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Abstract: Changes are being implemented in the electrical power grid to accommodate the increased
penetration of renewable energy sources interfaced with grid-connected inverters. The grid-forming
(GFM) control paradigm of inverters in active power grids has emerged as a technique through which
to tackle the effects of the diminishing dominance of synchronous generators (SGs) and is preferred
to the grid-following (GFL) control for providing system control and stability in converter-dominated
grids. Therefore, the development of the GFM control is important as the grid advances towards
100% inverter-based grids. In this paper, therefore, we aim to review the changing grid scenario; the
behaviour of grid-connected inverter control paradigms and major GFM inverter controls, including
their modifications to tackle low inertia, reduced power quality, fault-ride through capability, and
Elf;e;:tfgsr reduced stability; and the state-of-the-art GFM models that are pushing the universality of GFM

inverter control.
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review the changing paradigm of the power grid as more inverters are deployed to replace
SGs, considering grid strength as quantified with the short circuit ratio (SCR), and inertia,
which represents a form of primary energy storage through which to mitigate frequency
deviations in a power system.

The GFM control is attractive because it provides fast control dynamics, coupled
with voltage source characteristics that are attractive for low-inertia, high-dynamics grids,
with a decreasing number of SGs [10-12]. Various control approaches implementing GFM
are therefore reviewed, including: droop control, power synchronisation methods based
on synchronous machine (SM) emulations, oscillator-based controls, and the electronic
matching of SMs. This article also discusses state-of-the-art GFM implementations, includ-
ing hybrid approaches that incorporate conventional current source and voltage source
behaviour, advanced oscillator-based methods, universal controllers designed to operate
under all grid scenarios without mode changes, multivariable GFM designs for uncertain
systems, and methods based on interoperability. We also discuss the factors affecting
GFM controllers, such as power coupling and fault protection, given their effects on the
behaviour and stability of any GFM control approach.

Therefore, the major contribution of this paper is in the presentation of research efforts
towards GFM primary control design, geared towards universal and unified control in
grid-connected inverters and interoperability—an aspect that defines major performance
guidelines without giving away vendor intellectual property—of control design in the
certainty of an inverter-dominated grid.

The remainder of the article is summarised as follows: Section 2 reviews the changing
dynamics of the grid. Section 3 tackles the classifications of control used for grid-connected
inverters—the GFL and GFM. Section 4 reviews the primary GFM control approaches used
to implement voltage source behaviour in inverters. Section 5 illustrates the construction
of state-of-the-art GFM controller designs. Lastly, Section 6 addresses power coupling
and overcurrent protection paradigms as the major issues faced in the construction of
controllers. The paper concludes with a discussion of the evolution of GFM inverter control
as the grid heads towards a 100% inverter-based scenario.

2. The Changing Dynamics of the Grid

The SG dominates the conventional electrical power system and is controlled based
on both its physical and electrical properties [13]. In Figure 1, this kind of grid is shown
as “Present”. SGs present ideal voltage source characteristics, with low impedance and
automatic voltage control, synchronous voltage and frequency control from their exciter
and governor controls, and inertia from their spinning mass.

Power electronics are utilised by non-synchronous generators in the integration of
renewable energy sources, like solar and wind, into the power grid. These generators
are known as grid-connected inverters. Inverter controllers are digitally implemented,
which provides them greater flexibility and speed compared to SG controllers, which are
constrained by the mechanical and electrical qualities of their physical constructions [14].
As shown in Figure 1, inverter penetration in the grid is anticipated to increase in the future,
due to factors related to climate change and the need for sustainable energy. It is expected
that momentary penetration levels will reach 100% in certain regions of Europe, due to the
accelerated deployment of distributed solar systems and large-scale wind projects [15].

When synchronous generators are the dominant power source, grid-connected in-
verters operate in GFL control topologies, in which the controllers rigorously follow the
slower machine dynamics through their inherently faster controls. The PLL is used to track
the rigid grid voltage signals in order to synchronise with the grid. As the penetration of
inverters rises, the dynamics of the grid change, due to the faster controllers’ increasing
influence and the slower SG controllers” dwindling influence, resulting in low-inertia grids,
more frequent frequency variations, and weak voltage that is vulnerable to collapse. In this
situation, GFL inverters would be required to operate faster to keep up with the changing
grid state. As a result, the integration of inverter-based resource (IBR) control cannot
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depend on GFL control; rather, GFM control is suggested as the method through which to
address the problems caused by the changing electric power grid.

Present Future

@ Inverter @ Synchronous Generator

Figure 1. The changing trend of the grid towards majority inverter-interfaced generating resources.

2.1. SCR and Grid Strength

Grid strength is related to the ability of a power system to maintain its voltage and
frequency within acceptable limits following an external disturbance. In this case, the
grid is expected to operate as an ideal voltage source with automatic regulation of both
frequency and voltage. Therefore, the definition of grid strength in this instance can be
approached either in terms of voltage stability and sensitivity, in which case the grid
impedance is considered [16-18], or in terms of frequency stability, which is determined
by the amount of synchronous inertia available to prevent frequency anomalies during
transient periods. Traditional grids, dictated by the characteristics of the synchronous
generator, can be simplified with the Thevenin equivalent model, shown in Figure 2.

Zth

Uth PCC

Figure 2. Thevenin equivalent circuit for an arbitrary system.

When a current i is injected into the network, the voltage at the point of common
coupling (PCC) changes through AUy, = i.Zy, where Zy, is the equivalent Thevenin
impedance, and Uy, is the terminal voltage of the source. When a short circuit is considered
at a bus of the PCC, the short circuit power is delivered to the fault at that location from
the generator, in terms of Uy, and Zy,. Let isc be the short circuit current, and Ps. the short
circuit power; then, Ps. = Uy,.isc and isc = Uy, / Zy,

2
Uy,

P.. =
sC Zth

M

The SCR, which is used to describe the strength of a grid [19], can be described as the
ratio of the short circuit fault level, Ps, to the power rating of the component connected
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at that point. Let P, be the rated power of the generator in Figure 2. The SCR is shown

to be proportional to the impedance of the network [20]. If Uy, and P,.4 are base values,
such that: 5

SCR = L _ Uy _ 1

Prated ZinPrateq Ziy

Power grids are typically considered strong or stiff with SCR values greater than 3,
and weak with SCR values lower than 3 [21].

The SCR is also dependent on the duration of a fault current during a fault. In both
steady-state and fault scenarios, SGs preserve their electrical properties and can provide up
to five times their rated current. Due to the physical constraints of solid-state technology’s
ability to maintain high levels of current, as well as their device protection mechanisms in
case of current overloads, fault current levels are decreasing as inverter-interfaced sources
become more and more prevalent within the electrical grid [22].

@

2.2. Low-Inertia Systems

The resistance of the grid to frequency variations when a sudden load change occurs is
correlated with inertia [23-25]. Since frequency is a gauge of the balance between load and
generation, frequency variations result in oscillations and system instability. The frequency
nadir, or the lowest point the system frequency reaches because of the disturbance, and
the rate of change of frequency (RoCoF) are the measures used to quantify frequency
stability [26]. These relationships are shown in Figure 3a.
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Figure 3. (a) Frequency control showing the RoCoF and frequency nadir [26]. (b) System frequency
response for different inertia constants [27].

The RoCoF is derived from the swing equation of the synchronous machine, such that:

AP« f

RoCoF = -———F—
Ssys * 2I{sys

®)

where AP is the differential active power between the input and output, fj is the sys-
tem’s nominal frequency, Ssys is the rated power of the system, and Hgys is the system
inertia constant.

Inertia is related to the stored kinetic energy in the rotating masses and is synchronised
in the network through the synchronous torque, expressed as follows:

17,52
_ Total Kinetic Energy Stored Zi(ifw )i

o — _ 4
5ys System Rated Power Ssystem @)
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where | is the moment of inertia of the machine 7, and w is the angular synchronous
frequency.

According to Equation (3), the higher the system inertia, the lower the RoCoF, and
vice versa. Inertia provides the primary response to disturbances, as shown in Figure 3a.
Then, controllers operate in the system recovery region of the figure, following delays in
their algorithms.

Figure 3b shows the frequency response of systems with different inertia constants,
showing that a low-inertia constant results in a lower-frequency nadir.

The mechanical-to-electrical energy conversion system of an SG immediately couples
the spinning mass to the grid, giving it an instantaneous inertial reaction, as opposed to the
measurement delays in power electronic controllers. Therefore, the loss of mechanically
associated inertia worsens frequency excursions and lowers the frequency nadir, which
has an impact on the stability of the electrical power system. A power system is set
with the minimum synchronous inertia necessary to reduce frequency excursions in the
presence of SGs. Therefore, the suitable design of the inverter controllers would make it
possible for the GFM inverters to provide grid support and replace synchronous machines
in low-inertia grids.

In function and design, inverters are power processing devices, whereas synchronous
generators incorporate the energy source through mechanical inputs, energy storage
through the rotor, and a power converter through electromechanical operations [28]. In-
verters, therefore, decouple the energy source from the grid and can only emulate inertia
using energy storage, with controller designs emulating synchronous machines and other
novel methods [29].

A completely autonomous inverter-based electrical system was considered in [30].
The power—frequency analysis considered the number of inverters to be operated in GFM
and GFL controls for autonomous grid operation. For the GFM inverters, the analysis
determines the size of the converter, its location in the power grid, the distance between
subsequent generators, and the required control aspects of the inertia constant and virtual
impedance. The results showed that large grid-forming inverters should be used for
relatively reliable power sources, such as battery storage or wind; smaller grid-forming
units should be designed with low inertia constants and fast controls; and inertia is best
suited for grid-following inverters designed to take part in frequency regulation. The
analysis is performed using positive root mean square simulation models to identify the
interactions between grid-forming inverters.

Distributed inverter-based generators in a power system necessitate system-wide
control paradigms through which to optimise the operation of all low-inertia systems.
A synchronous virtual power plant method was proposed in [31] to provide adjustable
inertia throughout a system of grid-forming inverters operating in a virtual synchronous
generator (VSG) control scheme. An online learning-based method was designed to
coordinate the multiple VSGs in order to provide the required frequency response through
adjustable system inertia. The online learning approach was preferred to a mathematical
model of constant inertia, due to the dynamic nature of a low-inertia system with an uneven
distribution of moments of inertia.

The analogy between mechanical systems and electrical systems in the synchroni-
sation mechanisms of a connected system was shown in [32,33]. In [32], the mechanical
synchronisation in a system of pendulums connected in a system was replicated in electri-
cal converters, thus obtaining coordination without communication. The impedance and
mobility analogies were used to derive synchronisation in parallel and series connections
of inverters. In [33], a system of generators with mechanical heterogeneity was shown to
achieve synchronisation, which was replicated in a system of 100% inverter-interfacing
resources, in which the system inertia was reduced and generator damping was shown to
be the main factor driving synchronisation.

A microgrid power and current reference management scheme was proposed in [25] to
achieve voltage control and provide the required frequency response through their virtual
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inertia functionalities. The control scheme achieved concurrent voltage and frequency man-
agement, while taking care of the limitations of devices and considering other parameters
of the grid. The proposed method applies to both traditional grids and microgrids. In [34],
a method to improve power quality was proposed, showing the need for voltage control
when large loads are connected to a weak point in the grid, which is an issue likely to be
faced with inverter-based grids.

Some challenges faced with low-inertia grids dominated by inverters include controller
interactions, as well as with synchronous generators and line dynamics that cause sustained
oscillations and sub-synchronous oscillations, thus leading to instabilities [35]. Differential
equations of system components—the generator, lines, loads, and inverters—were devel-
oped in [36] to capture the dynamics of low-inertia systems. By using participation factor
and parameter sensitivity methods, the most vulnerable segments were identified in a test
grid, and the effects of controller interactions in different timescales and with line dynamics
were studied, providing insights into low-inertia system stability and approaches through
which to improve. This study was further extended in [37] to capture the scenario of a
100% inverter-based system, which revealed that a purely inverter-based grid has better
small-signal stability than a hybrid low-inertia system and emphasised the importance of
modelling the study of controller interactions in low-inertia systems.

An inverter is always susceptible to resonance and loss of control, resulting from
transient overloads and current saturation during operations. Faults on the grid and grid
changes also cause oscillatory behaviour, particularly affecting protection coordination.
Therefore, the inverter control structure is of paramount importance.

Virtual inertia emulation is not the most effective operation of electronic converters,
given that it operates based on measured quantities of frequency, power, and voltage, which
introduce measurement delays in the fast-actuating controllers driving power electronics
and cause significant performance issues, unlike in slow-actuating synchronous machine
controllers. The operation of inertia requires a post-contingency current overload, which
is not replicable in power electronics, whose solid-state construction limits conductible
currents. The future of the electrical power grid is decentralised, with low inertia and fast
control, characterised by clusters of producers and consumers in microgrids.

3. Grid-Connected Inverter Control Classification

Grid-connected inverters are DC-to-AC power converters that interface power sources
and are tasked with the injection of local voltage and current into active AC power grids.
Unlike in synchronous machines, whose mechanical and electrical characteristics dictate
their controller limits, in power converters, the controller configuration is the main deter-
minant of control to obtain the desired electrical performance [38,39].

Controllers are required to have high bandwidth and performance that guarantees
quick response, to participate in load sharing with other generators under normal operating
conditions, and to maintain system stability in transient situations following a disturbance.
The formulation of inverter power control principles is derived from basic active power
control, considered in Figure 4, which shows an ideal power system containing a source
coupled to a load through an impedance and the subsequent phasor diagram.

The active power at the grid side can be expressed through Equation (5)(i) and (ii),
while Equation (5)(iii) expresses the relationships among E;, Iy, and V.

P=Vilgcos¢p (i)
P = EsVgsino  (ii) (5)
*> . H H cee
Es = jXglg + V,  (iii)
Based on the expressions in Equation (5), the active power can be controlled by

managing the source current, IoZ¢, or the source voltage, EsZ5, while the grid voltage, Ve,
is a control variable to be kept constant.
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Figure 4. (a) A simple power system schematic presenting a source and receiving end voltage across
an inductive load and its phasor diagram. (b) Phasor diagram of the simple power system.

3.1. GFL Control

When the active power supplied by an inverter is primarily controlled through the
injected current, I, while the grid voltage and phase are inputs via the synchronisation
unit, Equation (5)(i) expresses the active power, and the inverter control is grid following.
The internal inverter voltage, Es, is then calculated using Equation (5). The operation of
the synchronising unit keeps the injected current, I, in phase with the grid voltage, V;.
This control represents current source operation, while the grid voltage phasor is tracked
via measurements in the synchronisation unit, implemented through phase-locked loops
(PLLs) or frequency-locked loops (FLLs).

The control schematic is equivalent to a current source behind a high impedance, as
shown in Figure 5a. The control block diagram shows that the major inputs to this inverter
are the set power points of the active power (P"ef) and reactive power (Qf), as required to
dispatch maximum power and to support the grid profile at the PCC.

Synchronisation
6

.......... L S, l PcC
| ]
| : | | I— 1
A i
i i V, Z i
P —p | C g Grid
[ Power Con- g
i tpce z, i PcC
! trol !
:‘ Pref Qref ’: \ |

N J Y
"""""""""""""" Grid
Power Control Current Control
(a)

(b)

Figure 5. (a) The basic layout of GFL control. (b) Phasor diagram showing the performance of the
GFL controller under a small disturbance.
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In the phasor diagram in Figure 5b, the current supplied to the grid, I, is kept constant
in phase and magnitude when a small disturbance in the grid voltage causes a change
in the phase and magnitude of the grid voltage. Consequently, the controller voltage, E;,
is adjusted to E;* in response to the new grid voltage before resynchronisation occurs to
restore I¢, in following V,*.

3.2. GFM Control

The control of active power supplied by an inverter based on the autonomous control
of the source voltage Es, and its modulation angle J, based on Equation (5)(ii), forms the
basis of grid-forming inverter control. The inverter voltage, E;, is regulated to maintain
a stiff PCC voltage, with reference value E™f, while the power angle ¢ is determined by
the power control unit through its power synchronisation loop, with a reference angular
frequency maintained at w"/. This basic schematic of the GFM controller is shown in
Figure 6a, with the grid-forming inverter depicted as a controlled voltage source behind a
low impedance.

U B ey I
[y S

i ! Grid
i I
i : ipcc

Power ! :

Control i i :

ETef w'ef /E E\ ’i \ )
N K I
Power Control Voltage Control Grid

(b)

Figure 6. (a) Basic schematic layout of GFM control. (b) Phasor diagram showing the performance of
the GFM controller under a small disturbance.

Figure 6b shows the response of the GFM controller when subjected to an external
disturbance. The voltage phasor Es is regulated in a near-constant manner by the reference
E¢f, while the power angle 6 changes according to the nature of the disturbance before the
power synchronisation unit determines its new value in the steady state. This behaviour
of the grid-forming inverter is therefore attractive in supporting the grid voltage and,
consequently, its stability, due to voltage source operation.
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3.3. Comparison between Grid-Following and Grid-Forming Inverter Control

While both the GFL and GFM control are used as grid-connected inverters, their
inherent current source and voltage source characteristics, respectively, differentiate their
operation. The major difference between GFM and GFL control is their behaviours under
step phase changes in the voltage phasors, whereby GFM control maintains a stiff voltage
operation, while GFL control may face voltage violations before resynchronisation with
the grid voltage state. Generally, GFLs are designed to operate within the limits of the
system’s strength, with measures such as disconnection or power runback taken in cases of
reduced strength to maintain the stability of the grid. Their general impact on the grid is
a reduction in its voltage stiffness, unless it is designed to support voltage, or if the grid
voltage is compensated using synchronous condensers or FACTS devices. GFMs behave as
voltage sources during the steady state, offering a stiff voltage at their terminals. However,
their behaviour during fault conditions is affected by the current saturation mechanisms
implemented to protect solid-state devices from high-fault currents [40-42]. A summarised
comparison of the GFL and GFM configurations of inverters is presented in Table 1.

Table 1. Comparison between the performances of the GFL and GFM controls.

GFL

GFM

Instability

Unstable in weak grids due to oscillations in PLLs.

Unstable in strong grids and
series-compensated grids.

Basic operation

In the presence of a stiff grid or voltage.

Island and grid-connected modes.

Ideal performance

Operates ideally when connected to an ideal
voltage source (Z; — 0).

Operates ideally when connected to an ideal
current source (Zg — 0).

Non-ideal grid conditions

Weak grid voltage, strong current, and small
admittance.

Strong grid, weak current, and small
impedance.

Current management

Operates vector current control; able to manage
current in fault mode.

Uses current-limiting controls, causing loss of
characteristics.

Contribution to grid

Decreases the strength of a grid.

Improves the strength of a grid.

Black start

No black start capability.

Capability of black start with energy storage.

Comparison to machines

Operates like a motor with vector current control
in conventional grids.

Operates like a synchronous machine of
conventional grids.

Synchronisation

PLL or FLL. Power synchronisation; oscillator coupling.

Grid characteristics

Grid voltage following; current forming. Grid current following; voltage forming.

Swing characteristics

Voltage (reactive power) angle swing. Current (active power) angle swing.

Increased penetration levels

Causes an increase in damping in the system,

Results in a decrease in system damping. due to faster contrals

Current control

Good current control, due to inherent vector
current control.

Prone to overload; must implement current
limitation techniques to control current.

4. GFM Control Approaches

Generally regarded, the GFM structure is made up of inner control loops for voltage
and current and an outer power synchronisation loop that implements the grid-forming
control mechanism, depending on the method of preference [43,44]. A current-limiting
algorithm may be implemented between the voltage control and the current control to
prevent current overloads and keep the solid-state devices within allowable operational
margins. The general controller layout of the GFM is shown in Figure 7.

The inner control loops of the GFM may be implemented in single-loop, multi-loop, or
open-loop frameworks [45]. When implemented in a multi-loop framework, the voltage
and current loops are implemented, serving different purposes. The voltage loop regulates
converter voltage and incorporates virtual impedance, while the current loop regulates
the damping of LC filters, as well as overcurrent limitation [46]. Multi-loop control loops
implement better harmonic rejection, resonance damping, fault-handling ride-through
capability, and mode transition capability, compared to single-loop or open-loop imple-
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mentations [47] The design of controllers strives to achieve a large control bandwidth and
phase margins, which guarantee stable performance over a wide range. The adoption of
each implementation framework has its merits over the others. For example, in [47], triple
loops were used to provide the converter with a large bandwidth; in [48], the single-loop
implementation was shown to perform better in motor inrush current mitigation, when
compared to double-loop GFM controllers.

Inverter |
Bridge Lf

iy External
Grid

M
A - - Power Calculation
Viag tLdg tgdq

0 —> do/abe ] v " e

vyt paet
< <«
E.™® f TEreTE f— Voltage « APC :
8 Control «—_ . || < Control <« Qse
e Limiting e
RPC € Weet
Inner Loops 6 Grid forming [€ Viet
Control

Figure 7. The general structure of GFM inverter control.

These controllers are preferably designed in the synchronous reference frame (dq—) or
the stationary frame (a—), to transform a sinusoidal tracking problem into a DC tracking
problem, which provides a robust design of controllers with suitable fidelity, bandwidth,
and small errors, achievable with a simple controller design [49,50].

The primary structure of GFM control should provide dynamic synchronisation ability
to an arbitrary grid and maintain the voltage magnitude and phase at the PCC for the entire
range of load demands from the grid, without loss of synchronisation within the electrical
and thermal limits of the inverter and its storage capacity [51].

4.1. Droop Control

Droop control is the simplest control adopted for connecting parallel inverters in active
power networks, through adopting the steady-state power-sharing droop capabilities of
SGs [52,53] Droop control depends on the steady-state relationships of active power (P)
and angular frequency, and reactive power (Q) and voltage difference in a predominantly
inductive network, and may suffer instability due to power coupling in highly resistive
networks, unless they are designed with alternative behaviours. This is further illustrated
in Section 6.1.

Droop control emulates synchronous generator governor control in the frequency
control of inverters, establishing a negative feedback relationship between real power and
frequency, and may incorporate a degree of inertia [43,49] The droop law is shown in
Equation (6).

W = Wset — Kp(P - Pset) (1)

o _ - (6)

g=w (ii)
where w is the instantaneous angular frequency, ws,; is the angular frequency reference,
P is the power output of the converter, Py is the reference power, Kj, is the P — w droop
coefficient, and 6 is the power angle.
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Given the relationship between angular frequency and power angle, shown in Equa-

tion (6)(ii), active power may be drooped with angular frequency w or power angle 6.

Angle droop has been adopted in some applications, due to the limits imposed on fre-

quency in frequency regulation in a network with frequent load changes [54]. In the case of
angle droop,

0 = Oser — Kp(P - Pset) (7)

where 6s,; is the set value of the power angle, P is the real power output of the inverter, Py,
is the reference power value, and K, is the P — 0 droop coefficient.

The voltage droop is established to ensure reactive power sharing in the voltage
magnitude loop, also imposing a negative feedback relationship between the reactive
power and the voltage magnitude, according to Equation (8), as follows:

V= Vset - Kq(Q - Qset) (8)

where V is the instantaneous voltage, Vs is the voltage reference, Q is the instantaneous
reactive power, and Qs is the reference reactive power.

Figure 8a shows the simplified droop controller implementation, with the active power
control loop (APC) and the reactive power control loop (RPC).

P Waet
Pyt + Y— A ¥+ w 7
Se Kp l

(a)

Figure 8. (a) Droop control. (b) Power synchronisation control (PSC).

When the controller is set in the dg — frame, the d— and 4— components of the voltage
are defined according to Equation (9), as follows:

Vd = Vdfse - K (Q - Qset)
\2, _ ) )

The value of Vj is set to zero to assume that the dq frame is aligned with the stationary
reference frame at the PCC. The reactive power loop prevents the circulation of reactive
current between inverters while maintaining a predefined voltage magnitude, according to
the Q — V droop Equation (8).

Droop control is related to virtual synchronous machine control in a steady-state
system [55] and has been proven to emulate inertia using low-pass filters in its power
loops [56]. Correlations between angle droop, virtual impedance, and frequency droop were
derived in [57], showing that angle droop is effectively a virtual inductance method, virtual
inductance is a frequency droop method with derivative feedback, and virtual inductance
and frequency droop, when combined, enhance oscillation damping in a proportional
derivative manner. A comparison of the performance of single-loop and multi-loop droop
controllers was performed in [58], showing the better performance of single-loop over
multi-loop controllers in small-signal stability, due to the larger inner coupling reactance of
the controller.

Droop controllers may face inaccuracy issues with power sharing, in highly loaded
and high-impedance systems with varied line impedances between controllers, which may
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lead to the prioritisation of frequency and voltage regulation over power droop operation.
To address this issue, the droop controllers in a microgrid were optimised in [59] following
a multi-objective evolutionary algorithm to obtain a frontier of optimisation, from which
the solution was chosen using the fuzzy affiliation function.

Droop variants proposed in the literature address the limitations of conventional
droop that arise due to assumptions in its formulation, which include purely inductive
network (high X/R ratio) coupling, decoupled voltage and frequency control, and simple
networks with constant impedances. Therefore, controllers may be optimised using heuris-
tic algorithms [60] or variants of the conventional droop used. In [61], the various droop
control variants present in the literature were compared, including transient droop, angle
power feedforward droop, and the virtual frame transformation droop.

Droop control used for steady-state power sharing in electrical grids [62] is implicitly
incorporated in all grid-forming control techniques in their steady state [63], regardless of
their unique designs and transient characteristics.

4.2. Power Synchronisation Control (PSC)

First presented in [64], this control mechanism was designed to use the transient
power transfer mechanism of synchronous generators in voltage source converters (VSCs)
to achieve active power control in weak grid HVDC applications [65,66]. The principle
employs the relationship between the change in power (and torque) at the generator output
and the angular frequency of the voltage phasor (and hence phase angle) when synchronous
generators restore their synchronism after a disturbance in a connected system.

The PSC control law is as follows:

%ﬁ =k, (pref - P) (10)

where ¢ is the electrical angle, kj, is the controller gain, P is the instantaneous active power,
and P, is the reference of active power.

The PSC controller contains a high-pass filter and an embedded current controller that
limits current during transients, which grants it a preferable advantage to operate in weak
grids, as initially designed [64]. The PSC primary controller implementations for both the
APC and RPC are shown in Figure 8b.

The transient stability of the PSC is related to the power angle dynamics of a converter,
which affect the gain and bandwidth of the controller. Therefore, a PSC faces transient
instability in weak grids, due to the higher power angle dynamics affecting its gain and
bandwidth [67]. The PSC was designed for VSCs operated in weak grids, but faced
operational challenges under those conditions, due to the large load angles, and needed to
run a low controller bandwidth to maintain a stability margin. The challenge of achievable
bandwidth was further proven through the analysis methods in [68]. This challenge was
also addressed in [20], in which the active power loop was cascaded with the DC-link
voltage loop design for a desirable bandwidth and stability margins, following a robust
design that quantified the closed-loop transfer function, allowing for the design of the gain
of the DC-link control loop. The design was reported to provide controller stability for all
grid strengths and operational conditions.

The problems of low bandwidth and synchronous frequency resonance in PSCs oper-
ating in inductive grids was addressed in [69]. Using small-signal stability analysis, the
dynamics of grid impedance on the power loops revealed that a slight resistance in the grid
impedance and the non-minimum effect of loop gains on the phase caused synchronous
frequency resonance. The conjugate pair poles in the open loop, due to the grid impedance,
were eliminated using the analytics branch method in the power loops, which stabilised
the controller by nullifying the non-minimum phase effect of the loop gains. The proposed
method was reported to perform better than virtual resistance methods.

In [70], the transient stability of a PSC was performed using the phase portrait method.
The system was modelled as a first-order system and was observed to possess better
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transient dynamics, as compared to SGs. The overdamped nature of the PSC grants it
stability after a disturbance if equilibrium points exist. However, in cases for which no
equilibrium points exist, and the VSC loses synchronism due to a fault, resynchronisation
is possible after one cycle if the fault is cleared after the critical clearing time.

In [67], a deep neural network machine learning approach was used to detect the tran-
sient stability of a PSC using voltage sag severity and duration, the grid characteristics, and
the operating point of the converter as data points for the learning process. This detection
system was incorporated into the power synchronisation loop and fitted with a corrective
mechanism that freezes the phase to keep the converter synchronised during faults.

An internal model with a one-degree-of-freedom structure was adopted for the PSC
in [71] to minimise the plant error in the small-signal model of the controller to deal with
the effects of non-minimal phase dynamics that affect the stability of a PV-based converter.
This resulted in better tracking capabilities of the controller in weak grids, with seamless
transitioning between island and grid-connected modes.

The control of a PSC using proportional-integral-derivative (PID) controllers was
proposed in [72] to eliminate non-minimum phase phenomena in the small-signal model of
the controller. This PID was tuned for robustness during voltage imbalances and frequency
oscillations by adopting the power—frequency swing equation of the synchronous generator
and a high-pass filter.

4.3. Synchronous Machine Emulation Controllers

To facilitate the seamless operation of controllers in a machine-dominated grid, con-
trollers are designed to resemble the performance aspects of synchronous machines. The
full-scale machine model is a high-order electrical and mechanical model that is not fully
replicable in controllers, with only the relevant components for frequency and voltage
regulation used in the required application. The power synchronisation loop is designed for
machine emulation to provide the angular frequency (and power angle) by incorporating
control algorithms used in the SG excitation, governor, and rotor. In this article, we address
the virtual synchronous generator and the synchronverter controllers.

4.3.1. Virtual Synchronous Generator (VSG) Control

The VSG was proposed to combat the high RoCoF effect observed in grids with
increased penetration of inverter-based resources. To replace the rotating masses of syn-
chronous machines, the emulation of rotor dynamics through electronic controllers was
proposed first in [73]. The VSG, therefore, emulates the rotor (swing equation) and governor
dynamics of the SG.

The formulation of VSG control includes governor dynamics that establish the neces-
sary steady-state droop characteristics and a rotor dynamic that includes damping and iner-
tia coefficients whose implementations are pertinent to the behaviour of the design [74-78].
The VSG dynamics are obtained through Equation (11), as follows:

]% = %O(Pset_Pe) _Dp(w_wO)
de __
E—(U

where w is the angular frequency, wy is the set value of angular frequency, 0 is the electrical
angle, | is the inertia constant, Dy, is the damping coefficient of the rotor dynamics, K}, is
governor stiffness factor, P, is the electrical power supplied, Ps,; is the set value of power,
and P, is a variable calculated in the controller, derived as shown in Figure 9.

The reactive power regulation is dictated through the following relationship:

av
Ko = Quet = Q= Dy (V = Viey) (12)
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where Kj is the voltage integral gain, Q is the instantaneous reactive power and Qs its set
value, and Dy, is the Q — V droop coefficient of the controller.

Ky

Figure 9. The virtual synchronous generator (VSG) controller.

The VSG is a virtual inertia implementation of the conventional droop function and
uses this inertia derivable from energy storage to enhance the stability of the grid [79].

The limitations of the VSG stem from the implementation of mechanical control
dynamics in an electronic setup. For example, SGs use the power system stabiliser unit for
oscillation damping, whereas VSGs face oscillations when connected to the grid [80]. The
advantage of using the VSG is its controllability, shown in the flexibility of designing the
coefficients | and D), for the desired inertia and damping responses, unlike the SG, which
is limited by its physical characteristics [81].

The steady-state, transient, and synchronisation stability characteristics of the VSG are
of interest, given that it is an attractive GFM control through which to combat the issue of
reduced inertia in grids [82], with areas such as damping [83], resonance and oscillations in
weak grids [84], virtual resistance [85], system representation [86,87], decoupling for oscil-
lation mitigation [88], and the effects of grid conditions [89] being investigated extensively.

4.3.2. Synchronverter

In the initial design of grid-connected inverters, the motivation was to design a con-
troller whose interaction with the power grid was minimal. The synchronverter is, therefore,
designed to mimic the SG by emulating the governor, rotor, and exciter dynamics to provide
controllability to factors that affect performance, such as inertia, friction, damping, and
inductance, which the electronic control provides when compared to the rigid control of
the SG [90].
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The synchronverter is defined in Equation (13), as follows:
_ .
6 =1(Tu—T. — Dy0)
T, = Myiz(i,sinf)
e I:9A4f?féﬂ;b
P = OMyif(i,sin0) 13

Q = ~6Myis(i,cos6)

cos 6 sin 0
cosf= | cos(0—%F) | ging=[sin(6—%)
cos(9—|— %ﬂ) sin(9+ 47”)

where 6 is the electrical angle, with 0 = ‘;273, 0 = % ; ] is the moment of inertia, Dp is the

damping factor, also designed for droop functionality [91]; T}, is the mechanical torque; T
is the electrical torque; (., .) represents the inner product; My is the mutual inductance; if is
the excitation current of the stator; e is the electromotive force; P is the real power; Q is the
reactive power; and i is the stator current.

The power synchronisation loop of this controller [92] is as follows:

D
1| (P —P)yg o8
0= 3 D, + wy D, (14)
s+ T S 4“7?

where Py and wy are the nominal values for real power and angular frequency.

The synchronverter controller is shown in Figure 10, where the voltage error, yref — Ve,
multiplied by droop coefficient Dy, and added to the reactive power tracking error, Qef —Q,
forms the input to an integrator of gain % to produce the magnetic flux Myir. Vy is the grid
voltage, and iy is the grid current.

}%d

A\ 4
S

Equation

A

(13) e

Y

_______________________________________________

Figure 10. The basic synchronverter controller [93].

Initial synchronverter designs included a synchronisation unit, such as a PLL, to
provide grid frequency and voltage references. A self-synchronising synchronverter is pro-
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posed in [93] through the introduction of a switching algorithm in the controller structure,
operated to eliminate the synchronising unit, thus making the synchronverter structure
simple. The stability of the synchronverter in [90] was improved in [94] through mod-
ification of the field current control for fault handling, improved filters for better grid
connection, changes in the torque to incorporate losses and provide better power tracking,
and incorporation of a virtual capacitor to filter DC components. A detailed analysis of a
5th-order synchronverter connected to an infinite bus was carried out in [95], investigating
the necessary conditions for its local asymptotic stability using equilibrium points in the
two-dimensional power plane.

The modification of the synchronverter, the effects of its parameters, and its applica-
tions were addressed in [96], presenting the effects of parameter tuning, based on proposed
methods in the literature, on the eigenvalue-based analysis of stability. A synchronverter
was designed in [97] to mitigate voltage imbalance in STATCOMs through supplying
oscillating power locally in order to compensate for negative sequence voltage, illustrating
the use of GEM inverters to improve power quality.

4.4. Matching Control

While power synchronising controllers assume decoupled DC and AC sides of a
DC-to-AC power converter [98], with their synchronisation based on active power transfer
emulating SGs, matching control is developed upon the measurement of the DC voltage at
the DC bus of the inverter to indicate frequency balance on the AC side, which effectively
couples the control of the AC frequency to the DC voltage [99]. The DC bus voltage, a
form of energy storage in an inverter, fluctuates to indicate power transfer, and the control
thereof can be utilised to effectively control active power transfer. Matching control is
therefore designed to utilise the device-level similarities between power converters and
synchronous machines [100].

By considering the averaged 3-phase model of a converter, given as a linear AC and
DC circuit coupled with a nonlinear modulation block representing the 6-switch 2-level
inverter, as shown in Figure 11, and matching its dynamics to those of a single pole pair,
non-salient rotor SG excited externally, with both systems represented in the af— frame,
the converter model below can be derived [101,102]. Let Myp € [—1,1] represent the

modulation signal, so that iy = %malgTiaﬁ and v, = %mtxﬁvdc'

L
+ icy +

::Cdc _‘ Vg C Vap iload

7

Figure 11. Equivalent inverter model in o3 — frame, used in the analysis.

The inverter model for the closed-loop system in Figure 11 is as follows:

CacVde = —GacVde + igc — Jing Mg
) Cvaﬁ = —ljoad + irxﬁ (15)
Lia/g = *Riocﬁ — Vg + %Udcm,xlg

where x = % for an arbitrary variable x.
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The generator model in [101] is as follows:

. . . |—sin@
Mw = —Dw + 7 + l“ﬁTLmlf |: c(s)lsn() :|
COnp = —T1oad + lap (16)
. . . |—sinf
Ls (laﬁ) = _thxﬁ — Uaﬁ + (/JLmlf cos 0

0=w

where M is the rotor inertia, D is the damping coefficient, 7;; is the mechanical torque, L,
is mutual inductance of the machine, i ¢ is rotor current, 0 is the electrical angle, C is the
capacitance at the output, i,4 and v, are the output inductance current and output voltage
expressed in the af— frame, ij,,, is the load current, L is the stator inductance, R is the
stator resistance, and w is the angular frequency.

The matching of the two sets of models in Equations (15) and (16) is derived through

s 9} , where

relating similarities in the two equations. Let the modulation m,p = p [ s 0

i € [0,1] is the amplitude gain constant. Let angular frequency 0 = 174, Whereby the

—sin 9] and
cos 6

wo
.Udcref

virtual angle resembles the rotor angle, with # = Then, iy = %ia/gT]/t [

—sin 6

cos

that p = —2nLpiy.
By letting 179, = w,, the matched converter model becomes the following:

Uy = %vdcy ] . By comparing these terms in Equations (15) and (16), it is deduced

Cyo - G 1 1. .
ﬁwc = _Técwc + ylde — ylx (i
Coup = —ijoad + inp (ii

. ) 1 ...) (17)
Liyg = —Rigg — vap + 257 WelMlap (iii)
‘ )

0 = w; (iv

From Equation (17)(i), i4. in the converter relates to the mechanical torque of the
machine and controls the active power set point, while the primary energy source is
controlled by the voltage v,.

The controller implementing matching control is shown in Figure 12.

In Figure 12, V is the amplitude of the AC side voltage, v;."*f is the voltage reference,
Gy is the DC-side conductance, and k. is the compensator gain. The use of power loss in
the calculation of iz, compensates for the losses in the converter, ensuring that i, accurately
tracks the set points of power. The controller model represents an inner loop, and outer
loops can be incorporated to produce the desired performance, such as inertia, voltage, and
frequency regulation through the modulation of 3, i4,, and . A droop controller can be
incorporated to control the relationship between the DC voltage v, and the frequency we.

Matching control is attractive because it harnesses the interaction between the AC and
DC sides of the converter, removing the need for the measurement delays used in feedback
loops in other control approaches. In [103], the electronic synchronous machine concept
was further illustrated, showing that the relationship between the DC bus voltage and the
angular frequency of the AC side constitutes a matching of machine dynamics and power
flow in the converter. Energy functions of designed converter control features, such as
synchronisation, power tracking, and voltage controller are used to formulate the GFM or
GFL behaviour of the controller.
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Figure 12. The basic controller implementing matching control [83,92].

4.5. Virtual Oscillator Control (VOC)

The synchronisation ability of a network of coupled oscillators in a nonlinear dynamic
network is used to implement the VOC model. Therefore, VOC utilises the dynamics of
non-linear, weakly coupled oscillators to achieve a stable grid synchronisation mechanism
in a limited-communication environment while regulating the voltage and frequency with
proportional load-sharing capabilities [104-107].

VOC is a non-machine-emulating technique that does not require phasor measure-
ments, or the calculation of quantities in a predefined synchronous state [108], but rather,
achieves system-wise synchronisation stability of the local measurements in the underlying
network in the real-time domain without direct communication. While loads may vary
within a grid, VOC minimises any frequency deviations that threaten system stability and
maintains the voltage with a droop capability in the steady state, a property that has been
demonstrated in [109].

The basic VOC model, shown in Figure 13a, is built upon the dead zone oscillator, and
is composed of the following features:

Parallel LC tank, which determines the resonant frequency that sets the system frequency.
¢ (vc) represents a voltage-dependent source. The value of its maximum slope, o, is
related to the resistance, R, used for damping.

e  The constant v is the voltage scaling factor related to the grid RMS value, and ¢ and k;
are used to ensure that the voltage of the inverter is within the limits for safe supply
to load. « is related to the power rating of the GFM in proportion to other inverters
within the network.
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Virtual Oscillator Control
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Figure 13. (a) Basic diagram of the virtual oscillator controller (VOC) [106]. (b) The dispatchable
VOC (DVOC) model [110].

Global synchronisation is based on the filter impedance, zy, the effective impedance of
the parallel RLC branch in the oscillator, and the scaling factors k, and k;.

A Van der Pol (VDP)-based VOC model was proposed in [111], designed using linear
control methods to synthesise the required sinusoidal behaviour for application in AC
power grids, with the capability for proportional power-sharing and droop characteristics
in the steady state. The VDP-VOC structure deploys a current source with a cubic function
of voltage obtained through g(v.) = a(v.)?, while its general structure resembles that
described for the basic VOC model, with R replaced with a negative conductance element.
The droop law embedded in the non-linearity of the VDP oscillator is shown through aver-
aging methods in a slow timescale, and its stability in resistive networks is demonstrated
through the global convergence of voltage in [112].

The nonlinearity of VOC laws leads to harmonics in the voltage output that require
careful filter design to mitigate their effects. A modification of the cubic voltage function of
the traditional VOC is addressed in [113], in which an improved VOC law was proposed
to eliminate the third-order harmonic component in the voltage output, eliminating the
need for notch filters, while making VOC faster in load response and synchronisation. A
harmonic suppression method was proposed in [114]; using a virtual inductance control
and current feedback from the network side of the output filter, compared to converter side
current feedback in traditional methods, it led to simple implementation for grid-connected
VOC inverters in the required performance region of passivity.

VDP-based VOC regulation of power flow in the grid-connected mode is constrained
due to the lack of power control, and this issue was addressed in [115], in which a parameter
was derived that describes voltage and power injection and could decouple real and
active power; a controller was then designed to derive this parameter for different power
references.

The dispatchable virtual oscillator control (dVOC) law was proposed in [116,117]
to address the power control limitation of VOC-programmed inverters, while ensuring
system-wide synchronisation.

The dVOC law [118] is as follows:

%v = wpJv + 1n(Kv) — R(x)i + ag(v)v (18)
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where v = [0y, vﬁ] T is the terminal voltage in the afp— frame, i = [i,, iﬁ] T is the measured
cosx —sin K}

inverter current, 77, & > 0 are positive constants, and 0 < k¥ < 77, R(x) = Lin © cosk

J=R(n/2),K = #R(K) {_Péo %S], and ¢(v) = Voz;fw, where ||v|| is the Euclidean
norm. Py, Qp, and Vj are the active power, reactive power, and voltage set points, respec-
tively. « caters for the line parameters, i.e., O for resistive and g for inductive lines. The
dVOC controller is shown in Figure 13b.

By expressing v = [v,, vg] Tasv= ||v|| £6, dVOC, the non-linear droop relationships
are obtained as follows:

P P
4 1E0] it T ””E(Voz—|v||2)||v||1
= = R(x) + |V (19)
atlo ] " To 1 (2 _ 0

0% |v|2> «o

Assuming x = 7 (for inductive impedance) and Vj ~ V for small voltage deviations
in the steady state,
% :a):wo+#(Po—P)

V = |of| = Vo + 715 (Qo — Q)

The authors of [118] tested the validity of the dVOC approach for inverters, showing its
abilities for dynamic synchronisation, droop characteristics, black start, voltage regulation,
and dynamic load sharing in an inverter-dominated grid.

A variant of the dVOC, proposed in [110], was based on the dynamics of the Andronov—
Hopf oscillator (AHO), which is suitable for three-phase systems because of intrinsic or-
thogonal signal generation and performs better dynamically as compared to the traditional
VOC, demonstrating better harmonic elimination. The controller is composed of an LC
resonant tank of natural resonant frequency w = \/% and nonlinear state-dependent

(20)

voltage and current sources modelled after the nonlinear harmonic oscillators.

A benchmarking study on VOC oscillator implementations was carried out in [119],
showing that the Andronov-Hopf-based dVOC is more suitable for grid applications, due
to its superior dynamic and harmonic performance as compared to other implementations
of VOC. A single-phase dVOC model, based on the VDP oscillator, was implemented
in [120] to regulate power in a system of controlled and uncontrolled inverters, connected
in parallel using tuneable proportional-integral (PI) controllers in the controlled inverters
and proportional autonomous power sharing in the uncontrolled inverters, to supply a
fixed load.

Nonlinear droop behaviour in frequency and voltage regulation was reported in [121]
for the AHO-VOC inverter with decentralised and autonomous control for a system of
interconnected inverters. The stability conditions for this nonlinear behaviour are ad-
dressed in [122], showing that nonlinear droop, also termed complex droop, presents better
properties than conventional droop in the stable operation of the grid.

Despite VOC'’s fast primary control, facilitated by instantaneous time-domain opera-
tion, it is difficult to incorporate into a hierarchical grid control, which is often required for
both grid and island operation. The authors of [123] proposed a hierarchical secondary con-
troller to facilitate the seamless transition of VOC in all modes of microgrid operation, with
parameter regulation and synchronisation in island mode and power reference tracking in
grid-tied modes.

VOC has been shown to operate in series-connected inverters in island mode, for
which it offers decentralised synchronisation and control of inverters in a communication-
free approach [124]. A port-Hamiltonian passivity-based VOC method for dealing with
unknown grid conditions while ensuring synchronous stability was proposed in [125],
satisfying a condition that is necessary for integration with systems of varied SCR values
and disturbances.
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Other limitations of VOC include inertia emulation for low-inertia systems, fault man-
agement, and fault ride-through capability in the grid-connected mode. Inertia emulation
was proposed in [108], in which the power set point of dVOC was adjusted to enable the
injection or absorption of power according to the differential power causing frequency
deviation. Another implementation of the virtual inertia concept, using a proportional
derivative controller approach to emulate inertia, was proposed in [126]. The fault ride-
through capability of VOC was addressed in the unified virtual oscillator controller in [127],
in which a fast overcurrent limiting mechanism was implemented (see Section 5.2). Current
limiting is also proposed in a reduced dVOC model in [128] for overcurrent protection
suitable for all grid impedances.

A system-level VOC control method was presented in [129]; termed sequence component-
based VOC (5-VOC), it introduced improved control to encompass synchronisation of all
sequence voltage components. This enabled VOC to deal with unbalanced voltages, in-
tegrating both single-phase and three-phase inverters, while accurately sharing power
in hybrid structures with linear and nonlinear loads. This implementation was further
improved in [130], in which S-VOC was combined with nested inner loops to decouple
phases, improving the handling of unbalanced voltages with a feedback modification to
the VOC that improved its unbalanced fault ride-through synchronous stability.

Table 2 shows the summarised characteristics of the GFM controllers covered in
this article, regarding the basic operation metrics for a controller and including basic
operation, salient controller parameters, inertia support, fault ride-through capability, and
the associated transient stability.

Table 2. Comparison of the ideal GFM characteristics of controllers.

Fault

Basic Operation Controller . Inertia Transient
GFM Control References Characteristics Parameters Ride-through Support Stability
Performance
P — w droop
Droop Control [59-61] Power sharing kg Vv N/A Vv
PSC [71] Angle power droop kp Vv N/A vV
P — w droop
VSG [73-89] Virtual inertia J, Dy, Kp vV 4 X
damping
P — w droop
SG excitation emulation
Synchronverter [90-97] Virtual inertia Dy, ], Kp, Kq Vv 4 v
damping
Matching DC-link voltage control
Control [99-102] Ve — we droop " ke 4 4 %
VOC . . kv, k ir Z fr
voC [104-115] Global synchronisation R L C N/A N/A Vv
dvoC Global synchronisation
[116-122] with power control 1 N/A v v

5. State-of-the-Art GFM Controller Designs

This section details inverter controllers, designed primarily as GFM controllers that
augment additional characteristics based on modifications of the basic GFM control ap-
proaches addressed in Section 4, thereby presenting state-of-the-art designs of inverters for
a wide range of grid conditions.

5.1. Hybrid Synchronisation Control

GFM inverters generally utilise power synchronisation (or oscillators) with internal
voltage phasor generation, while GFL models utilise voltage phase synchronisation through
the PLL, with internal current control for required performance.

The hybrid synchronisation control augments modifications in PSC and vector cur-
rent control (VCC), used in GFL, into a single universally operating GFM and GFL con-
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troller [131]. These modifications are derived from the similarities present in the structures
of PSC and VCC, as shown in Figure 14.
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Figure 14. (a) Basic structure of VCC. (b) Basic structure of PSC.

The parameters above, V = [V;, V;| and E = [E;, E,], are vectors in the dg— frame,
representing converter voltage and PCC voltage, respectively. In the steady state, it is
assumed that the dq— is aligned to the PCC so that E = [E, 0]. E,.y and P,.f are reference
values for voltage and active power in both diagrams of Figure 14.

The VCC in Figure 14a contains a current control (CC) mechanism, whose input is
passed through a saturator, SAT, and which is augmented with a PLL for synchronisation.
The alternating bus voltage controller (AVC) provides a rigid voltage input. The PSC in
Figure 14b contains the active-resistance control (ARC), which is placed in cascade with an
embedded current controller (ECC). The power controller (PC) contains the mechanism
through which to generate the electric angle 6, according to the power synchronisation
control law.

The hybridisation of VCC, using modifications in PSC, is summarised below:

1. PCand PLL integration
The PSC law is as follows:

1
0= g[é()()#‘Kp(S)(PQ*PH (21)
where 6 is the power angle, wy is the nominal angular frequency, Kp is controller gain, and
Py and P are the nominal and instantaneous real active power.
The PLL control law is as follows:
1
0= 3 [wo + KprL (S)Vq] (22)
where Kpy is PLL gain constant, and Vj is the g— component of voltage.

The hybrid synchronisation controller is formulated by augmenting Equations (21)
and (22) to obtain the control law, presented in Equation (23).

6 = %[wo + Kpr1(s)Eq + Kp(s)(Po — P)] (23)

The basic controller implementing Equation (23) is shown in Figure 15.
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wo

Figure 15. The hybrid synchronisation controller.

2. Modification of AVC

In VCC,
Vref = Ky (iref - i) +jwoLl + H(s)E (i)

(24)
iref = sat(id_ref + Avc) (i)

where v,,¢ and i), are reference values of voltage and current; E and i are PCC voltage and

. P, . . .
current vectors, iy_,.f = E—J; represents the d— component of the i,,¢ in Figure 14, and wp

re

is the nominal angular frequency. sat represents the saturation operation of the controller.
H(s) is a feedforward filter that prevents overcurrent by eliminating disturbances in E.
Equation (24)(ii) defines an open-loop active power control for VCC, which is later modified.

The term AVC, obtained through Equation (25), is constructed to assign the §— compo-
nent of the reference current that is fed to the current controller using the real component
of the control error as the input. This grants it an asymmetric characteristic.

AVC = —jF(s) (E,ef - Ed) (25)

where F;(s) is a gain function that depends on the grid impedance.

The modification of VCC using PSC formulates an alternative AVC that presents
a symmetrical coupling by introducing a real part in AVC in Equation (25) to form the
PSC-AVC. This is developed through three implementations: the modification of the PCC
voltage orientation (Equation (26)(i)), the use of a feedforward closed-loop system to obtain
current reference, and the replacement of embedded current control through a saturation
operation on stiff voltage reference. These modifications result in Equation (26), providing
new expressions v;,¢* and AVC".

vref* _ K,(imf — i) + jwoL + Epef (i)
AVC = _]‘Fv(s) (Eref — Ed) + Yv(s) (Eref — E) (ii) (26)
ires* = H(s) (id_n,f + Avc*) (i)

AVC' is formed by adding the term Y (s) (E,e = E) from Equation (26)(ii) to AVC
from Equation (25) to incorporate PSC into VCC. This provides VCC robustness and enables
GFM voltage control.

Y, (s) is a controller gain obtained through Equation (27) and depends on the filters and
controller characteristics. H(s) represents the closed-loop gain, with «. as the closed-loop
bandwidth, «, is the filter bandwidth for the low-pass filter of PSC, and R, is the active
resistance of PSC in Equation (27).

— KU

s+a
5 “H(s), Fy(s) = .

H(s), H(s) = —< K, = 22 G, =R,”"  (27)

Y, = =
o(s) = Ga ac+s’ R,
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The term Y, (s) can then be designed to provide the controller with the preferred
control: GFL for G, = 0, or GFM for G, > 0.
The controller implementing the modifications to include AVC” in the generation of

the components of i,,¢* = [id”f , iqref } is shown in Figure 16.

Ef'ef
G
By + | r]
H(s) |
1
&
To SAT and CC
K, 1 |:: >
0 + 2
+ NG +
E, H(s) —bl +:=
G i’

Figure 16. The modified controller to generate current reference according to Equation (26) [131].

The HSC was further modified in [132] to eliminate PLL in HSC, replacing it with the
swing equation emulation of the PLL, suggested in [133], thereby eliminating the effects
of PLL instability in operation. In Equation (23), the coefficient Kpr 1 (s) operates on E;.
To eliminate the PLL, and assume swing equation operation, the PLL term Kpyy (s)E; is
modified to have the same effect as Kp(s)(Py — P), effectively making E, proportional to
(Py — P). This is achieved by creating a coupling effect between the d— and g— loops in
the controller AVC. By including the term Y;(s)E,, the AVC of Equation (26)(ii) becomes
the following:

AVC =Yy () (Ereg — E) = jFals) (Eres — Ea) + Yy (5)Ey (28)

The term Y, is a cascade of susceptance gain, B,;, and a low-pass filter. Through
steady-state derivations,

_ 1 _
E; = % (Erey Ba—ig) (Py—P)

(29)
KpLL(S) = K<ErefBa — iq) Kp(S)

This effectively modifies HSC to yield a PLL-based GFM controller.

A critique of the HSC was proposed in [134], in which the gain of the AVC is a major
concern to providing the necessary step response time when the grid SCR is below 1, even
though the proposed control in [131], and its improvement in [132], provides robustness
to the VCC and an effective GFM technique. To this end, the authors of [134] proposed a
modified method for eliminating the complexity of the vector voltage control introduced
with the coupling modifications suggested in [131,132] and the PLL and replacing it with
an active susceptance for damping in the traditional PSC with the standard VCC. This
approach was reported to provide robustness under SCR conditions.

HSC is a power synchronisation mechanism that embeds voltage-based synchronisa-
tion through the inclusion of the PLL, thereby offering frequency damping, which increases
the transient stability of GFM controllers [135]. To further enhance this characteristic, the
droop control is preferable to PI controllers.

The stability of HSC was compared to that of PSC in [136], showing that HSC is more
stable around the fundamental frequency. Controller loop interactions in multi-loop HSC,
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incorporating virtual admittance, inner current loops, and AVC, were studied in [137-139]
to identify oscillation modes and the effects of damping coefficients on the stability of the
controller; a design-oriented sensitivity analysis was then presented for robust controller
design. The small-signal stability of HSC with virtual admittance was studied in [140],
through modelling in the dg— and «— frames, showing that the HSC modelled in the a f—
frame has a better stability response than that in the dg— frame.

5.2. Unified Virtual Oscillator Controller (uVOC)

The uVOC, built upon the dVOC presented in Section 4.5, addresses the fault ride-
through capability of oscillator controllers while offering robust synchronisation, with-
out the need for an external unit with both GFL and GFM modes of operation [127].
The basic principle of the uVOC is based on the state vector oscillator as the primary
synchronisation unit.

Let the voltage vector, v = Vj,(t)e/”, where 8 = wt is the power angle and V;,, is the
voltage magnitude. The time derivative of v is as follows:

%(v)z jw+im—(Vm) v (30)

where the term jw is the instantaneous frequency, and Vim % (Vi) is the normalised rate of
change in voltage magnitude, V.
Based on Equation (30), control laws are defined for GFL and GFM operations.

a.  GFL operation

The control law below is proposed as follows:

d ) .
$(v) = jwov + 1 (ig — 1)6/4’ (31)

where v, ip and i are vectors in the synchronous reference frame. v is the instantaneous
voltage, i is the instantaneous current, i is the current reference, wy is nominal oscillator
frequency;, ip is the current reference, i is the instantaneous current, 7 > 0 is a design
parameter, and ¢ is the rotational angle that represents the grid impedance.

By using the instantaneous power theorem, iy = [iq0, i 50] Tis expressed as follows:

. 2 Oy Uﬁ PO
-l 2)(al

where Py and Qo are the real and reactive power set points, v, and vg are the components
of the voltage in the «— frame, and N is the number of phases.

Comparing the arbitrary space vector derivative in Equation (30) with Equation (31),
and expressing ip through Equation (32), the uVOC control law dynamics on the d— and
q— axis are expressed as follows:

(Vin) = sz ((Py = P)cosg + (Qo — Q)sing)
=wo + NZ‘ZHZ ((Py — P)sing — (Qo — Q)cos¢)

s

(33)

g

where P and Q are instantaneous values of real and reactive power. Equation (33) provides
the instantaneous frequency and voltage magnitude. Accurate power tracking and the
droop characteristic of the instantaneous frequency are achieved based on ¢ € (0, 5) on
the d— or g— axis. Current control is achieved through the current reference iy, following
the space vector voltage, v.

b.  GFM operation
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The control law for GFM uVOC is proposed as follows:
E(v) :]wov+y(Vmo -V )U+17(10 —i)e (34)

where the terms jwgv, y (Vmo2 - Vz) v, and 7 (ip — i)e/? represent the harmonic oscillator,

the voltage magnitude correction, and the synchronisation terms, respectively. V,, is the
set point of the voltage magnitude, Vj,,. Self-synchronisation is achieved through their
collective operation.

# > 01is a mode determinant parameter for either GFL or GFM.

As with the GFL case, using the instantaneous power theorem to express iy and
comparing Equations (30) and (34), the uVOC control law for GFM dynamics on the d—
and g— axes is expressed as follows:

$:(Vn) = 1 (Vo? = V2) + 52 ((Py — P)cos ¢ + (Qo — Q)sin )

217 . (35)
w = wo + gy 2 ((Po = P)sing — (Qo — Q)cos ¢)

The relationships above show an inherent droop characteristic, depending on the
choice of the parameter ¢ representing the line impedance. Subsequently, the corresponding
coupling between P, Q, w and V is achieved for ¢ € (0, ). A nonlinear voltage droop is
observed from Equation (35).

Figure 17 shows the uVOC implementation in the a stationary reference frame, used
for both the GFL and GFM controllers. The parameter j: is used as the determinant for the
mode of operation, whereby it is assigned the value 0 for GFL mode.

U —f
Py—>

Qo]

Equation(32)

=0

Current

' \
v Presynchronisation
9 1 Filter !

v

Limiter

Figure 17. The controller implemented for universal virtual oscillator control [127].

The controller in Figure 17 is composed of emulated virtual impedance, Z;, which is
designed with a resonant component and virtual resistance, with limited bandwidth to
provide sufficient harmonic compensation and cater for whether the feedback is taken from
the converter-side or grid-side current. The fault management system consists effectively of
three signals: x, for overcurrent limiting (OCL), x for fault detection and synchronisation
gain, and its complement, X, which caters for the magnitude error correction. These are
activated when a fault (overcurrent) is detected.

The OCL operates series compensation, vor, = X;Ro (i sat — 1), Where Ry = wocr (L Ft Lg) ,
wocL is control bandwidth, and L ¢ and Ly are converter filter inductance and grid side inductance,
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respectively. x, has a ramp after-fault clearance to cater for smooth after-fault transients. i s, is the
output of a circular current magnitude limiter that limits the current below a threshold, but keeps
its phase.

The resynchronisation element ensures the converter connection to the load or grid
without large transients and consists of a virtual low-pass filter.

The controller is also set to support voltage and reactive power regulation at the
PCC while conducting the allowable maximum current of the device during a fault. The
pre-synchronisation module of the controller is a first-order low-pass filter, implemented
using a virtual R — L network.

To implement the asynchronous fault ride-through capability of the uVOC, a double
synchronous uVOC was implemented in [141], implementing decoupled sequence compo-
nent synchronisation in the steady state for symmetrical and asymmetrical currents and
incorporating current limiting in both sequences to tackle unbalanced grid faults.

5.3. Universal Control Scheme (UniCon)

This scheme is built on the principle of operating the inverters to cater for the unpre-
dictability of a power system without a change in operation mode. While most inverter
designs are tailored to a single view of the grid and may have to change their operational
modes to cater for any changes, the UniCon is proposed to operate several functions in
order to obtain the desired system performance, veering away from the local performance-
oriented design of the inverter.

This control strategy was proposed in [142] and demonstrated in [143] to showcase
the need for collaborative and autonomous operation of inverters in the grid-connected
mode for future grids. The controller was designed to tackle the problematic inverter-
based grids faced with low inertia, controller interactions, instabilities, failure susceptibility,
resonances, network dynamics, and transient overloads. The design aimed to ensure that
systems are oblivious to the vendors’ intellectual property, inverter inner controls, and
protection schemes, and it was designed with the objective of operating under varied
inverter topologies and applications.

The major control features of the controller are as follows:

5.3.1. Rapid Phase Jump Algorithm

The algorithm was built on the inductor voltage and current of the converter output,
with the current being controlled for fast phase movement in order to control phase shifting
situations, as well as current overshoots.

The general inverter equations are as follows:

Einv(‘l’(t) + V(t)) =Vi+ Lim% (1)

u(t) = —o(t) + sin*l[sat(w)] (i) o)
ip = Ioe T

L o€ inv (111)

where E;,;;, is the inverter voltage amplitude, V; is the inverter terminal voltage, ¢(t) is
defined by the frequency loop, y(t) is defined by the angle loop, iy is the inductor current
with amplitude Iy, L, is the inductance, and constant k is a design parameter that yields
the desired exponential behaviour of Equation (36)(iii).

The collective behaviour of Equation (36) describes the phase jump algorithm. The
operation of the angle loop control exponentially limits the current to a threshold at which
the frequency loop, operating adaptively, converges on the frequency without excursions.

5.3.2. Fault Ride-through Capability

e  Opvercurrent protection mechanism:
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This contains a fast overcurrent protection that operates a virtual resistance to limit
the instantaneous overcurrent at 2 p.u. The virtual resistance is as follows:

i|—15
Rvirtual = K X tanh <21m11x—15> (37)

where K is the overcurrent gain, and I;;4y is the maximum allowable current.
e  Dynamic virtual impedance:

This is operated to limit the current total harmonic distortion (THD) after the operation
of the overcurrent fault protection, keep the current sinusoidal, and limit the current at a
nominal value of 1.25 p.u. after a fault is detected. Virtual admittance is used for virtual
impedance, with a proportional resonant controller providing the required decoupling
of reactive and active power at an X /R ratio of 5. This is achieved by expressing virtual
resistance, Ry, and inductance, L+, obtained through

Ryiye = 0.196 X Ki X Zpgse

38
Lyire = 0.98 X Ki X Lpgse e

where Kj is a dynamic gain responsible for varying the virtual impedance using the
expression in Equation (39).

Ki = K;+ Ts x Ke X (Ims — 1.25) (39)

where T; is the sampling time, and K, is the controller gain.
e  Fault recovery:

When a fault occurs, the frequency loop is frozen to maintain synchronism by keeping
frequencies relatively close. It is then reactivated when the inverter’s voltage crosses a
threshold, which also initiates the lowering of virtual impedance to its nominal value.

5.3.3. Variable Inertia and Damping

The inertia is designed to have a high value during a small-signal state and adopts a
small value to support large signal stability, using the expression ]~ = tanh?(x), where x
represents the disturbance magnitude.

The damping scheme is obtained through D = K, V/J~1, where K; = 2Lcff, and Less
is the effective inductance. The controller implementation is represented in Figure 18.

Damping

Virtual Inertia

wp
Prjecdvack

Virtual Impedance
Block

(o —]

Current
Controller
Current Loop and

Virtual Impedance Loop Tnaa

Figure 18. The power loop and current loop representations for UniCon [143].
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5.4. Multiple Input-Multiple Output (MIMO) GFM Converters

The growing complexity of inverter parameter design using conventional control
theory methods, such as the root locus, in multivariable nonlinear systems, has led to the
idea of MIMO-based control design, which enables the use of suitable methods for uncertain
systems, such as H — co synthesis, wherein optimisation can be utilised [144-147]. Given the
variety of GFM controls in the developing area of inverter-based systems towards a 100%
inverter-based grid, the design of GEM controllers, as covered in Section 4, is expanding in
scope, and undergoing a variety of modifications to provide ideal performance to support
grid connection.

Traditional GFM design assumes a simplistic structure of the controller, with decou-
pled AC and DC control in the converter structure, APC and RPC decoupling in the power
synchronisation loop, and negligible effects of line dynamics. This, however, is not the case,
because interactions that affect performance have been observed in controller performance,
leading to complex controller designs to accommodate the uncertainties.

A unification approach is also being proposed for GFM control design, motivated by
the need to conjure a vendor-independent approach for interoperability [148] and to satisfy
the requirements desired for GFM operation.

A generalised GFM control model, following the MIMO model, as illustrated in [149],
was derived and could represent a generic controller or combination of controllers designed
to achieve the collective performance attributes of all of the traditional GFM methods,
which may include droop, PSC, matching control, VSG, and VOC. The representation
is summarised in a matrix of linear and nonlinear signals, whose formulation does not
assume any decoupling, but considers the natural dynamics of coupling in converters.

Consider the circuit in Figure 19, whose parameters are used in the derivation.

' o External
M T—W— “Gria
+

Figure 19. Circuit schematics showing the major variables used in a converter system.

The DC source in Figure 19 is modelled as a controlled current source and a parallel
capacitor [150], having arbitrary values of current, i, and capacitance, Cg,.
Let 0 be the phase difference between the inverter’s internal voltage E; and the grid

voltage Vg, such that Es = E;Z0 and Vg = Vo — 6. i = [ig iy T is the filter inductor
current, V = [v4 v,] T is the filter capacitor voltage, iy = liog i0g] " is the output current, L f
is the filter inductance, Cy is the filter capacitance, and Ly and Ry comprise the grid-side
filter impedance. The adopted dynamic electrical models used, considering coupling, are
represented in the dg— frame in Equation (40) [151,152].
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dig — WP _ Dy, 4+ wpwsi
dt — L8 L% bWslq
dig _ @ oy cwsi
dat Ly 4 bWstd
dv [ [
ai = T;ld — cplod + wpwstg
d‘Uq _ Wy wy -
T — fflq - Cffl()q — W0y (40)
diog — 7204 — 72 Vgeos 6 — 2 Ryiog + wycwsiog
diOq _ wb wb . wb . .
= I, Ud + L—ngsm(S — TgRgloq — WpWwsiog
dvge _ wp:  wp o
At = Culs ~ o Bsld

where w; is converter frequency, and wy, is the frequency base.
The AC-side and DC-voltage dynamics are represented through Equation (40). For
the MIMO systems, the outputs considered for a GFM model are the DC bus voltage v,

the voltage magnitude V = /v,% 4 v,2, the converter output frequency ws, and the active
and reactive power p = v,igg + Ugiog and q = —vgiog + Vgioq-

Let the vectors x, u, y and d represent the state, control, output, and disturbance
vectors of the system, such that

X = [id iq U4 Ug iOd i() (5’0dc]T
u=lisws E
- [S S S] T (41)
y= [vdcpws Q;/]
d = [wg Vg

The output can be expressed as a function, with y = g(x, u), which depends on the
state variables and the control variables.

Equation (40) can be summarised as a function operation of the state variable, the
disturbance, and the control variables, represented as x = f(x, u,d).

By establishing a closed-loop system of the GFM, with set points for the control vari-

ables obtained through uy = [ip wp Eo] T and determined according to the design preference

T
and the reference values of the output variables Y,.r = [Vdc,ref Prer wg Qref Vies } , the
general schematic of the MIMO GFM control is represented in Figure 20.

Yre f

Error Signal

’_, Construction

Figure 20. General MIMO schematic for a closed-loop configuration [149].

The GFM controller determines the formulation of the error vector matrix e and the
control transfer matrix ®, a 3 x 5 matrix independent of the modelling frame.

The matrix ® represents the generalised GFM, whose parameters can be designed
according to preference. Notably, control matrices for all of the GFM methods can be
constructed in the generalised form of ®, and their improvements are implemented through
the addition of the elements therein. This formulation allows for the consideration of
coupling between the active power, reactive power, and DC and AC control loops, which
would otherwise be assumed non-existent in conventional controller design. The control
transfer matrix also shows that nonlinear and higher-order controllers can be integrated
with variable controls to improve the performance of GFM controllers.
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Another area in which improvements in GFM can be devised is in the formulation
of the error e, which can take up a linear or nonlinear concept. This method is used to
formulate the GFM block in the overall converter schematic and does not account for inner
controllers and virtual impedance, but can be included as per the design preference.

In [153] a controller was proposed based on full-state error feedback, using the MIMO
design principle, which allows for the assignment of closed-loop eigenvalues for desired
performance, without any special line conditions. This idea was expanded in [154], in which
the controllability of an error-based model using the MIMO concept was investigated, and
a full-state feedback design concept was used for a predefined time domain performance
of GFM, with only local measurements developed.

5.5. Other Methods

Interoperability is a concept that was proposed in [155] to create an all-encompassing
environment for the design of GFM control schemes that are universally incorporated
into the grid, without much concern for the manufacturer of the product. Given that
the GFM is a rather new concept for grid-connected inverters, major industrial players
protect their innovations [156] as intellectual property. The design of inverters following
the interoperability paradigm, therefore, seeks to tackle this challenge and propose a
universally accepted inverter model that can be adopted and incorporated into power
grids, regardless of manufacturer, so that grid modelling, which remains a concern for
grid-connected inverters, can be streamlined.

In [157], a unified model was proposed that encompasses multiple conventional
controllers, whose properties are augmented to form one controller that can universally be
considered a GFM one. This design was derived from the similarities that exist between
conventional controls, such as droop, virtual synchronous machine, and VOC.

Table 3 outlines the major features of the state-of-the-art approaches addressed in
Section 5, stating the improvements from their derivatives.

Table 3. A summary of state-of-the-art GFM controllers.

Major Features Improvements

HSC
[131,132,134-137]

L Better current management for a
power synchronisation mechanism
because of VCC.

Power synchronisation in the PC
and voltage-based synchronisation
of the PLL provides a robust

e  Augments power synchronisation
control and vector current control.

e  Ability to perform GFM and GFL .
operations through the tuning of the
gain function Y, (s) from

Equation (26)(ii). controller against
frequency deviation.
e Uses the space vector oscillator in e A VOC design able to perform in

the dVOC control law to set up a both GFM and GFL modes.

Fault management capability and

uVoC controller able to implement both
[127,141] GFL and GFM. fault ride-through capability
’ The parameter i determines the designed in a VOC-oriented

GFL or GFM operation. controller.
Adaptive inertia to support
large-signal stability.

UniCon Adaptive virtual impedance. GFM control for all SCR and

[142,143] Phase jump algorithm system conditions.

for synchronisation.
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Table 3. Cont.

Major Features Improvements

° The control system is designed as an

arbitrary multivariable feedback system.  p,;des the ease of converter modelling and

MIMO concept * Full coupling Of, control logps is modification to achieve the desired
[144,148,153,154] assumed, enabling the design of the performance
control as an uncertain system. '
. GFM approaches are augmented to
provide an integral response of major
Design for interoperability GFM cqntrollers. . b Integral GFM response.
[148,157] . Design is towards vendor-independent . Easy integration into the grid.

inverters for ease of modelling into
power systems

6. Issues Affecting Inverter Controllers and Their Mitigation Approaches
6.1. Power Coupling in Inverter Controls

The APC and RPC are integral in GFM control for the regulation of frequency and
voltage and are conventionally decoupled to achieve desired performance through the
use of decoupling reactance or impedance angle transformation. These loops form the
outer loops of a GFM control, which may also have inner loops consisting of current and
voltage loops. In conventional power system modelling, it is assumed that line dynamics
and inner controllers operate at faster timescales compared to outer loops, and power
dynamics that are based on synchronous machine dynamics around the fundamental grid
frequency are therefore ignored in converter modelling. However, interactions among
inverter controllers, grid dynamics, and power controls have been observed, especially in
low-impedance systems and high SCR grids for grid-forming inverters [158].

Instabilities in GFMs in strong grids are derived from power surges and oscillations,
which have been attributed to controller interactions within loops and within the grid.
Power synchronisation loop controllers have a smaller bandwidth of operation when
compared to oscillator-dependent controllers and therefore face coupling issues that affect
their performance. To maintain the reactance as inductive, virtual impedance techniques
are used and are implemented through a differential current term implementing virtual
impedance or virtual admittance [159].

Consider the schematic of the power system in Figure 21, used to derive coupling
between the active and reactive control loops [160].

Z=R+jX
AV Y
—_—

I
EZ$ ’\D C"\; VZ0

Figure 21. A simple power system, with two sources coupled through an impedance Z.

In Figure 21, E represents the source voltage, while V is the receiving end voltage, at
an angle 6, out of phase with each other. The impedance Z represents the impedance of the
line coupling between the voltages.
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Equation (42) shows the general expression for real power, P, and reactive power, Q,
delivered to the grid.

P = &[R(E — Vcos 0) + V Xsind)

Q= &[—RVsin(S + X(E — Vcosd)]

(42)

Droop relations between P, Q and V, § can be derived from Equation (42), depending
on the X/R ratio of the grid impedance, under the assumption that the angle J is small,
such that cos 6 ~ 1 and sin 6 ~ 4.

For an inductive grid, X > R. The Equation (42) is simplified as follows:

P~ £ VXsing ~ YE
12I* x

_ 43
Q= ﬁX(E—Vcosé) ~ w (43)
which shows that P depends on §, and Q depends on the voltage difference, E — V in
predominantly inductive grids.

For a resistive grid, R >> X, Equation (42) is simplified as follows:

E(E-V
Pm#R(E—Vcos&) ~ EEY)

z
~ —_E_ ; ~ —VEé
Q~ 77 RVsiné ~ —%

(44)

showing that P is related to the voltage difference, E — V, while Q is related to angle J in
predominantly resistive grids.

Preferably, the inductive characteristics of the impedance are designed with the
impedance within a suitable range for a linear relationship, which results in a linear
relationship of P — J (or w) and Q — V [161,162].

Power coupling is attributed to the violation of assumptions in the control laws that
govern GFM characteristics, namely the small power angle approximations and predomi-
nantly inductive impedance between the source voltage, E, and the grid voltage, V, for the
system simplified in Figure 21. Line resistance in stiff grids distorts the ideal inductive grid
characteristics and imposes a small power angle, which increases the controller gain, an un-
desirable trait for normal operation in GFM controllers, leading to power overshoots [163].
The presence of resistance in the impedance of the grid therefore brings about coupling in
the APC and RPC [158]. The coupling of controllers in the active and reactive power loops
affects their dynamic performance, restricting converter stability margins and the upper
bound of the controller bandwidth.

Power coupling is categorised according to its effect on both the steady-state stability
and the dynamic performance during transients and post-disturbance [164], with various
methods designed to decouple the APC and RPC in converters to improve either the
steady-state stability or the dynamic performance. Virtual inductance, which alters the
converter inductance, thereby reducing the effect caused by the grid impedance and SCR
and phase compensation, is an example of a method used to improve steady-state stability.

In [165], a virtual power-based method was proposed that utilised phase angle rotation
to tackle power coupling and guarantee stability through the Routh stability criterion in
droop controllers. In [163], a virtual power decoupling method was proposed to deal
with harmonic control, as well as provide droop control. A time-domain approach was
used to instantiate a converter—filter system with a virtual source consisting of a Thevenin
equivalent of the system in parallel to a current source and the subsequent system designed
with a virtual impedance. The finite output impedance voltage source operates with a
modified frequency-phase angle droop and a voltage—current droop in the time domain to
supply the required active and reactive power.

A method that suppresses coupling and creates decoupling paths to cancel conjugate
poles was derived and experimentally proven for GFMs in a strong grid. The undesirable
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coupling between P — V and Q — J was effectively cancelled out in the small-signal model
by counter couplings designed to compensate the sub-synchronous resonances, online
virtual resistance, and inverter impedance adjustment, based on grid impedance estimation,
which reshaped the effective power synchronisation control plant into linearly separated
APC and RPC loops for effective implementation of the desirable phase margin and ex-
tended controller bandwidth. This method was effective for dealing with both weak grids
and ultra-strong grids.

Table 4 summarises these decoupling methods in GFM models to achieve both steady-
state stability and dynamic performance.

Table 4. A summary of power decoupling methods used in GFM control.

Method Basic Operation References

Derives new references for power through

Virtual Power Method X
vector rotation.

[165]

Rotates the frequency and voltage vectors

to new references. [75,166,167]

Virtual Frequency and Voltage

Reshapes line impedances through the

introduction of virtual impedance terms. [168-170]

Virtual Impedance

Augments power control loops through
components of real and reactive power [163,171-173]
as compensation.

Coupling Compensation and
Feedforward Compensation

6.2. Overcurrent Protection in GFMs

Fault protection in grid-forming inverters is required to protect the device from high
levels of current during grid short-circuit events. Their effectiveness depends on timely
operation during events of frequency disturbances and voltage sags, applicability over
varied SCRs, and post-fault stability. An ideal protection scheme must, therefore, operate
for its assigned fault type (voltage and frequency disturbances), under all SCR conditions,
and have an instantaneous response to a fault, while ensuring post-fault stability. The
methods used for protection are summarised below.

6.2.1. Mode-Switching

The controller adopts a current-oriented operation mode during fault situations to pro-
tect the device from overloads [174]. This mechanism requires a fault detection mechanism
before mode transition is activated, which may damage the device when large currents are
conducted within the measurement delay period before transition. The post-fault stability
is complicated by the integrator wind-up phenomenon of the controller.

6.2.2. Power Angle Limiting

In [175,176], active power limitation through a virtual angle algorithm was proposed.
In this method, the power angle was implemented in the APC loop and fitted with a
high-bandwidth PLL, which measures the angle between the reference voltage and the PCC
voltage. The use of angle limiting ensures that the power synchronisation law is conserved
during the transient periods, using the expression of the power angle in Equation (45),
passed through an angle-limiting block, as shown in Figure 22.

Therefore, by limiting the power angle, both active power, P, and current through
the inverter are limited. By utilising Equation (45), relating power angle and real power,
inverter protection can be implemented appropriately.

P = %sin& (1)

. —1(_2PX s
J = sin (3E*-Vpccc) (ii)

(45)
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Figure 22. Power angle limiter [176].

In the figure, 0,5 is the output of the power controller, 6p is the output of the PLL,
tracking the voltage Vpcc at the PCC. A virtual angle, 6, = 05 — 6p 1 is used instead of
the power angle that is not easily known explicitly in grid-connected operation.

During normal operation, the angle-limiting block does not affect the virtual angle,
which is limited within the range |6o| < 6, (jim), as shown in the flat sections of the phase
angle limiter in Figure 22, where J; i) is the maximum virtual power angle, yielding
6ps = 0ps™. Under abnormal conditions, the virtual power angle is limited to Oy(lim), thereby
limiting the output power and the current.

6.2.3. Virtual Impedance

A virtual impedance algorithm block is inserted between the voltage and current
loops in Figure 7 to limit the current reference generated for modulation. This method
effectively adjusts the impedance between the inductor and the grid to limit current flow.
Virtual impedance may be affected by changes in grid impedance, requiring adaptive
approaches [177,178] through which to mitigate the changes in grid impedance. This
method also causes transient instability, due to sudden adjustments in impedance that
produce oscillations when the fault-limiting algorithm is activated.

Virtual admittance is a variation in the virtual impedance, with better transient perfor-
mance when compared to the derivative implementation of the virtual impedance, which
is prone to noise disturbance.

6.2.4. Reference Parameter Limiting

The power references are reduced to limit the power supplied during fault conditions
to within the limits of the converter. This approach is normally utilised when invert-
ers are required to supply specific current (active or reactive), due to the grid code for
low-voltage ride-through requirements [179]. In [180], a controller was designed to max-
imise the converter capacity while meeting the LVRT requirement, with an algorithm
designed to generate current references for the negative and positive sequence currents
under fault conditions.

6.2.5. Voltage-Based Frequency Feedforward
This approach consists of the addition of a frequency feedforward term in the p — f
droop power synchronisation controller, using the g-component voltage in the dg-modelled

controller to mitigate harmonic effects, phase, and gain margins for enhanced stability in
weak grids [181].

6.2.6. Current Saturation

A current saturation mechanism that limits the allowable current through the device
during its transient period was introduced in the controller, which is usually fitted with
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allowable ranges of current during normal operation and is levelled during overcurrent
periods. Equation (46) defines the algorithm defined for [182,183].
) (46)

i)
2
= minimum of <\/(Imax)2 - (I;Ef ) ,
where I;ef and Igef are the inputs to the current controller, while I;gf " and Igef " are the
outputs of the voltage controller in the GFM of Figure 7. I;;;;x is the maximum allowable
current magnitude of the converter.

In [184], reactive power synchronisation was proposed, fitted with a saturation trigger
ability for the voltage controller’s anti-wind, and facilitated a low-voltage ride-through
using reactive power sags, while current saturation was used for current protection. In [185]
a current limitation and post-fault synchronisation stability method was proposed, using
the direct voltage control of a lead-lag filter, based droop-controlled GFM, to operate under
balanced and unbalanced grid conditions and a current-control loop, whose threshold
was activated at the inception of a fault to limit the current and ensure that post-fault
synchronisation was guaranteed.

ref
Id

= minimum of(Imax,

ref ref*
Iq Iq

7. Discussion

GFM control of inverters has emerged as the solution through which to tackle the
dynamics of low-inertia power grids, caused by the continued adoption and integration of
converter-based renewable energy, and leading to a 100% IBR scenario in the foreseeable
future. GFM control, therefore, is designed to overcome reduced system inertia, inter-
actions of controller dynamics, fast system dynamics, resonances and oscillations, and
transient overloads.

GEM control approaches include droop control, PSC, VSG, synchronverters, matching
control, and VOC. Matching control, unlike the SG-derived control, eliminates the use of
delay measurements by directly coupling inverter AC and DC sides. VOC is a fast control,
due to its instantaneous time-domain operation, and has been varied to be dispatchable
and capable of fault management. These primary inverter controls achieve only portions of
the spectrum of the requirements of the GFM controller and have continued to be modified.

Inverters in power systems still face various challenges, including standard mod-
elling in simulations and at the utility end. This is attributed to the multiple GFM control
paradigms, which have a range of characteristics as compared to SGs, which have been well
studied and therefore easily modelled. Universal, generic, hybrid, and unified controllers
are emerging concepts in GFM inverter design to deal with the need for interoperability,
broad grid conditions, simplified designs, and flexibility in control modifications. In this
framework, controllers are designed to augment the advantages of conventional approaches
through integration, emulation, and augmentation, in order to achieve compounded ad-
vantages of control, given the controllability attributed to the electronic control of inverters.
These state-of-the-art designs are, therefore, attractive approaches towards achieving the
standardisation of controllers for ease of modelling.

Therefore, it is expected that the formulation of the GFM control will achieve inter-
operability to allow various private research firms to protect their intellectual property
while maintaining the GFM functionality of inverters used in the market. This is a direction
suggested as a future roadmap for GFM control.

8. Conclusions

While the integration of inverter-based power resources into the grid is on the rise, the
need for grid-forming inverters is on a parallel trajectory for their voltage-stabilising ability
within the changing grid paradigm. GFM control is shifting from machine emulation
techniques, which use the power-synchronising behaviour of synchronous generators,
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towards generic and universal designs that fully utilise the fast control and modular nature
of power converters.

In this paper, we discussed the issues facing the changing grid paradigm, i.e., low
inertia and varying grid strength expressed in SCR; compared the operations of the GFM
and GFL inverters; and addressed the major GFM control approaches, their formulations,
control variables, and variations, as presented in the literature. The advancements in the
development of new grid-forming approaches that modify and improve conventional
methods were discussed. Hybrid and state-of-the-art controllers and methods, which
encapsulate capabilities for both GFM and GFL operations, were also discussed.

In addition, universal control approaches through which to tackle grid uncertainties
were reviewed. The generalised MIMO method for the design of a GFM model with which
to accommodate parameters for any desired inverter performance was addressed, as well as
the design for interoperability, mentioned for its role towards a vendor-independent GFM
model. Finally, issues affecting inverter performance—power coupling and overcurrent
protection—were also addressed, and the varied methods used to achieve desired perfor-
mances were also addressed. The issues addressed in this article encompass the advancements
in grid-forming inverters as grids evolve towards 100% converter-based systems.
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Nomenclature

The abbreviations below are used in this paper.
GFL Grid following

GFM Grid forming

VsC Voltage source converter

IBR Inverter-based resources

SCR Short circuit ratio

SG Synchronous generator

SM Synchronous machine

PLL Phase-locked loop

FLL Frequency-locked loop

APC Active power control

RPC Reactive power control

PSC Power synchronisation control

MIMO  Multiple input-multiple output
RoCoF  Rate of change of frequency

vOC Virtual oscillator control

dVOC  Dispatchable virtual oscillator control
uVOC Unified virtual oscillator control

VSG Virtual synchronous generator
HSC Hybrid synchronisation control
AC Alternating current

DC Direct current

RMS Root mean square

PCC Point of common coupling

FACTS  Flexible AC transmission systems
HVDC  High-voltage direct current
VvDP Van der Pol oscillator
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VCC Vector current control

PC Power controller

CcC Current controller

AVC Alternating bus voltage controller

UniCon  Universal control scheme
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