much
practical experience at the
moment about larger power
systems)

Cannot operate at 100 % IBR-
based grids without any GFM-
controlled IBRs and SGs (-)

+ Positive feature, - Negative feature

VSM/VSG control schemes have also been proposed quite
recently e.g. in [24], [25], [72], and [73]. Advantages and dis-
advantages of different current and voltage-based VSG con-
trol schemes have been summarized and compared in [75].

B. ISSUES WITH IBR CONTROL AND SYNCHRONIZATION
Previously, GFM control schemes have been utilized in dif-
ferent microgrid and uninterruptable power supply (UPS)
solutions. However, there is not much experience from larger
power systems in which large amount of GFM IBRs should
replace large traditional rotating SGs. In addition, there are
no universal or standardized GFM control scheme at the
moment (see Section II.A). Therefore, there are some serious
concerns about frequency stability and control related to fully
or mainly IBR-based larger power systems [26]. For example,
[27] presents a system operator research agenda for future
power systems and one of the six main research themes is
related to inverter design.

Regarding GFL-based inverters’ control stability, it has
been stated in [11] that studies about negative small-signal
stability effects of GFL inverters’ PLLs [28], [29], [30]
have shown that also the interactions (i.e. induced sideband
oscillations around nominal frequency [6]) between PLLs
of different nearby GFLs become stronger when the short-
circuit ratio (SCR) of grid is reduced (i.e. in weak grids).
On the other hand, it has been presented in [31] and [32]
that GFM inverters are suitable for weak grid applications.
However,GFMs are more susceptible to instability in stiff
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grids [11], [33], [34] and series compensated grids [6], [35]
when compared to GFLs. In stiff grids small change of the
phase difference between the GFM inverter and grid voltages
can lead to large active power variations [5], [11], [33].

In [26], the large-scale deployment GFMs and their effect
on frequency behavior was studied. The presented results
suggested that, with sufficient controller tuning, frequency
stability could be maintained. However, the changed power
system dynamics (for example, steady state can be reached
much faster in 100 % IBR-based system) may require settings
adaptation in protection and load shedding functions due
to changed frequency nadir and rate-of-change-of-frequency
(ROCOF). In addition, there is a need for power system
stabilizers (PSSs) which can handle a variable amount of
IBR-based generation. In [11] some issues and challenges
regarding GFM inverters, like angle stability, fault ride-
through (FRT) capability, and transition from islanded to
grid-connected mode have also been presented and discussed.
[36] emphasized that the unintentional islanding of GFM
inverters can be also a new risk to the reliability of future IBR-
based power systems, because the variables that are used for
islanding detection of GFMs are different than with GFLs.

Previously, methods that combine traditional GFL and
GFM inverter synchronization methods, like PLL and power-
synchronization, have also been proposed in [37], [38], and
[39]. In these schemes, the power-synchronization has been
the main synchronization method and the PLL was used to
extract the grid frequency as input for the internal damping
controller [40]. During large disturbances like significant grid
faults or loss of a large generation/load, the small-signal anal-
ysis is not sufficient to describe the synchronization dynam-
ics of IBRs [6]. Therefore, distorted, faulty and unbalanced
grid voltages are challenging for all synchronization methods
[40]. To overcome these challenges, improvements for both
PLL- [17], [41] and power-based synchronization [20], [42],
[43] methods in faulty grids have been proposed [40]. It has
been stated that the PLL introduces a second-order nonlinear
swing equation to GFL inverters and, instead of traditional
power-angle curve, a voltage-angle curve [6], [44]. On the
other hand, droop-controlled GFM inverters can be charac-
terized as a first-order nonlinear system, which improves the
transient stability [6], [45]. However, reactive power droop
control loop can negatively affect the transient stability of
GFMs [6], [46]. Unlike with SGs, the limited overcurrent
capability of IBRs requires the use of current limiting control
[6], which places another constraint to the transient stability
of GFMs [6], [47]. Table 2 presents, in addition to Table 1,
summary about advantages and disadvantages of GFL and
GFM inverters (mainly based on [59] and references in this
Section II.B). However, it can be emphasized that each GFM
control scheme do not have all the advantages and disadvan-
tages mentioned in Table 2.

In overall, the role of inverter-based generation stabil-
ity issues will be substantial in future power systems and
requires also new stability definitions [48]. In [49] the poten-
tial forthcoming power system stability issues with increased
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TABLE 2. Summary about advantages and disadvantages of GFL and GFM
inverters (modified from [59], see also Table 1).

GFL inverter GFM inverter

e Simple controls

e Very fast response
time

e Suitable for DC bus

voltage control

Suitable for RES grid

interface

e Available in rotating
and stationary frames

e Automatically limits
current during faults

e Grid master

e  Can run in stand-alone
(microgrid) mode

e  Canrun in weak grids

e Handles load changes
without disturbance

e Droop-controlled GFM
inverters can improve the
transient stability (see also
possible disadvantages)

Advantages (+)
L]

o Desynchronizes during
faults

o Too stiff in pure form
(Sensitive to instability in
stiff grids and series
compensated grids)

o Does not share with legacy

o Does not contribute to
grid strength (support
grid)

o Requires a stiff grid (In
weak grids a)
interactions between

PLLs of different
SGs
nearby GFLs become . .
; o May require adaptation of
stronger, b) complexity .
> protection and load
and hierarchy of

shedding settings

o Transition from islanded to
grid-connected mode is a
challenge

o Unintentional islanding of
GFM inverters can be a
risk

o Reactive power droop
control loop can negatively
affect the transient stability
of GFMs

o Current limiting control
places constraint to the
transient stability of GFMs

o Coupling between active
(P) and reactive power (Q)
negatively affects the
dynamic performance and
stability of GFMs

o Destabilizing interaction
between the fast
synchronization of GFMs
and the slow response of
other SGs is possible

control layers and the
coordination and
interoperability of these
fast controls may be a
challenge)

o PLL loses track of grid
frequency during faults

o Cannot be grid master

o Limit to percentage on
a grid

o PLL introduces a
second-order nonlinear
swing equation to GFL
inverters and also a
voltage-angle curve

o Unstable low-
frequency oscillations
with GFLs can exist
due to different forms
of interaction between
the controllers of the
IBRs and other system
components

Disadvantages (-)

amount of IBR-based generation are presented and also the
differences between traditional SGs and IBRs from dynamic
behavior (e.g. after fault clearance) viewpoint are shown.
Also learnings from different sizes of power systems are
described in [49]. It has also been stated in [48] and [49]
that when IBR penetration increases, also the complexity
and hierarchy of control layers grows and the coordination
and interoperability of these fast controls (outer power and
voltage control loops and PLL) with GFLs to maintain sta-
bility is becoming increasingly difficult, especially in weak
grids [50]. In [48] it has also been reported that unstable
low-frequency oscillations in power systems with GFLs can
exist due to different forms of interaction between the con-
trollers of the IBRs and other system components. Harmonic
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stability [18] is also one potential challenge of IBR-based
future power systems. [51] also highlights that the coupling
between active (P) and reactive power (Q) negatively affects
the dynamic performance and stability of GFMs.

Small- and large-signal stability studies and analysis [52],
[53], [54], [55], [56], [57] are important in order to develop
future-proof control and synchronization solutions for future
hybrid power systems with different about of GFMs, GFLs
and SGs. Also, for example, in [58] the impact of the GFMs
on the frequency stability of SGs was studied and it was
concluded that after loss of a SG destabilizing interaction
between the fast synchronization of GFMs and the slow
response of other SGs is possible.

C. PROPOSED IBR CONTROL AND

SYNCHRONIZATION SCHEMES

In the literature multiple modified and improved control
strategies have been proposed in order to solve different
control and synchronization challenges (Table 2) of IBRs.
For example, in [6] different stabilizing methods (to improve
small-signal and transient stability) for GFLs and GFMs
as well as current limiting schemes for GFMs are pre-
sented based on multiple references which are also summa-
rized in six separate tables. In addition, [40] provides good
overview about potential model and data-based advanced
control methods. Also, for instance, in [60] a generalized
multi-input-multi-output-based GFM (MIMO-GFM) con-
trol architecture combining multiple different GFM control
schemes (Section II.A) has been proposed in order to improve
GFM units’ performance.

New GFL inverter control schemes have also been pro-
posed, for example, in [61], [62], [63], [64], and [65] to
enhance the PLL-based grid synchronization stability of
GFLs in weak grids. In addition, for example, [66] proposed
an universal controller to enable different combinations of
two GFM (PSC) and GFL (vector current control (VCC))
schemes to be studied so that PSC is used as a guideline for a
robust VCC design, permitting stable control in both weak
and stiff grids. In order to improve traditional PLL-based
GFL inverter grid synchronization under voltage unbalance
and harmonic distortion different FLL-based synchronization
schemes, e.g. [67], and its improvements have been proposed
in [68], [69], [70], and [71].

Ill. NEW UNIVERSAL GRID-FORMING METHOD

A. GENERAL TARGETS

Although lot of research has been done on GFMs, no uni-
versal grid-forming control and synchronization method
currently exists and many previously proposed methods have
different drawbacks and challenges (see Section II). Some of
the previously proposed GFM control methods have steady-
state frequency deviation during 100 % IBR-based systems
(e.g. microgrids). Therefore, this paper proposes new univer-
sal grid-forming/-supporting U-FLL-based synchronization
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for IBRs. General targets for the new U-FLL were the fol-
lowing:
1) Applicability on to different type of variable inertia,
hybrid power systems (from high to low or zero inertia
i.e. without SGs) and utilization capability for intended
islanded microgrid operation (supporting resilient and
flexible future power systems)

o Different share of SGs and GFM-/GFL-based
generation

o Weak and stiff grids as well as MV and LV
microgrids

2) Possibility to retrofit the existing PLL-based GFL
control schemes with grid-forming/-supporting U-FLL
component

3) Consider also the possibility of making or even
retrofitting PLL-based grid-following inverter-based
loads with U-FLL component to be grid-supporting
(in terms of frequency and synchronization stabil-
ity, including e.g. EV/BESS charging, hydrogen elec-
trolyzers etc.)

4) Zero steady-state frequency deviation during 100 %
IBR-based operation (e.g. islanded microgrid opera-
tion) from nominal frequency unlike typical droop-
based GFM control schemes

5) Compatibility of U-FLL with current grid code require-
ments (e.g. fault behavior and fault-ride-through),
system-level (TSO) market structures (e.g. related
to frequency control with active power-frequency
(Pf) -droop), local (DSO) and system-level (TSO)
voltage control methods (e.g. reactive power-voltage
(QU) -droop) as well as protection and islanding detec-
tion schemes

o Target of U-FLL method is not to try to act as
VSM/VSG

o Unlike in many droop-based GFM and self-
synchronized droop or VSG control schemes,
in the proposed U-FLL method active and reactive
power control loops are decoupled from synchro-
nization method on purpose

o Target is to enable universal compatibility in pro-
vision of different P and Q related flexibility ser-
vices under different grid and market conditions &
requirements including real-time adaptive Pf-, QU-
and PU-droops in order to maximize flexibility
services value locally for DSOs and system-wide
for TSO

6) Compatibility with existing passive islanding detection
schemes.

B. DEVELOPMENT BACKGROUND

In order to achieve the above mentioned targets (see
Section III.A), the possibilities to create universal grid-
forming and supporting PLL by modifying traditional syn-
chronous dg-frame grid-following PLL (Fig. 1a) [74] were
first evaluated. To improve the performance of synchronous
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FIGURE 1. a) Grid synchronization method with synchronous dq-frame
grid-following PLL [74] and b) Evaluated modified grid-forming and
supporting synchronous dg-frame PLL schemes.

dg-frame PLL (Fig. 1a) during unbalanced conditions and
disturbances, input phase voltages were negative sequence
filtered in all cases. Fig. 1b) presents the evaluated modi-
fied grid-forming and supporting synchronous dg-frame PLL
schemes.

However, it was realized during the development work and
simulation studies that achievement of targets (Section III.A)
and universal synchronization method is very difficult, also
partly due to general stability related challenges of PLLs
with PI-controllers as described in Section II.B and Table 2
regarding GFLs. Therefore, during further development work
one target was also to minimize or remove the challenges
related to the PLLs’ fast PI-control loops with GFL-based
IBRs. In addition, it was found out that in hybrid power
systems with IBRs and SGs, the voltage phase angle of grid-
forming IBR should be close enough to SG’s phase/rotor
angle during frequency and phase angle oscillations after
disturbances (e.g. load, generation or topology changes, like
e.g. red curve in Fig. 3) in order to maintain synchronism
and support the transient frequency and synchronization sta-
bility of the power system. Achievement of this was also
very challenging with modified PLL-based schemes (Fig. 1b)
and better methods were needed. On the other hand, GFM
synchronization schemes with fixed nominal frequency input
(see Fig. 4), which could be used in islanded microgrids with
one master unit, are not universally applicable and not able to
fulfill targets described in Section IIT.A.
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FIGURE 2. a) Proposed universal grid-forming and supporting U-FLL
synchronization method and b) PSCAD implementation of U-FLL.

+Measured frequency

(fmeas)

Frequency correction set value (w)

FIGURE 3. The difference between the measured frequency (fmeas) and
the frequency correction set value (w) (see also Fig. 2 and Eq. (1)).

C. PROPOSED NEW METHOD

In the descriptive name of the proposed new U-FLL method,
the role of using measured grid frequency as the main
input parameter was chosen to be emphasized instead of
voltage phase like in PLL. Fig. 2 presents the PSCAD
implementation of the proposed new universal grid-forming/-
supporting U-FLL synchronization method which does not
include any PI-controller like PLL-based method presented
in Section IILB (Fig. 1). In the proposed new U-FLL
method, the frequency correction set value w of U-FLL (see
Fig. 2 and Eq. (1)) was introduced. The value of w is input to
voltage-controlled oscillator (VCO) and it should be smaller
(i.e. closer to nominal frequency) than the measured fre-
quency fmeas(see Fig. 3). In Eq. (1) freq_corr parameter is
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a frequency correction coefficient i.e. adaptive (frequency-
dependent) coefficient in Fig. 2.

W = from — ((fnom — fmeas) - freq_corr) (D

In the PSCAD implementation of U-FLL (Fig. 2b) mea-
sured frequency fieas from FFT-component was utilized.
However, also other stable measured frequency inputs can
be used with U-FLL. In this paper nominal frequency fhom
is 50 Hz. As shown in Fig. 2, it was also determined that
the freq_corr -coefficient could be adaptive and measured
frequency fimeas dependent. This means that during larger fre-
quency deviation, the freq_corr -coefficient would be smaller
in order to provide more frequency and synchronization sta-
bility support. The basic idea behind this can be seen from
Fig. 3 where blue line presents the measured frequency (fmeas)
and red line the frequency correction set value (w).

Small and large-signal stability of the GFM and GFL syn-
chronization methods during steady-state operation and dis-
turbances is vital for the stability of the future power system.
In order to guarantee the stability of U-FLL in different type
and size of power systems as well as with different type of
DER units and control schemes, multiple study cases were
chosen to be included in Section IV of this paper. In this
paper, focus is on the frequency stability improving grid-
forming and supporting performance of U-FLL after transi-
tion from grid-connected to islanded operation as well as after
connection of large load. In order to focus purely on the effect
of grid-forming and supporting U-FLL on frequency stability,
Pf-control of U-FLL based DER unit is not included in the
studies of this paper. Therefore, U-FLL stability during severe
faults, U-FLL based DER unit’s compatibility with active and
reactive power control related technical ancillary / flexibility
services, like Pf-, QU-, PU-control and corresponding grid
codes and market schemes as well as compatibility with tra-
ditional passive islanding detection schemes will be reported
in further studies.

During the development of the proposed new U-FLL also
the effect of freq_corr -value on the stability of U-FLL and
corresponding DER unit control scheme has been studied in
different cases. Based on those studies the values used in the
freq_corr -look-up table (Fig. 2a) were chosen. In general,
U-FLL and other GFM schemes should be also stable during
extreme cases, like long duration frequency deviations in
power systems having limited share of U-FLL based gener-
ation. The challenge can be, that the stability of DER unit
control is lost if the U-FLL output phase angle 6;,4(Fig. 2a)
deviates too much and/or too long (e.g. constant over =+
0.5 Hz over- or under-frequency for a few minutes) from the
real voltage phase angle (e.g. followed by traditional PLL).
Therefore in order to prevent this kind of potential instability
of U-FLL, for example, cumulative phase angle difference
monitoring logic needs to be included in U-FLL. This logic
can ensure stability, grid-forming operation and frequency
FRT capability of the DER unit, but momentarily reduces the
frequency stability supporting effect of U-FLL.
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IV. STUDY CASES AND SIMULATION MODELS

Many inverter control focused studies are done with very
simplified power system models (e.g. in terms of lines, trans-
formers, loads) and amount of inverters (e.g. single inverter)
which in some cases may lead to inaccurate conclusions about
the performance of the proposed control scheme and does not
reveal, for example, potential mutual effects between differ-
ent IBRs (with different GFL and GFM control schemes),
between grid components as well as neglects the role and
effect of different IBRs location in the power system.

In order to study and confirm the operation and applicabil-
ity of the proposed new grid-forming/-supporting U-FLL in a
versatile manner and to avoid possible inaccurate conclusions
based on studies with very simple models, multiple PSCAD
simulation studies were done with different share of IBR-
based generation. The main study cases of this paper are
summarized in Table 3.

TABLE 3. Main study cases.
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Measured
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Induction ERVE RV meas |
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5 err B o Nl He .| Synchronization
Measured Ib ref 2 E angle
f;:svﬂevre > en ‘ \ —,| (Theta_rad)
Qm E determlnatlon
PI- @I( o Aerr c m e” A 4 VCO- component
controller ” - N duringislanded
Reactive nower setvalue “'| operation (when

*

Positive sequence phase voltages calculation  Filtering

PLL
parameters

Configuration
Proportionalgain 50.0
Integral gain  900.0
BaseVolts 20000.0 [V]
Base Frequency  50.0 [Hz]

I
X
T “e" Theta_rad
x

ve

acting asonly
master unit)

Type and
Case Voltage number of Synchronization
level generating of IBRs
units
WT (1, full
CASE 1 MV_HYBRID MV power conv.), PLL or U-FLL
SG (1)
CASE_2_HV_HYBRID HV BESSSG( 1(?;28), PLL or U-FLL
WT (1, full
CASE_1_MV_IBR/ MYV and power U-FLL
CASE_1 LV_IBR LV converter),
BESS (1)
CASE 2 HV_IBR HV BESS (68) U-FLL

The main simulation cases (Table 3) included:

a) Different type of DER units with traditional
PLL-component for grid synchronization (PLL was
replaced by the new U-FLL -component, Fig. 2)

o Wind turbine (WT) with full power con-
verter, detailed model including power electronic
switches, connected in MV network (Fig. 4)

o Battery energy storage system, BESS with
AC/DC-inverter, detailed model including power
electronic switches, connected in LV network,
operation in discharge mode (generation) (Fig. 5)

o BESS, average model controlled voltage sources,
without power electronic switches in order to
reduce the needed simulation time, connected in
MYV network, operation in discharge and charge
modes (generation and load) (Fig. 6)

b) Different DER unit combinations in various type and
size of power systems and at different voltage levels

o Hybrid with IBR and synchronous generation (SG)

- WT (MV network, Fig. 4) and SG (MV net-
work), grid-connected and MV islanded operation,
(CASE_I_MV_HYBRID) (Fig. 7)

- 16 BESSs (MV network, Fig. 6) and SG
(HV network, Fig. 8), small HV network
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Synchronization angle (Theta_rad) determination with PLL-component
during grid-connected/islanded operation (when not acting as master unit)

FIGURE 4. Detailed PSCAD model of wind turbine, WT, with full power
converter control scheme without utilization of new U-FLL (Fig. 2) in
CASE_1_MV_HYBRID (Fig. 7) and CASE_1_MV_IBR (Fig. 10).

islanded operation, BESSs both in discharg-
ing (CASE_2A_HV_HYBRID) and charging
(CASE_2B_HV_HYBRID) operation (Fig. 9)

o 100 % inverter-based resources (IBR)

- WT (MV network, Fig. 4) and BESS (LV network,
Fig. 5), grid-connected and MV islanded opera-
tion, (CASE_I_MV_IBR) (Fig. 10)

- BESS (LV network, Fig. 5), LV islanded operation,
(CASE_1_LV_IBR) (Fig. 10)

- 68 BESSs (MV network, Fig. 6) small HV net-
work islanded operation, discharging operation,
(CASE_2_HV_IBR) (Fig. 11)
c¢) Forexample, following issues were studied and

compared in the study cases (see Table 3 and
Section V)

o Hybrid MV), CASE_I_MV_HYBRID, (Fig. 7)

- Base cases with traditional PLL and grid-following
/ grid-forming control of SG

- Frequency and synchronization stability after tran-
sition to MV islanded (microgrid) operation, effect
of U-FLL, focus on first swing of SG

- Effect of different U-FLL freq_corr -coefficients

o 100 % IBR MV & LV), CASE_I_MV_IBR and
CASE_1_LV_IBR (Fig. 10)

- Effect of different U-FLL freq_corr -coefficients
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FIGURE 5. Detailed PSCAD model of battery energy storage system, BESS
with AC/DC-inverter control scheme including new U-FLL (Fig. 2).

- Frequency and synchronization stability after tran-
sition to MV or LV islanded (microgrid) operation,
effect of U-FLL

o 100 % IBR (HV), CASE_2_HV_IBR (Fig. 11)

- Frequency and synchronization stability after load
change with only U-FLL-based DER

o Hybrid (HV),

CASE_2A_HV_HYBRID and

CASE_2B_HV_HYBRID (Fig. 9)

- BESSs both in discharging (CASE_2A_HV
_HYBRID) and charging (CASE_2B_HV
_HYBRID) operation

- Frequency and synchronization stability after load
change, effect of U-FLL, focus on first swing of

SG
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FIGURE 6. BESS's average PSCAD model with controlled voltage sources
and control scheme with new U-FLL (Fig. 2) or traditional PLL.

V. SIMULATION RESULTS

In the following, the main simulation results from
different study cases (see SectionIV) are presented.
First, in Section V.A results from hybrid MV microgrid
(CASE_I_MV_HYBRID, Fig. 7 and Table 3) simulations are
presented. Then, Section V.B shows the results from cases
with 100 % IBR-based generation in MV and LV micro-
grids (CASE_I_MYV_IBR and CASE_I_LV_IBR, Fig. 10 and
Table 3). Next, in Section V.C the simulation results from
case with 100 % IBR-based generation in small HV net-
work (CASE_2_HV_IBR, Fig. 6 and Table 3) are presented.
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FIGURE 7. One-line diagram of the MV hybrid network with IBR (Fig. 4)
and SG (CASE_1_MV_HYBRID).

U_set
. Vrefl Vref u
Exciter amter,(ACmf {pu)
A u
Synchronous T spise | =MS
Generator L
EfO|
(SG) s20[Mva] A
Inertia constant: 3s =2 ;A \ﬂl I
Nominal Rotor T seoren | IS
T Tmo
w\' speed (pu) Ly
L 50 [ v Tmstdy Connection
transformer

Nominal
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0.03
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FIGURE 8. SG’'s (HV network connected) PSCAD model used in
CASE_2A_HV_HYBRID and CASE_2B_HV_HYBRID (Fig. 9).

Lastly, chosen results from hybrid small HV network
cases (CASE_2A_HV_HYBRID & CASE_2B_HV_HYBRID,
Fig. 9 and Table 3)) with discharging (Section V.D) and
charging (Section V.E) of BESSs are shown.

A. HYBRID MV MICROGRID
The PSCAD simulation results from case CASE_I_MV
_HYBRID (Fig. 7 and Table 3) subcases (Table 4) are pre-
sented in Fig. 12-15. Total simulation time in Table 4 subcases
was t = 30.0 s and transition to MV islanded (microgrid)
operation happened at r = 13.6 s.

Fig. 12 shows SG’s (Fig. 7) rotating speed behav-
ior after transition to MV islanded (microgrid) operation
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kmare5,2,1,10,0.1, 3,
05,0.2,4,1,08,7,2,1,
7,9)

FIGURE 9. One-line diagram of the hybrid small HV network with 16
BESSs (Fig. 6) and SG (Fig. 8) (CASE_2A_HV_HYBRID) and
(CASE_2B_HV_HYBRID).
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i ﬁ‘vm i
MV/LV N = p
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C,\% MY/
04akvl Lv 04kV! LV

FIGURE 10. One-line diagram of the 100 % IBR-based MV and LV network
with WT (MV network, Fig. 4) and BESS (LV network, Fig. 5) in
CASE_1_MV_IBR and CASE_1_LV_IBR.

in CASE_I_MV_HYBRID A (PLL) and CASE_I_MV
_HYBRID_A (U-FLL) in which SG operates in GFM control
mode with PI-controller (Table 4). It can be seen from Fig. 12,
which shows SG rotor speed first swing after islanding, how
utilization of GFM U-FLL instead GFL PLL on WT control
scheme (Table 4, Fig. 4) supports the transient frequency
stability of SG and whole MV microgrid.

In Fig. 13, a comparison of measured frequency and
frequency correction set value w utilized in U-FLL-based
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generation/BESS

FIGURE 11. One-line diagram of the 100 % IBR-based small HV network
with 68 BESSs (in MV network, Fig. 6) in CASE_2_HV _IBR.

TABLE 4. WT and SG control scheme differences in subcases of
CASE_1_MV_HYBRID (Fig. 7, Table 3).
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FIGURE 13. Measured frequency and frequency correction set value (w)
utilized in U-FLL-based synchronization of WT in CASE_1_MV_HYBRID_A
(U-FLL) (see Fig. 2, 3, 4, 7 and Table 3 & IV).
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FIGURE 14. Active (P) and reactive power (Q) behavior of WT and SG in
CASE_1_MV_HYBRID_A (U-FLL) (see Fig. 2, 3, 4, 7 and Table 3 & IV).
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FIGURE 12. SG's rotor speed behavior after transition to MV islanded
operation with GFL PLL- or GFM U-FLL-based grid synchronization on WT
in CASE_1_MV_HYBRID_A (PLL) and CASE_1_MV_HYBRID_A (U-FLL) (see
Fig. 2, 4, 7 and Table 3 & IV).

synchronization (Fig. 2) of WT (Fig. 4) are shown in
CASE_1_MV_HYBRID_A (U-FLL) (Table 4). It can be seen
that the w value corresponds to the proposed grid-forming/-
supporting U-FLL main idea presented in Fig. 3 and enables
the frequency stability support (Fig. 12) after islanding.
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FIGURE 15. SG's rotor speed behavior after transition to MV islanded
operation with GFL PLL- or GFM U-FLL-based grid synchronization on WT
in CASE_1_MV_HYBRID_B (PLL) and CASE_1_MV_HYBRID_B (U-FLL) (see
Fig. 2, 4, 7 and Table 3 & IV).

In Fig. 14, the active (P) and reactive power (Q) behavior
of WT and SG after transition to MV islanded operation
in CASE_1_MV_HYBRID_A (U-FLL) (Table 4) are shown.
It can be seen that only SG’s P oscillates notably after the
islanding (Fig. 14). In addition, Fig. 14 shows that the utiliza-
tion of grid-forming U-FLL based synchronization method
on WT does not affect its active (P) and reactive power
(Q) output during frequency oscillations after transition to
islanded operation.
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FIGURE 16. Measured frequency at WT connection point with different
freq_corr- coefficient values (see Fig. 2, 4, 10 and Table 3 & V).
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FIGURE 18. Active (P) and reactive power (Q) behavior of WT in
CASE_1_MV_IBR_A (U-FLL) after MV and LV islanding (see Fig. 2, 4, 10 and
Table 3 & V).
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FIGURE 17. Measured frequency at BESS connection point with different
freq_corr- coefficient values (see Fig. 2, 5, 10 and Table 3 & V).

Fig. 15 presents the SG’s (Fig. 7) rotating speed behav-
ior after islanding in CASE_I_MV_HYBRID_B (PLL) and
CASE_I_MV_HYBRID_B (U-FLL) in which SG operates in
GFM control mode with P-controller (Table 4). One can see
from Fig. 15 that utilization of GFM U-FLL instead GFL PLL
on WT control scheme (Table 4, Fig. 4) supports the transient
frequency stability of SG and whole MV microgrid also in
this case.

B. 100 % IBR MV AND LV MICROGRID

In the following, the PSCAD simulation results with
100 % IBR-based generation in CASE_I_MV_IBR and
CASE_I1_LV_IBR (Fig. 10 and Table 3) subcases (Table 5) are
shown in Fig. 16-19. In all subcases (Table 5) WT and BESS
are using grid-forming U-FLL-based synchronization. Only
frequency correction coefficient (freq_corr) value is varied
in these subcases (Table 5). Total simulation time in Table 5
subcases was t = 4.0 s, transition to MV islanded (microgrid)
operation with WT (Fig. 4) and BESS (Fig. 5) happened at
t = 1.9 s and transition to LV islanded operation with BESS
(Fig. 5) happened at t = 2.7 s.
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FIGURE 19. Active (P) and reactive power (Q) behavior of BESS in
CASE_1_LV_IBR_A (U-FLL) after MV and LV islanding (see Fig. 2, 5, 10 and

Table 3 & V).

TABLE 5. IBR (WT and BESS) control scheme differences in subcases of
CASE_1_MV_IBR and CASE_1_LV_IBR (Fig. 10, Table 3).

Subcase WT control BESS control
CASE 1| MV/LV IBR A GFM with U- ) GFM with U—FLL
(U-FLL) FLL (freqﬁcorr*ls (freqic.orr is
adapt., Fig. 1)V adapt., Fig. 1) ™
CASE 1 MV/LV IBR A2 FLGLF(“;;V“?[E; o | GFMwith UFLL
(U-FLL) 1)‘7:) (freq_corris 1)™
CASE_I MV/LV_IBR A3 GFMwith U- | GFM with U-FLL
- - — = FLL (freq_corris | (freq corris 0.95)
(U-FLL) 0.93)" o

) Q-control input of WT (Fig. 4) is zero during MV islanded (microgrid) operation, * Q-control
input of BESS (Fig. 5) is zero during LV islanded (microgrid) operation

Fig. 16 presents the effect of different freq_corr -
coefficient values on measured frequency at WT connec-
tion point and Fig. 17 at BESS connection point in cases
CASE_I_MV/LV_IBR_A (U-FLL), CASE_I_MV/LV_IBR
_A2 (U-FLL) and CASE_I_MV/LV_IBR A3 (U-FLL)
(Table 5). It can be seen from Fig. 16 and 17 that when
freq_corr value is 1 (CASE_I_MV/LV_IBR_A2), steady-
state frequency deviation exists after transition to MV
islanding as well as after disconnection of LV network
section (i.e. LV islanding with BESS). However, with adap-
tive (frequency-dependent) (Fig. 2) freq_corr -coefficient
value (CASE_I_MV/LV_IBR_A) and freq_corr value 0.95
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(CASE_I_MV/LV_IBR_A3) frequency deviation can be cor-
rected after MV and LV islanding (Fig. 16 and 17).
Fig. 17 also shows that after MV islanding the measured
frequency at BESS connection point can oscillate a bit more
than at WT connection point (Fig. 16).

Fig. 18 and 19 shows the active (P) and reactive power
(Q) behavior of WT (Fig. 18) and BESS (Fig. 19) after MV
and LV islanding in CASE_I_MV_IBR_A (U-FLL) (Table 5).
It can be seen that P and Q of WT remain quite stable
(Fig. 18), but P and Q of BESS (Fig. 19) change quite notably
due to the changes in P and Q control strategy of BESS
(Fig. 5) after topology changes. However, these changes in
P and Q of BESS are not linked to the utilization of grid-
forming U-FLL instead of grid-following PLL.

C. SMALL HV NETWORK WITH 100 % IBR-BASED
GENERATION

In this section, the PSCAD simulation results with 100 %
IBR-based generation (i.e. with 68 BESSs, Fig. 6 and Table 3)
in CASE_2_HV_IBR (Fig. 11) are presented in Fig. 20-22.
More details about CASE_2_HV_IBR (U-FLL) are listed
below and shown in Fig. 11:

o 068 distributed BESSs (Fig. 6), nominal capacity of each
BESS is 4 MW, total generation in the simulation with
BESSs is 230 MW

o 64 BESSs with 3.5 MW generation (224 MW)
before changing to PU-control att = 5.0 s

o 4 BESSs (as reactive power ‘“‘slack bus” during
100 % IBR operation i.e. reactive power Q reference
input 0) with 1.5 MW generation (6 MW active
power generation)

o Load at the end of 50 HV transmission line 75 MW in
phase A, B and C (total load 225 MW)

o Load increase at the end of 50 km HV transmission line
att = 15.0 s (5§ MW in phase A, B and C => total load
increase 15 MW)

o Total simulation time r = 25.0 s.

In Fig. 20, measured frequency at load connection point
(Fig. 11) and in Fig. 21 measured frequency and frequency
correction set value w (Fig. 2) of one BESS (Fig. 6) are
shown in CASE_2_HV_IBR (U-FLL) with adaptive freq_corr
value. It can be seen that U-FLL can enable smooth frequency
stabilization also in case with 100 % IBR-based small HV
network after load increase (Fig. 11, 20 and 21).

Fig. 22a) and in Fig. 22b) show the active (P_beg) and
reactive power (Q_beg) values, respectively, at the beginning
of 50 km HV line after load increase in CASE_2_HV_IBR (U-
FLL). It can be seen from Fig. 22a) that BESSs PU-control
increases their active power output after load increase, but
it is not linked to the frequency behavior after load increase
(Fig. 20). Frequency is kept stable without any steady-state
frequency deviation by utilizing the proposed grid-forming
U-FLL-based scheme instead of grid-following PLL-based
synchronization on BESSs. It can be concluded from sim-
ulation results of this Section V.C that the proposed new
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FIGURE 20. Measured frequency at load connection point in
CASE_2_HV _IBR (U-FLL) (see Fig. 2, 6, 11 and Table 3).
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FIGURE 21. Measured frequency and frequency correction set value (w)
utilized in U-FLL-based synchronization of BESS in CASE_2_HV_IBR
(U-FLL) (see Fig. 2, 3, 6, 11 and Table 3).

U-FLL-based synchronization can enable stable frequency,
also after load increase, in 100 % IBR-based small HV
network with 68 BESSs connected in MV network many
kilometers away from each other (Fig. 11).

D. HYBRID SMALL HV NETWORK - DISCHARGING OF
BESSs

In the following, the PSCAD simulation results from case
CASE_2A_HV_HYBRID (Fig. 9 and Table 3) with 16 BESSs
(Fig. 6) and SG (Fig. 8) are shown in Fig. 23 and 24. More
details about compared two subcases CASE_2A_HV_HYBRID
(PLL) with PLL and CASE_2A_HV_HYBRID (U-FLL) with
U-FLL are presented below and shown in Fig. 9:

« 16 BESSs (Fig. 6), nominal capacity of each BESS
is 4 MW

o 16 distributed BESSs with 3.5 MW generation (dis-
charging mode) (56 MW)

o Load at the end of 50 HV transmission line 168.5 MW
in phase A, B and C (total load 505.5 MW) (with PLL
and U-FLL)
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FIGURE 22. a) Active and b) Reactive power values at the beginning of HV
line in CASE_2_HV _IBR (U-FLL) (see Fig. 2, 6, 11 and Table 3).

o Load increase at the end of 50 km HV transmission line
att = 5.0 s (33.33 MW in phase A, B and C => total
load increase 100 MW)

o Total simulation time r = 20.0 s.

Fig. 23 presents the measured frequencies, calculated from
rotating speed of SG (Fig. 8 and 9), after load increase
in CASE_2A_HV_HYBRID (PLL) and CASE 2A_HV
_HYBRID (U-FLL). One can see from Fig. 23 (SG rotor speed
first swing after islanding) how utilization of GFM U-FLL
instead of GFL PLL on the control scheme of 16 BESSs
(Fig. 6) supports the transient first swing frequency stability
of SG and HV network.

In Fig. 24 b), the measured frequencies after load increase
in CASE_2A_HV_HYBRID (U-FLL) and CASE_2A_HV
_HYBRID_2 (U-FLL) are shown.

In CASE_2A_HV_HYBRID_2 (U-FLL) there are 12 dis-
charged BESSs (i.e. 42 MW) more than in CASE_2A_HV
_HYBRID (U-FLL), which means that the share of
GFM U-FLL and IBR-based generation is also higher
when compared to SG-based generation. In addition,
in CASE_2A_HV_HYBRID_2 (U-FLL) modified adaptive
U-FLL coefficient 2 is used (Fig. 24 a) as freq_corr -
coefficient). One can see from Fig. 24 b) how higher share
of GFM U-FLL-based generation supports the frequency
stability of SG and HV network. Also the modified adaptive
U-FLL coefficient 2 (freq_corr -coefficient) had a positive
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FIGURE 23. Measured frequency calculated from rotor speed of SG after
load increase with GFL PLL- or GFM U-FLL-based grid synchronization on
discharged BESS in CASE_2A_HV_HYBRID (PLL) and CASE_2A_HV_HYBRID
(U-FLL) (see Fig. 2, 6, 8, 9 and Table 3).
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FIGURE 24. a) Modified adaptive U-FLL coefficient 2 (freq_corr
-coefficient) and b) measured frequency calculated from rotor speed of
SG after load increase with GFM U-FLL-based grid synchronization on
discharged BESS in CASE_2A_HV_HYBRID (U-FLL) and
CASE_2A_HV_HYBRID_2 (U-FLL) (see Fig. 2, 6, 8, 9 and Table 3).

impact, but it was minor when compared to increased share
of GFM U-FLL-based generation.

E. HYBRID SMALL HV NETWORK - CHARGING OF BESSs

In this section, the PSCAD simulation results from case
CASE_2B_HV_HYBRID (Fig. 9 and Table 3) with 16 charged
BESSs (Fig. 6) acting as loads and SG (Fig. 7) are shown in
Fig. 25 and 26. More details about compared three subcases
CASE_2A_HV_HYBRID (SG only), CASE_2B_HV_HYBRID
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FIGURE 25. Measured frequency calculated from rotor speed of SG after
load increase with GFL PLL- or GFM U-FLL-based grid synchronization on
charged BESS in CASE_2A_HV_HYBRID (SG only), CASE_2B_HV_HYBRID
(PLL loads) and CASE_2B_HV_HYBRID (U-FLL loads) (see Fig. 2, 6, 8, 9 and
Table 3).

(PLL) with PLL and CASE_2B_HV_HYBRID (U-FLL) with
U-FLL are presented below and shown in Fig. 9:

o 16 distributed BESSs (Fig. 6), nominal capacity of each

BESS is 4 MW
o 16 BESSs with 3.5 MW load (charging mode)
(56 MW)

o Load at the end of 50 HV transmission line 150 MW in
phase A, B and C (total load 450 MW) (base case with
SG only i.e. no IBR-based generation or loads)

o Load at the end of 50 HV transmission line 131.5 MW
in phase A, B and C (total load 394.5 MW + 56 MW
(BESSs charging) = 450.5 MW) (with PLL loads and
U-FLL loads)

o Load increase at the end of 50 km HV transmission line
att = 5.0 s (33.33 MW in phase A, B and C => total
load increase 100 MW)

« Total simulation time ¢ = 20.0 s.

In Fig. 25, the measured frequencies, calculated from
rotating speed of SG (Fig. 8 and 9), after load increase in
CASE_2A_HV_HYBRID (SG only), CASE_2B_HV_HYBRID
(PLL loads) and CASE_2B_HV_HYBRID (U-FLL loads) are
shown. It can be seen from Fig. 25 (SG rotor speed first swing
after islanding) that utilization of GFM U-FLL instead GFL
PLL on the control scheme of 16 BESSs (Fig. 6) supports
the transient frequency stability of SG and HV network also
when BESSs are charged as IBR-based loads.

Fig. 26 presents the measured frequencies after load
increase in CASE_2B_HV_HYBRID (U-FLL loads) and
CASE_2B_HV_HYBRID_2 (U-FLL loads).In CASE_2B_HV
_HYBRID_2 (U-FLL loads) there are 12 charged BESSs
(i.e. 42 MW) more than in CASE_2B_HV_HYBRID (U-FLL
loads), which means that the share of GFM U-FLL and IBR-
based load is higher when compared to passive load. It can
be seen from Fig. 26 that higher share of GFM U-FLL-based
load supports the frequency stability of SG especially during
the first swings. On the other hand, it can be mentioned
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FIGURE 26. Measured frequency calculated from rotor speed of SG after
load increase with GFM U-FLL-based grid synchronization on charged
BESS in CASE_2B_HV_HYBRID (U-FLL loads) and CASE 2B_HV_HYBRID_2
(U-FLL loads) (see Fig. 2, 6, 8, 9 and Table 3).

that the modification of adaptive freq_corr -coefficient (like
in Fig. 24) with U-FLL based loads may have a different
impact on frequency stability than with U-FLL based gener-
ating units. However, adaptive freq_corr -coefficient (shown
in Fig. 2) was found to have positive impact on frequency
stability in all studied cases. Therefore, it has been used as a
default freq_corr -coefficient value in the simulation studies
of this paper.

VI. CONCLUSION

No universal grid-forming control and synchronization
method currently exists and therefore, this paper tried to pro-
pose new universal grid-forming/-supporting U-FLL-based
synchronization for IBRs. This paper focused only on pre-
senting the new grid-forming and supporting U-FLL syn-
chronization method without focusing on simultaneous active
power control utilization for frequency stability improvement
(e.g. by Pf-control of BESS) which will be focused on in
future studies. In addition, the proposed new grid-forming U-
FLL method has also other advantageous features over some
previously proposed GFM control methods during operation
in 100 % IBR-based systems (e.g. microgrids) like, for exam-
ple, zero steady-state frequency deviation and compatibility
with existing passive islanding detection schemes.

To comprehensively study the operation and confirm the
applicability of the proposed new U-FLL method, multiple
PSCAD simulation studies were done with different shares
of IBR-based generation. Based on the simulation results
following conclusions were made:

o Simulation results with both hybrid power systems, a)
MYV network hybrid microgrid and b) hybrid small HV
network, showed that utilization of GFM U-FLL instead
of GFL PLL on IBR-based WT and BESS supported
the transient SG first swing frequency stability after MV
islanding and load increase in HV network. In addition,
the simulations confirmed the positive effect of adaptive
freq_corr -coefficient on frequency stability after transi-
tion to MV islanded operation.
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Larger share of U-FLL-based generation or load in
hybrid HV network improved the frequency stability
especially during the first swings after load increase.
From simulation results it was confirmed that the pro-
posed U-FLL with adaptive freq_corr value enables also
smooth frequency stabilization after MV and LV island-
ing in 100 % IBR-based MV and LV microgrids.
Simulation results showed that the new U-FLL-based
synchronization can enable stable power system fre-
quency after load increase also in 100 % IBR-based
small HV network with 68 distributed BESSs connected
in MV network many kilometers away from each other.
In addition, simulation results proved that utilization of
grid-supporting U-FLL instead GFL PLL on 16 dis-
tributed IBR-based loads can also support the transient
first swing frequency stability of SG and HV network.

In overall, it can be concluded based on the simula-
tion results, that general targets 1)-4) for the new U-FLL
described in Section III.LA were achieved. These targets
included 1) applicability of U-FLL on different type of vari-
able inertia, hybrid power systems and utilization capability
for intended islanded operation, 2) possibility to retrofit the
existing PLL-based GFL control schemes with grid-forming
features of U-FLL, 3) consider the possibility of making
or retrofitting PLL-based grid-following inverter-interfaced
loads with U-FLL to be more grid-supporting and 4) zero
steady-state frequency deviation during 100 % IBR-based
operation (e.g. islanded microgrid operation) from nominal
frequency. Fulfillment of targets 5) and 6) (Section III.A)
will be done in further studies with more in-depth stability
analysis. In addition, the functionality of the proposed U-FLL
needs to be also verified with laboratory testing before real-
life experiments.
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