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ABSTRACT The electric power system is undergoing a significant transition. Renewable energy generation
capacity has increased, leading to the displacement of synchronous generators (SG) and a growing concern
about grid stability due to the decrease of rotating inertial energy. Grid-forming (GFM) converters have
become a technological solution to this challenge, as they are capable of operating in low strength system
conditions and helping to stabilize the voltage and frequency of the grid. In this paper, a novel control
scheme for GFM converters is validated in a commercial converter according to the National Grid ESO,
called National Energy System Operator (NESO) since October 2024. The control scheme uses the flux
vector as a simple and effective method for limiting the active and reactive currents without internal current
loops. For this purpose, a hardware test bed has been implemented consisting of two DC sources emulating
a photovoltaic (PV) plant which feed the DC bus a voltage source converter (VSC), a grid emulator which
allows to generate the desired disturbances in the grid to evaluate the converter’s response and a three-phase
load. The results obtained have validated that these GFM converters based on the flux vector are capable
of synchronizing with the grid, responding against frequency disturbances like phase jumps or faults in the
grid and operating in islanded mode. In addition, the innovative method used to limit the active and reactive
current has also been tested, comparing its performance with that of a conventional GFM scheme, showing
an improvement in the response stability.

INDEX TERMS Grid-forming, flux vector, current limiter, national grid ESO.
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I. INTRODUCTION

The e need to reduce the impact of climate change has
accelerated the energy transition to meet the increasing
demand for carbon-neutral energy. Since 2013, the amount of
renewable energy added to the grid each year has surpassed
the total amount of nuclear and fossil fuels combined [1].
Most of these renewable energy resources, like PV or wind,
use inverter-based resources (IBRs) to connect to the grid [2],
[3].

Generation based on IBRs behaves differently from
conventional generation based on synchronous generators
(SGs), since inherently they are not capable of providing
inertia and strength to the grid and also have a lower
over current capacity. Consequently, and as the European
Network of Transmission System Operators for Electricity
(ENTSOE-E) recognizes, the electrical system is facing
additional difficulties due to the transition from a centralized
system based on SGs to a distributed system based on IBRs,
becoming a weaker system [4].

Currently, the main control method currently used for IBRs
is the grid-following (GFL) converters. These inverters use
a current controller loop to manage the amount of current
supplied to the grid and a phase-locked loop (PLL) for
synchronization [5]. However, in low-strength systems, the
control structure of GFLs may face instability issues [6], [7],
since a minor disturbance can lead to significant fluctuations
and deviations in grid frequency, potentially triggering the
disconnection of low-frequency demand and, in extreme
cases, the collapse of the power system [8], [9]. Furthermore,
GFLs converters cannot neither operate in islanded mode
nor contribute in the restoration of the system in case of
blackout [10].

As a result, another control method for IBRs has emerged
as an alternative to solve these issues: the grid-forming
converters. Although currently most grid codes do not
mention what a GFM is, it is a well-developed concept
and even the minimum performance requirements for these
converters appear in the grid code published by National Grid
ESO for Great Britain [11].

The main objective of GFM converters is to maintain
the internal voltage phasor through the control of the angle
and amplitude of the voltage modulated by the inverter
independently of the grid voltage or the load [10]. In fact,
commonly the simple representation of a GFM converter
is a voltage source with a small impedance in series and
the representation of a GFL converter is a current source
with a high impedance in parallel [12]. This is one of the
major differences between these converters, since GFM are
able to generate a voltage even in islanded mode while
GFL need a grid voltage for synchronization and current
injection.

Maintaining a constant voltage even in the presence of
disturbances in the grid is of real interest for the decentralized
grids that are currently being implemented with the inclusion
of renewable energies. This type of IBRs are able to respond
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to network disturbances without losing their stability, being
recommended for use in weak systems, for voltage and
frequency stabilization, damping of power oscillations or
blackstart restoration [13], [14].

In the literature, depending on their mode of operation,
different types of GFM converters can be found. The first
class is the simplest implementation and is based on droop
controls [15], [16], [17], [18], [19]. This control technique
replicates the govern action of SGs that enables the parallel
operation of multiple IBRs. However, the absence of inertial
response is one of its main disadvantages. The inertial and
damping properties of SGs are included into the second class
of GFM converters, known as synchronous-machine-based
controllers [20], [21], [22], [23], [24], [25]. The third and last
category is based on non-linear algorithms, such as the virtual
oscillation-based (VOC) method [17], [25], [26], [27], [28].
This technique emulates the dynamics of a weakly non-linear
oscillator by means of a single dead-zone oscillator which is
composed by a virtual resistor, a capacitor, an inductor and a
voltage-dependent current source [29].

An important element of the GFM converters is the current
limiting technique. The current may exceed the nominal
value during events such as a voltage faults or major grid
disturbances and, unlike the SGs, power electronics can only
handle small over currents (in the order of 1.1-1.3 p.u.) [30],
[31]. According to the literature, three main strategies have
been proposed to limit the current. The first one consists of
adding saturators to the internal current control loops [32],
however, this technique can provoke to instability in the
system [33], [34]. The second method consists of switching
to GFL control mode using a PLL during faults [35],
[36], [37]. However, this method has stability problems in
low-strength systems as mentioned above [6], [7]. Finally,
the third strategy consists of using virtual impedances [38],
[39]. In [40] the influence of the virtual impedance on
the grid-forming control for current limitation is analyzed,
where it is shown that the current limitation is largely
depending on the fault location and the selected virtual
impedance. In [41], it is also indicated how the tuning of
the virtual impedance parameters is not very obvious. It has
also been shown that the use of virtual impedances can lead
to stability problems in parallel operation [42]. In addition,
it has been demonstrated that the virtual impedance ratio
has a contradictory effect on the system dynamics and the
transient stability, i.e., a resistive virtual impedance results in
a well-damped current response but a very limited transient
stability margin, while an inductive virtual impedance results
in a poorly-damped current response but an acceptable
transient stability margin [43].

To solve these problems, a novel GFM control scheme
is presented in this paper which proposes a simple and
effective way to limit the active and reactive currents without
internal current loops. The advantages and limitations of the
proposed control technique and existing control methods are
summarized in Table 1. To avoid high overcurrents during
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TABLE 1. Comparison of different current-limiting control methods.

Current-Limiting Strategy Advantages

Disadvantages

Add Saturators Simple implementation

May cause loss of stability

Switch to GFL control Good in steady-state

It is not advisable to change the control mode
Can suffer from transient overcurrents
During deep voltage dips the PLL may lose stability

Virtual Impedance

Good to restore normal operation
Tradeoff between current limitation and stability [49]

Complex parameter setting
Can suffer from transient overcurrents

Simple implementation

Flux Vector Scheme Good in steady-state

Good to restore normal operation
Internal current loops are eliminated

Can suffer from transient overcurrents

Vev

grid —{ [ | O,
>
[ |

PV Emulator

-
AC Load

FIGURE 1. Test bed scheme.

transients, a protection maneuver has been implemented,
which will be explained below.

This scheme presents an innovative solution that regulates
a state variable, known as flux vector, obtained as the sum of
the output current multiplied by the filter inductance plus the
integral of the voltage measured at the converter terminals.
In the past, this variable has been used to control inverters in
microgrids [44] or to use direct or predictive controls [45],
[46] but not for a grid-forming converter. In addition, this
control system has been implemented in a commercial
converter and the necessary capabilities established by the
Great Britain grid code and in the document of National Grid
ESO ““Great Britain Grid Forming Best Practice Guide (April
2023)” [47], [48] have been verified on a power test bed.

The main contributions of this study are summarized as
follows:

1) New control methodology for grid-forming converters
without internal current loops.

2) New current limiting method without compromising
system stability.

3) New method of synchronization with the grid based on
the converter’s flux vector.

4) Validation of the algorithm through a power loop in a
laboratory with a commercial converter.
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5) Compliance with the requirements currently required
by National Grid ESO (Best practice guide for grid
forming converters, 2023) for this type of converters
controlled by the flux vector.

The article is structured as follows. The designed test bed
scheme is described in Section II. A summary of the flux
vector algorithm and the control scheme implemented are
detailed in Section III and Section IV respectively. Section V
shows a summary of the equipment used in the laboratory,
the National Grid Requirements and the results obtained
for the tests performed. Finally, Section VI presents main
conclusions and future works to be developed.

Il. TEST BED SCHEME

In order to replicate the tests established in [47], the scheme
shown in Fig. 1 has been implemented in the laboratory.
On the left side of Fig. 1, there are located two adjustable
power supplies feeding the converter’s DC bus voltage when
the DC switch (S3) is closed. Next is located the voltage
source converter, its LC filter (Ls, Cr) and a switch to connect
and disconnect the AC side of the converter (S;) to the
point of common coupling (PCC) through a transformer (7).
In addition, through another transformer (77) and another
switch (S4) an adjustable three-phase resistive load can be
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connected to the system. Finally, the grid emulator switch
(87) is placed inside the equipment itself and has been used
to validate the islanded mode operation of the converter by
disconnecting the power source from the system in the middle
of the test.

On the other hand, measuring devices are required for the
operation of the control system. Inside the converter cabinet,
several voltage sensors have been installed to measure at four
different points. The first one measures the DC voltage of
the PV Emulator (Vpy) and the second point measures the
voltage in the DC bus capacitor (Vpc). On the AC side,
the converter output voltages (Vgfm) and the grid voltages
(V) of each phase have been measured. The currents in the
converter’s output filter (i) is also being measured. All these
measurements are read by the interface board and sent to the
control board. Finally, an oscilloscope DS1052E Rigol has
been placed outside the converter to monitor the currents in
the resistive load (ig). The grid emulator also includes internal
voltage and current measurements that can be monitored
through its interface.

Ill. FLUX VECTOR ALGORITHM
According to the scheme shown in Fig. 1, the electrical
equation at the converter’s output can be expressed as

di
e = LfE + Vefin (1)

where e represents the internal voltage of the converter,
Ly the filter inductance and vgp, the output voltage of the
converter. Furthermore, the grid voltage v, can be expressed
as a function of a flux vector \ at the PCC as follows

d\

Vg = —

£ dr

If the converter is connected to the grid vgf, and v, are

the same voltage and, therefore, substituting (2) into (1) the
electrical equation can be expressed as

@

d .
e= E(Lfl + ) 3)

where the converter flux vector is defined as the derivative
terms, resulting in

A = Lpi+ A )

Considering that vg5, and v, are equal and subtracting A
from (2) and substituting it in (4), the flux vector of the
converter can be calculated as a function of the output current
and voltage, yielding

Ay =Lei+ / Vefm dt 5)

In the model implemented in the laboratory, the converter’s
flux vector a8 components (Aqy, Agy) are obtained as shown
in Fig. 2 based on (5), where the frequency, f, has been set
to 50 Hz and w, at the high pass filter has been calculated
for a cut-off frequency of 5 Hz. This filter is added in order
to eliminate the continuous component that appears when
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FIGURE 2. Converter flux vector measurement.

integrating the voltage. For the calculation of the grid flux,
the same method has been implemented but eliminating the
current term multiplied by the filter inductance complying
with (2).

On the other hand, subtracting i from (4) and substituting
in (3) results in

dX,
= 6
7 6)

Transforming the three-phase variables of (4), (6) and (2)
into a vector space referred to a rotation dq axes rotating at
w rad/s, the dynamic equations can be obtained as

dx S,

d;v + jw\, = ¢ 8)
ax <

7 +jo = vy )

In steady state operation, Vg5, and v, are the same voltage
and the derivative terms of (7) and (8) can be cancelled,
obtaining

€ =jw), (10)
Vefn = joA (11)
Multiplying (7) by jw, yields
Jox, = joLfi + joX (12)
and substituting (10) and (11) in (12) results in
¢ = joLsi+ v (13)

Therefore, the internal voltage of the converter is equal
to the sum of the voltage drop in the inductance and the
voltage at the terminals vgs,. The equivalent circuit that can
be represented by this equation is analogous to that of a SG.
Consequently, the active (P) and reactive (Q) powers can be
obtained as

p =D an

= iné 14
> ja)Lf)esm (14)

3
0= 5(;:;%) (e cos8 — vgfin) (15)
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where jowLy is the value of the reactance and § is the angle
between the internal voltage of the converter ¢ and the
terminal voltage vgf,. According to (10), the voltage e is
proportional to the flux vector Xv, allowing its regulation to
control the converter’s active and reactive power.

IV. CONTROL SYSTEM DESCRIPTION

For the designed control system to operate properly, the mea-
surements of the DC (Vpy, Vpc) and AC voltages (Vgfin_abes
Ve_abc) on both sides of the switches and the converter’s
output currents (iypc) are required. Before connecting the
converter to the grid (S2 open), a synchronization method
based on the flux vector orientation is used in order to
avoid over current or an unstable operation in the connection
instant.

During the synchronization the converter attempts to
generate a three phase Voltage system identical to the grld
by aligning the flux vector ()\v) to the grid flux vector (/\g)
This is done by orienting the ¢ component of the grid flux to
0 through a PI regulator, thus obtaining a control angle and
a vector whose d component is equal to the modulus of the
grid flux. With these two references, the converter generates
a flux vector identical to that of the grid, achieving a smooth
connection to the system.

On the other hand, Fig. 3 shows the GFM control scheme
implemented when the converter is already connected to
the grid (S» closed). This control system is divided into
three main blocks. The first one, highlighted in yellow in
Fig. 3, is the Reactive Control Loop (RCL) and calculates the
modulus of the reference flux, )\’v‘, as follows

= Mo+ kg — )+ Ay (16)

FIGURE 3. Flux vector control scheme.

This control loop can operate as PQ or PV node. In the
laboratory it has been configured as a PV node, so the
inputs are the measured voltage (v) at the converter’s output
and its reference (v*), set to 1 p.u. The difference between
the measurement and the reference is passed through a
proportional regulator with gain k, and the Ao term, which
is also set to 1 p.u., is added. Thus, if the measured voltage
v is lower than the reference voltage v*, the modulus of
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the reference flux A} will increase. This causes the internal
voltage of the converter e to also increase and in turn,
the reactive power delivered by the converter, complying
with (15). Finally, the A\, term is added, which is the output
of the reactive Current Limiter (CLg) block shown in Fig. 4.

maxr
I react/act

I react/act

-1 react/act 0

FIGURE 4. Reactive/Active current limiters.

The same Fig. 4 also shows the control scheme used to
limit the active current, since its operation is similar but it will
be explained below. This block is responsible for detecting
whether the value of the reactive current is exceeding its
maximum value and, if so, modifying the modulus of the
calculated reference flux A} so it does not exceed the rated
converter’s current. First, the value of the measured reactive
current is compared with its maximum (/) ) and minimum
(-17¢%) values. If the maximum value is exceeded, the value
of the flux reference module is decreased, which causes the
value of the injected current to decrease as well. Likewise,
if the minimum value is exceeded, the value of the module
is increased so that the reactive current is always within its
limits.

At the bottom of Fig. 3 and highlighted in green is the
Synchronization Control Loop (SCL). In order to obtain the
w' term, the swing equation of a SG

d /
P*—pP= Jd_ + D(w' — wp) (17)

has been replicated, where P and P* are the active power
measured and the active power reference respectively, D is
the damping constant and J represents the virtual moment of
inertia, defined as twice the inertia constant, H. The term w;
is the output of a Power System Stabilizer (PSS) block which
helps to compensate the damped active power response when
the inertia constant is significant and the damping factor is
low [50] and has the following transfer function

AWt _ g Tws (18)

AP Tyws+ 1

where K, is the gain and the T, is the time constant.

Finally, w; is the output of the active Current Limiter (CL4 )
block shown in Fig. 4, which is responsible for ensuring that
the active current does not exceed its maximum value by
operating in a similar way to the RCL but modifying the
control angle. The maximum active current value has been
calculated as follows

Jrex — /12 12

act max react

19)
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where I.qc; represents the reactive current measured at each
moment and I, the maximum current allowed by the
converter, set to 1.1 p.u. Therefore, the more reactive current
the converter is supplying, the lower the I'%* value will be.
With these terms, the control angle ® can be obtained as

@:/wdt =/w’—w1+wzdt (20)

The third and last control loop is the Flux Control Loop
(FCL), highlighted in blue in Fig. 3. In this loop, in order
to align the converter flux vector module with the d-axis,
the A4, component is compared with the reference modulus
Ay obtained in the RCL block, and the )4, component is
compared with 0. The error signals obtained are passed
through two PI controllers. Finally, the cross-coupling terms
are compensated by adding feedforward signals (WAgy, wAgy),
obtaining the dg components of the reference voltages ey, e;.

Lastly, the inverse Park transformation (dg—abc) is applied
to generate the three-phase voltage references (e,, ep, e.). The
switching pattern of the converter is then determined using
space vector pulse width modulation (PWM) technique.

As a note it should be clarified that the control blocks
shown in Fig. 2, Fig. 3 and Fig. 4 have been expressed in
the Laplace domain, but in order to load the program into
the control board it has been necessary to discretize it. The
method used for the discretization of the blocks has been the
Zero-Order Hold (ZOH) and the sample time, T, has been set
at 384 ps, coinciding with the execution time of the converter
control board.

For the regulators tuning, the method explained in [51]
has been followed, where the stability of the system is also
demonstrated by means of a small-signal analysis. According
to Fig. 3 and if a X/R ratio is taken into account for the filter
inductance, the transfer function of the plant can be defined
as

Gp(s) = A _ e _Tp 21
eq ey Trs+ 1
where Ty is the filter’s time constant equal to Lg/Ry.
Furthermore, the transfer function of the PI regulator can be
expressed as:

(22)

Gr(s) = Kx (TRer 1)

Trs

where Tr and Kp are the time and proportional constants
respectively. Therefore, the open-loop transfer function can
be expressed as

T, 1 T
G(s) = Gr(s)Gp(s) = KR( RIT ) (Tfsi 1) (23)

Trs
Setting a Tg equal to Ty yields

K
G(s) = TR (24)

the closed-loop transfer function G’(s) can then be obtained
as
G(s)  Kg

G'(s) = =
1+G(s) s+Kg

(25)
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Consequently, setting the Kg to 1 p.u. and the Ty equal
to the Ty, a bandwidth equal to the nominal w is being set,
leading to a stable system as demonstrated in [51].

V. EXPERIMENTAL RESULTS

This section presents the power test bed implemented,
the National Grid requirements for GFM converters and
the results obtained during the tests carried out in the
laboratory. Data were collected using LabVIEW-based real-
time monitoring and post-processed in Matlab. In addition,
the grid emulator interface and oscilloscope have been used
to obtain additional data in some tests. Due to actual power
laboratory limitations, the converter has been configured
with a nominal power of 10 kVA and a rated voltage of
120 V4 instead of 230 V4 in order to obtain currents with
higher values. The other parameters used are given in the
Appendix. The tests carried out according to National Grid’s
requirements have been: validation of the synchronization
algorithm with the grid, current limitation, response to
frequency changes, phase jumps and voltage dips and, finally,
operation in islanded mode.

A. HARDWARE TEST BED DESCRIPTION

The components shown in Fig. 5 has been used in order to
test the algorithm of the GFM based on the flux vector on
a commercial converter according to the National Grid ESO
requirements. These components are explained as follows.

o PV Emulator: Two Magna-Powers regulated DC power
sources have been used to emulate the operation of
a photovoltaic plant. Each source can supply 500 V
and 20 A and, for these tests, they have been connected
in parallel to obtain 500 V and 40 A. As they are
unidirectional, protection diodes have been installed at
the output of each source.

o VSC: The DC/AC converter consists of several impor-
tant elements. The first of them is a control board
which is composed of a DSP of the TIC6000 family of
controllers programmable in C language from Matlab/
Simulink. This board also has an ARM processor for the
management of high speed communications, allowing

4

PV mulato
",

[

T

N

1%
scilloscope b
| =

‘ A

FIGURE 5. Test bed implemented.
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UDP communication at 100 Mbit/sec of 64 variables
for live visualization, which has been carried out
on a PC with the LabVIEW tool. In addition, the
control board also has a FPGA for the generation,
supervision, protection and conditioning of both analog
and digital inputs/outputs. The second element is the
interface board, which is responsible for generating
the control pulses and receiving the feedback pulses
from the Insulated Gate Bipolar Transistors (IGBTs)
drivers via an optical bus. In addition, the interface
board contains the analog input channels and digital
input/output channels. The converter also has the IGBTs
and drivers, which are designed for total protection of
the power system against malfunction. The switching
frequency of the IGBTS, f,, is 2604 Hz. Finally, the
VSC has a TM241CE40R PLC and a HMIGTO3510
HMI from Schneider and two switches, one for the AC
side (S») and one for the DC bus (S3), where a set of
six 900 nF parallel capacitors addind up to 5.4 mF is
installed.

« Filter: The filter of the converter is inside the cabinet
and consists of a three-phase LC filter. The value of
the inductances (Ly) is 200 nH and the value of the
capacitors (Cy) is 200 pF. It should be noted that this
filter is designed to operate at a nominal power of
300 kVA, but due to actual limitations of the laboratory,
the converter has worked with a rated power of 10 kVA.

o AC Load: It is a three-phase resistive load adjustable
from O to 10.5 kW if supplied at 230 V. The load has
its own switch (S4) to be able to connect or disconnect it
to the power loop.

e Grid Emulator: The Pacific Power Source (PPS)
3450AZX has been used. This 45kW bi-directional
source can operate as an AC or DC voltage source,
AC or DC current source, or as a load. For the tests
carried out, it has been configured as a three-phase AC
voltage source, allowing through its interface to program
frequency disturbances, phase jumps or voltage dips.
In addition, the power source also has its own switch at
the output (S7).

o Transformers: Although not visible in Fig. 1, two
20 kVA transformers (77 and T3), have been placed
behind the equipment. Both transformers are Dynll
type and have a transformation ratio of 400/230 V.

B. NATIONAL GRID REQUIREMENTS FOR GRID-FORMING
CONVERTERS

The Best Practice Guide written by National Grid for Great
Britain sets out the main requirements that a GFM model
should include and how to validate its performance. These
requirements are listed as follows.

o Reactive Capability: The converter should be able to
absorb or produce Reactive Power range as specified in
the Service Agreement.

o Voltage Control: Maintain the internal voltage phasor
by controlling the angle and amplitude of the voltage
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modulated by the inverter independently of the grid
voltage or the load.

o Active Power Control: The active power supplied by a
GFM through controlled means of the positive phase
sequence root mean square active power produced at
fundamental system frequency by the control system
of a GFM unit. Therefore, its behavior should replicate
that of a synchronous generating unit with a traditional
regulator coupled to its prime mover. In addition, it must
be able to produce active power changes depending on
the set point.

« Frequency Response: It is the injection or absorption of
active power by a GFM plant to and from the system
during a deviation of the system frequency away from
the nominal frequency.

o PSS Tuning/Damping control: Control element that
attempts to damp the power oscillations of the system.
The validation of the PSS has not been carried out in the
laboratory due to the complexity of the tests required, but
it is something already validated by the same authors in
another work through a Hardware in the Loop [50].

o Fault Ride Through and Fast Current Injection: The
capability to be able to remain connected to the system
and operate through periods of low voltage at the grid
entry point caused by secured faults. In addition, fast
reactive current injection is required.

o Active ROCOF Response Power: The active inertia
power developed from a GFM plant plus the Active
Frequency Response Power that can be supplied when
subject to a rate of change of the system frequency.

o Active Phase Jump Power: The transient injection or
absorption of active power from a GFM converter to the
system as a result of changes in the phase angle between
the internal voltage source of the GFM plant and the grid
entry point.

C. SYNCHRONIZATION WITH THE GRID

Before any tests can be performed to validate the robustness
of the proposed grid-forming control scheme, the converter
must be connected to the grid. During this test, the first step
for the converter is to detect that the DC bus is charged and
then S3 is closed. After that, if switch S; is open, the converter
will start switching (t = 0.25 s) using the synchronization
algorithm described above, generating flux components (\g,,
Agv) equal to the grid (A4, A;), as shown in the first and third
graphs of Fig. 6. This algorithm has a transient of about 0.25 s
until the flux values reach their reference values. In the second
and fourth plots of Fig. 6, the difference between A4, and Ay
noted as errory and the difference between )y, and A\, noted
as error, can be observed, becoming 0 in less than 0.5 s from
the time the converter starts switching.

When the converter detects that its vector flux and the
grid flux are synchronized, it activates the Ay, signal (t =
0.9 s). To ensure that both fluxes are properly synchronized
before connecting to the grid, a counter is activated when
the signal is active. If it is active for more than one second,
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FIGURE 6. Fluxes dq components during synchronization.

it gives the command to close switch S> and change the
synchronization algorithm to the SCL control, taking this
process about 250 ms (t = 2.150 s). The second before
proceeding to execute the circuit breaker closing maneuver
has been placed as a preventive way, avoiding any failure in
its connection and the tripping of the protections. Fig. 7 shows
in the top graph a comparison between the phase A voltages
of the converter and the grid before and after closing S>
(t = 2.15 s), being practically identical. In the lower graph
the instantaneous converter output currents are shown, where
its peak at the moment of connection is very low.

D. ACTIVE CURRENT LIMITER

For this test, once the converter is connected to the grid,
the active power reference (Pyy) of the SCL control loop
has been varied by MODBUS communication. As can be
seen in Fig. 8, at t = 8.5 s, the Py is set to a value of
0.4 p.u. At this point, the converter is able to perfectly follow
the reference but the reactive power is increased as well
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FIGURE 7. Voltage and currents during synchronization.
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because the converter is configured as a PV node. At t =
11 s the Pys value changes to 0.9 p.u. At this instant, the
converter tries to reach the reference but, as the reactive
current increases again, the maximum active current value
calculated in (19) decreases. Therefore, the active current
limiter starts to act, avoiding the converter to reach the set
Py to prevent exceeding its maximum current value Ly,
set to 1.1 p.u. This can be clearly seen in the lower graph,
where I,,,,4 represents the converter current module. The fact
that the reactive power is proportionally so increased in the
case of active power injections is due to the maximum current
value used in the laboratory, set as 10% of the rated current
of the commercial converter and by the PPS control itself.
The active power variations cause a disturbance in the reactive
power, but in case the converter maximum current was higher,
these oscillations would be proportionally much lower than
those that appear in these tests.

—_
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Power [p.u.

1k
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Q

Current p.u.]
-
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FIGURE 8. Active power reference, active and reactive power
measurements and current module.

In addition, the same test has been replicated using a
conventinal GFM converter control scheme [50] as shown
in Fig. 9. This control is composed of one control loop for
voltage (VC), one for current (CC) and a current limiter (CL)
that consists of saturating the converter current reference
module to its maximum value. The control angle used for
the Park transformations is obtained from the SCL shown
in Fig. 3 but without the current limiter included and the
reference voltage v* has been set to 1 p.u.

As illustrated in Fig. 10, the classical control (P., Q)
performs similarly to the proposed method in the first part
of the test with minor differences in dynamic response.
However, when the converter needs to limit the current, the
classical control becomes unstable, triggering the protection
mechanisms to safeguard the equipment (t = 12.2 s).
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FIGURE 9. Classic GFM converter control scheme.

As explained in [32] and [52], this is because limiting
the modulus of the converter’s reference current can affect
the converter’s virtual power angle obtained through the
synchronization loop, causing it to lose its synchronization
with the grid and therefore its stability. Furthermore, although
the Ps can be controlled so that it never reaches a point
that provokes current limiting, in the event of a voltage
dip the same thing would happen with this control scheme.
Therefore, for the following tests, replication with the
classical control has been discarded.

FIGURE 10. Comparison between flux vector and classic control schemes.

Finally, the dynamic differences between both control
systems have been compared in Table 2. For this purpose,
the active power of both tests has been analyzed between the
instants t = 6 s and t = 10.5 s, since during this time, both
systems are stable and undergo a set point change that allows
a deeper analysis of their dynamics. The first column shows
the steady-state error measured for both cases. As shown in
Table 2 and Fig. 10, in steady state the classical control system
has a slightly higher error. The second column measures the
average error throughout this test, obtained as the difference
between the reference power and the measured power. The
classical GFM has a higher error in steady state and a greater
oscillation when the reference changes, therefore the average
error is also higher. Finally, the response of the flux vector
based system is more damped and faster than that of the
classical system, obtaining a lower settling time ¢, fixed with
a 5% error band.

E. FREQUENCY DISTURBANCE RESPONSE

During this test, a frequency variation of 0.5 Hz with a
ROCOF of 1 Hz/s has been programmed into the grid via
the PPS interface once the switch S is closed. Fig. 11 shows
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TABLE 2. Dynamics comparison between control schemes.

Control error (p.u.) | error (p.u.) Power osc. ts (s)
Flux vector 0.01 0.0256 Damped response 0.6
Classic GFM 0.03 0.0451 Underdamped response | 0.7

a comparison between the frequency calculated by the SCL
loop, f, and the frequency measured by the grid emulator,
fg, in the first graph, the active and reactive powers in the
second graph and the instantaneous currents measured at
the converter output in the third graph. Finally, the voltage
and current modulus of the converter are shown. When the
frequency drop begins (t = 7.3 s), the converter starts to
inject active power. As the constant D has been set to 50,
for a variation of 1 % in the frequency the converter has
to provide 50 % of its rated power in steady-state (Py).
As in the previous test, the active power injection provokes
a modification in the voltage modulus. To counteract this
effect since it is configured as a PV node, the converter starts
absorbing reactive current, keeping the voltage modulus at
1 p.u. This causes the converter not to reach 50 % of its active
power, since the limiter begins to act and only allows reaching
45 %. Thus, the maximum current set at 1.1 p.u. for the VSC
is not exceeded. An oscillation can be seen in both the active
power and the current modulus at t = 7.5 s, this is because
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FIGURE 11. Frequency, active and reactive power, currents and voltage
during a frequency disturbance.
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the active current limiter starts to act on the control angle.
As the Magna Power sources are unidirectional, it has not
been possible to test a scenario in which a frequency increase
occurs and the converter absorbs active power.

F. PHASE-JUMP RESPONSE

With the converter connected to the grid, a phase jump of 10°
has been programmed through the PPS (t = 6.35 s). Fig. 12
shows the phasor representation of the grid voltages before
and after the phase jump, respectively. This measurement
has been obtained through the PPS interface. The top graph
of Fig. 13 shows the SCL loop variable w, where the
phase-jump is clearly visible. The active and reactive powers
and the instantaneous currents are plotted in the middle
and bottom graphs respectively. In this event the converter
is able to maintain synchronism, also demonstrating its
inertial response capability since a phase change means a
frequency pulse. On the other hand, the reactive power is
also affected but in a lesser extent, returning to its value
once the system stabilizes. Since the phase jump occurs,
it takes approximately 0.05 s for the converter to return to
its previous operating state. In the results shown in [48] for
a GFM converter, an identical response in power magnitude
but of opposite sign can be seen. This is due to the fact that

e
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180° 180°

FIGURE 12. Phasor representation of the grid voltages before (left) and
after (right) the phase jump.

1.02 T T T T
?: w
a1
. Y

098 1 1 1 1 ! L 1

6 6.1 6.2 6.3 6.4 6.5 6.6 6.7 6.8

= T T T T T

S 1

= 0

£

o -1

~

—_
(=1
(=}

Current [A]
(=}

—
o
S

FIGURE 13. w, active and reactive power and currents during the phase
jump.

VOLUME 13, 2025

the phase jump provoked in the laboratory has been —100
instead of +100, since, in the second case the converter
should absorb active power and, as explained above, it is not
possible because the DC power sources are unidirectional.

G. LOW VOLTAGE RIDE-THROUGH AND REACTIVE
CURRENT LIMITER

A three-phase voltage fault has been programmed in the PPS
source to test the reactive current limiter and the Low Voltage
Ride-Through strategy demanded by National Grid. The first
and second plots of Fig. 14 shows the instantaneous voltages
and currents of the converter. The third one shows how at t =
5.23 s, the voltage modulus (UgFas mod) drops to 0.1 p.u. The
last graph shows the active power P which remains at O during
the entire fault and the reactive power Q which reaches
its maximum value. For the input and output transitions of
voltage faults a strategy has been implemented. The main
reason is that the current limiters used have a disadvantage
in that, in order to maintain stability, they do not limit
the current module as other methods do but start operating
when the current exceeds the maximum value. To protect the
equipment, a power electronics blocking strategy is employed
when an fast overcurrent is detected. Switching is blocked
for few ms and then resumes its operation, injecting rapidly
reactive current in order to try to recover the nominal voltage
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FIGURE 14. Voltage, current, active and reactive power during the voltage
fault.
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value until it reaches its maximum current value, seta 1.1 p.u
as shown in the bottom graph. At this point, the limiter
starts to act ensuring that this value is not exceeded. For the
output of the voltage sag, the converter stops switching again,
in case it detects an overcurrent, and then returns to its normal
operating mode.

H. ISLANDED MODE

Finally, a transition of the converter from grid connected
to islanded mode when the three-phase load is connected
(S4 closed) was tested. This test was carried out by opening
switch S; suddenly (t = 4.65 s) once the converter is
connected to the grid. The first graph of Fig. 15 shows how
the frequency decreases about 0.1 % due to droop control and
the value of the connected load and in the second graph shows
that the voltage modulus of the converter remains constant,
with almost no disturbances. In addition, Fig. 16 shows the
instantaneous voltages and currents at the converter’s output
and the active and reactive powers measured in the next three
graphs. When the converter starts to operate in islanded mode,
its active and reactive powers increase. These oscillations of
P and Q shown in this graph are those necessary to maintain
voltage and frequency at their reference values while feeding
the load. Lastly, Fig. 14 shows the instantaneous currents of
phases A and B measured at the load with the oscilloscope.
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FIGURE 15. Frequency, voltage modulus, instantaneous voltages and
currents and active and reactive powers during islanded mode.
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FIGURE 16. Phase A and B currents measured in the load during islanded
mode.

TABLE 3. Test bed parameters.

Parameter Value | Units
PV emulator voltage, Vpy 300 \
PV emulator current, Vpy 40 A

Converter rated power, Sy, 10 kVA
Line to line VSC rated voltage (RMS) 120 v
Filter inductance, L ¢ 200 uH
Filter capacitance, C'y 200 uF
Nominal frequency, fy, 50 Hz
Switching frequency, fsw 2604 Hz
T1 and T2 power rating 20 kVA
T1 and T2 rated line-line voltage primary 400 v

T1 and T2 rated line-line voltage secondary 230 \%
Regulable three-phase load rated power (230V) | 10.5 kW

TABLE 4. Control system parameters.

Parameter Value | Units
Damping constant, D 50 p-u.
Inertia constant, H 0.25 S
PSS time constant, T%, 19197 |s
PSS constant, K, 0.026 p-u.
RCL gain, kq 0.02 p-u.

Applying the oscilloscope conversion factor shows that the
currents have a peak value of approximately 25 A, coinciding
with those measured in the converter filter. The load, being
adjustable, has been set to its maximum power which is
10.5 kW if fed at 230 V. As it is fed at 120 V, the value of
its currents and the active power are lower.

VI. CONCLUSION

This paper proposes a novel scheme for commercial
grid-forming converters based on the flux vector according
to National Grid ESO requirements and for this purpose,
provides an experimental validation in a power test bed. For
this purpose, a power loop composed of the converter, PV and
grid emulators and a three-phase load has been implemented.
The results obtained show the robustness of this novel control
system, allowing the grid-forming converters to operate in
grid-connected as well as in islanded mode, a fundamental
feature in distributed generation and to avoid blackouts from
the grid. In addition, various tests have been carried out to
demonstrate its ability to respond to frequency changes, phase
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jumps or voltage sags with excellent dynamic performance.
Finally, the correct operation of the novel current limiters
proposed for this control scheme, which do not use internal
current loops, has been verified. In addition, its performance
has been compared with that of a classical control scheme for
grid-forming converters showing a significant improvement
in terms of stability.

As a future work, a control algorithm has to be designed
in order that the converter is able to respond to unbalanced
faults according to the latest grid codes.

APPENDIX
See Tables 3 and 4.
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