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(57) ABSTRACT

A grid forming vector current control system can be used for
controlling a grid intertie. A first terminal is connected to a
first power grid and a second terminal is connected to a
second power grid. The terminals each include current
control unit, a virtual admittance unit, and a phase locked
loop (PLL) unit. The virtual admittance unit and the PLL
unit are configured to emulate an inertia of a virtual syn-
chronous machine (VSM) and a virtual current source is
connected in parallel to the VSM. A controller is configured
to use transient power consumed by the first VSM to
generate a power-equivalent current reference to control the
second virtual current source and to use transient power
consumed by the second VSM to generate a power-equiva-
lent current reference to control the first virtual current
source.
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MULTI-PORT GRID FORMING CONTROL
FOR GRID INTERTIES

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] [pool] This application is a national stage applica-
tion of International Application No. PCT/EP2020/060855,
filed on Apr. 17, 2020, which application is hereby incor-
porated herein by reference.

TECHNICAL FIELD

[0002] The present disclosure relates to a system and
method for multi-port grid forming control for grid interties.

BACKGROUND

[0003] The rate of change of the transmission and distri-
bution grid is traditionally high. Conventional generation
with synchronous generators is replaced more and more by
converter-interfaced renewable energy resources. It has been
shown in many studies that there is a risk of grid instability
if the utility grid is equipped with a high amount of renew-
able energy resources that do not employ any grid support-
ing control strategy. The reason of the instability is that such
resources do not adapt their power injection to the grid
according to the actual power demand in the grid.

[0004] Such grid-agnostic current/power control strategies
were common in most converter-interfaced applications for
a long time. However, in the last decades, more stringent
regulations have been put in place, e.g., for photovoltaic
(PV) inverters. Today, PV inverters have to gradually reduce
the injected active power if the grid frequency increases
above nominal. This behavior is a first step into the direction
of grid-supporting power converter control. The injected
active power is slowly adapted in response to the actual
needs of the grid. Such a simple method only provides
steady-state grid support, i.e. it still relies on synchronous
generators in the grid that take over transient load changes.
[0005] Inthe meantime, more sophisticated converter con-
trol methods have been developed for insular grids, micro-
grids and railway grids. These control methods aim to
provide not only steady-state grid support but also transient
grid support. Converter-interfaced energy resources with
such control methods are able to fully replace conventional
synchronous generators in the grid. It is possible to run a grid
without any conventional synchronous generator connected
to it, a situation that has become common, e.g., in railway
grids already.

[0006] In order to provide a full grid support, it is neces-
sary that the amount of injected power to the grid is adapted
according to the demand of the various loads connected to
the grid. This is achieved by changing the behavior from
grid-agnostic constant power injection to a behavior that is
closer to a voltage source. The converters equipped with
such control methods adapt and share the injected power
automatically such that they provide the actual power
demanded from the various loads in the grid.

[0007] Because of backwards-compatibility reasons with
legacy equipment in AC power generation and distribution,
the control methods aim to provide “inertia” to the grid,
meaning that the rate of change of the grid frequency is
limited.

[0008] The combined effect of voltage source character-
istics and inertia leads to characteristics that are very close
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to the behavior of a synchronous generator. Such control
methods provide full grid support and can fully replace
synchronous generators in the grid.

[0009] In general, control mechanisms according to the
state of the art may be classified into two main groups.
[0010] In droop control approaches, the control law is
based on the steady-state coupling of frequency (or angle)
and power flow in inductive grids. Various implementation
variants exist and several ways of improving the method
have been proposed over the last years. In most implemen-
tation variants, the method creates a voltage reference which
has to be tracked with additional cascaded voltage- and
current control loops.

[0011] In virtual generator approaches, the control law is
based on the principle of emulating the behavior of a
synchronous generator. The mathematical model describing
the behavior of the generator is implemented in the control-
ler directly. Various implementation variants exist that differ
mainly in the level of detail and the complexity of the
implemented equations.

[0012] In order to emulate a virtual generator or virtual
synchronous machine (VSM), the mathematical equations of
a synchronous generator are implemented in a controller to
emulate the behavior of the generator. In the direct approach
(voltage source type), the machine equations are solved for
the stator voltage which is given as a reference either
directly to the modulation stage or to subsequent cascaded
voltage and current control loops. In the inverse method
(current source type), the machine equations are solved for
the stator currents which are given as references to subse-
quent current control loops.

[0013] However, both approaches cited above require
various additional control loops in order to make the concept
applicable. In particular, cascaded voltage and current con-
trol loops given by the direct method and provide current
control including current limitation.

[0014] A current control loop and PLL track the active/
reactive power references given by the inverse method and
provide current control including current limitation. Also,
grid synchronization and grid frequency measurement are
provided.

[0015] A virtual impedance loop may emulate a virtual
stator impedance.

[0016] Additional components may be used to improve
the performance of the virtual generator. The additional
components may be at least one of the following:

[0017] An additional PLL for the direct method for syn-
chronization with the grid before closing the main circuit
breaker (MCB) of the converter or during fault cases, an
automatic voltage regulator (AVR) to improve the voltage
regulation at the PCC and feedforward gains for the grid
current and the PCC voltage to improve the performance of
the PI control loops. A damper winding emulation is used to
improve damping of low-frequency oscillations. In the sim-
plest inverse method, the virtual inertia effect is emulated
with a derivative of the measured grid frequency. Further-
more, low-pass filtering the virtual impedance reference is
often required to reduce amplification of high frequency
noise caused by the derivative used for the calculation of a
virtual inductance.

[0018] However, systems according to the state-of-the-art
may be difficult to tune and require a high commissioning
effort. There may also be interactions between control loops
due to insufficient bandwidth separation in converters with
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lower switching frequency. In regular systems, typically
around fifteen parameters have to be tuned with unknown
interactions. In strong grids, insufficient reference tracking
performance often occurs. Furthermore, a loss of synchro-
nism during faults may appear.

SUMMARY

[0019] The present disclosure relates to a system and
method for a grid forming vector current control, in particu-
lar for multi-port grid forming control for grid interties.
[0020] In one embodiment, a grid forming vector current
control system for controlling a grid intertie is provided. The
system comprises a first terminal configured to be connected
to a first power grid. The first terminal comprises a first
current control unit, a first virtual admittance unit, and a first
phase locked loop (PLL) unit. The first virtual admittance
unit and the first PLL unit are configured to emulate an
inertia of a first virtual synchronous machine (VSM) and a
first virtual current source is connected in parallel to the first
VSM.

[0021] The system also comprises a second terminal con-
figured to be connected to a second power grid. The second
terminal comprises a second current control unit, a second
virtual admittance unit, and a second PLL unit. The second
virtual admittance unit and the second PLL unit are config-
ured to emulate an inertia of a second VSM and a second
virtual current source is connected in parallel to the second
VSM. A controller is configured to use the transient power
consumed by the first VSM to generate a power-equivalent
current reference to control the second virtual current source
and to use the transient power consumed by the second VSM
to generate a power-equivalent current reference to control
the first virtual current source.

[0022]
herein.

Other embodiments and features are disclosed

BRIEF DESCRIPTION OF THE DRAWINGS

[0023] It should be noted that for clarity and ease of
illustration these drawings are not necessarily drawn to
scale.

[0024] FIG. 1 shows an example of a schematic diagram
of a grid intertie/HVDC link according to the prior art.
[0025] FIG. 2 shows an example of a schematic diagram
of a grid intertie/HVDC link according to the prior art.
[0026] FIG. 3 shows an example of a schematic diagram
of a grid intertie/HVDC link according to the prior art.
[0027] FIG. 4 shows an example of a schematic diagram
of a grid intertie/HVDC link according to the prior art.
[0028] FIGS. 5A and 5B show schematic diagrams
according to the present disclosure.

[0029] FIGS. 6A and 6B show schematic block diagrams
according to the present disclosure.

[0030] FIG. 7 shows the basic structure of the grid forming
vector current control according to the present disclosure.
[0031] FIG. 8A to 8C show virtual machine variants
according to the present disclosure.

[0032] FIGS. 9A and 9B show equivalent models of the
proposed control scheme according to the present disclo-
sure.

[0033] FIG. 10 depicts a vector diagram for a transient
situation according to the present disclosure.
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[0034] FIG. 11 is a block diagram showing the usage of a
factor kVSM to adjust an amount of grid support according
to the present disclosure.

[0035] FIG. 12 shows a schematic diagram of a grid
forming vector current control system for controlling a grid
intertie according to the present disclosure.

[0036] FIG. 13 shows a schematic block diagram of a
control system for a terminal of a grid intertie according to
the present disclosure.

[0037] FIG. 14 shows a schematic block diagram of a
control system for a terminal of a grid intertie according to
the present disclosure.

[0038] FIG. 15 shows a schematic diagram of a grid
intertie according to the present disclosure.

[0039] FIG. 16 shows a schematic diagram of a grid
forming vector current control system for controlling a grid
intertie according FIG. 15.

[0040] FIG. 17 shows a schematic illustration of the
behavior of a grid forming vector current control system for
controlling a grid intertie in transient grid support mode.
[0041] FIG. 18 shows a schematic illustration of the
behavior of the dc-link voltage in transient grid support
mode.

[0042] FIG. 19 shows a schematic illustration of the
behavior of a grid forming vector current control system for
controlling a grid intertie in full grid support mode.

[0043] FIG. 20 shows a schematic illustration of the
behavior of the dc-link voltage in full grid support mode.

DETAILED DESCRIPTION OF ILLUSTRATIVE
EMBODIMENTS

[0044] As discussed in the Background section, grid sup-
porting control methods become more and more important
in various applications, such as grid connected battery
energy storage (BESS), microgrids, PV inverters, railway
interties, high-voltage direct current (HVDC) and uninter-
ruptible power supply (UPS). Transmissions system opera-
tors (T'SOs) in various countries are discussing about chang-
ing standards for grid connected energy resources in such a
way that grid support becomes mandatory for all grid
connected energy sources. Today’s grid supporting control
methods are predominantly based on two basic concepts, the
“virtual generator” concept and the droop control concept.
Both methods have several shortcomings such as high
complexity, difficult tuning approach with high commission-
ing effort, and stability issues. Furthermore, the mentioned
methods may not offer sufficient control performance at the
same time in strong grids and in weak grids and therefore
either need retuning or control mode changeover during
islanding events.

[0045] Besides converter-interfaced renewable energy
sources, in particular transmission of bulk power over large
distance with HVDC lines and coupling of different grids,
e.g., 3-phase utility grid with i-phase railway grids, become
more and more important in the modern power grid. Con-
ventionally, such interconnectors are controlled with con-
stant power control or with steady-state grid support only.
Recently, it was proposed to provide full grid support with
HVDC lines or railway interties using virtual synchronous
generator control.

[0046] However, the solutions according to the state of the
art can only provide full grid support on one side of the link,
i.e., it is not possible to provide full grid support on both
terminals of the HVDC link or the grid intertie station
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without excessive energy storage in the dc-link between the
two terminals. However, in particular TSOs would prefer a
solution having full grid-support characteristics on both
sides of the terminal.

[0047] Existing control methods for HVDC lines and
railway interties can be classified into the following solu-
tions:

[0048] Stiff current/power control on both terminals to
transmit a given amount of active/reactive power from one
terminal to the other. An extension of the method allows to
emulate inertia on one terminal using the derivative of grid
frequency. Usually, the other terminal is determined to
control the dc-link voltage and does not provide any inertia.
[0049] Stiff current/power control on one side and grid
supporting control on the other side of the terminal. The grid
supporting terminal could be equipped with steady-state
droop control only or with a full virtual synchronous gen-
erator control. The terminal with the stiff power control is
determined to control the dc-link voltage.

[0050] Stiff current control on one side and grid forming
control on the other side of the terminal. This mode is used,
e.g., to connect an off-shore windfarm to the utility grid. The
off-shore terminal emulates a voltage source that provides
the local slack-bus for the wind-farm. The terminal with the
stiff power control is determined to control the dc-link
voltage.

[0051] Grid supporting control on one or both terminals
with excessive energy storage in the dc-link.

[0052] FIG. 1 shows an example of a schematic diagram
of a grid intertie/HVDC link according to the prior art. The
dec-link in this case is represented by a capacitor bank.
According to the prior art, both terminals are controlled
using vector current control (VCC) or an equivalent current
control scheme, such that the behavior of both converter
terminals can be modelled with an equivalent current source
(see FIG. 2). A certain amount of power (P,) can be
transferred over the link by giving the correct set-points for
the current control on both terminals. Reactive power can be
injected on both terminals independently. Assuming vector
current control in the synchronous (dq) reference frame, it is
required to calculate correct set-points for the current con-
troller in d- and g-coordinates. Assuming steady-state, i.e.,
each PLL reference frame is aligned to the corresponding
voltage at the PCCs, the set-points are given as

2 Py "

Digyer = -3 Vecta + Iyde.cnt
I g . Qser,l

lrd =3 Vpcerd

. 2 Py

Mrd T3 Vpccrd

I _ z i Qser,z

A Vpcerd

[0053] For simplicity, de-link voltage control is calculat-
ing the reference i, ., for a first terminal connected to a
first power grid only, however it could also be shared in
between the first terminal and a second terminal connected
to a second power grid. The power transfer set-point P,, can
be either a quantity calculated by a slow top-level controller
(secondary or tertiary control, power trading) or it can
contain in addition a part calculated with a droop curve for
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steady-state grid support based on the frequency measure-
ment on one terminal. Using the frequency derivative (ro-
cof), a virtual inertia can be emulated on one terminal. More
complex functions considering the grid frequencies on both
terminals to determine P,, could also be possible.

[0054] In other applications, such as connection of off-
shore wind farms to the grid, a different state-of-art control
method is applied. The terminal that is connected to the
off-shore wind farm can be controlled in grid forming mode,
i.e., a voltage source is emulated (see FIG. 3). The exchange
of active and reactive power between the second terminal
and the second grid is not directly controlled. Standard
vector current control is applied on the first terminal which
has to ensure the power balance between the first terminal
and the second terminal. The set-points for the current
controller of the first terminal are then given as

J 2 P, .
=—=. +i
1d.ref 3 Vorg | Vit
J? _ % Qser,l
s T3 Vel ,d

3
Py = 3 “Vpeezd g + Vipeecrg 1 g)

[0055] Again, the dc-link voltage is controlled with the
first terminal over iy, ...

[0056] In another example according to the prior art, one
terminal is equipped with virtual synchronous generator
control (see FIG. 4). The other terminal is controlled with
standard vector current control. The controller on the second
terminal emulates the behavior of a synchronous generator.
The power exchange between the second terminal and the
second grid is determined by the parameters and the dynam-
ics of the virtmal synchronous generator. However, the
steady-state power exchange can be influenced with a power
set-point entering the droop curve that is usually imple-
mented for virtual generators. The set-points for the current
controller on the first terminal are again given as:

2 Pysa2
Ddyer = T3y, e
pecld
I 2 Qser,l
lgref =3
3 Vel

3
Prsyny = 7 Vpecrd derg + Vicerg “deag)

[0057] Again, the dc-link voltage is controlled with the
first terminal. In steady-state, the active and reactive power
that the virtual generator injects into the grid on the second
terminal usually follow droop curves according to

P =75 =

Qa5 =52

Hollperz| = Vari2]

[0058] The active and reactive power set-points Pset,2 and
Qset,2 are given by a slow top-level controller (secondary or
tertiary control, and/or power trading).
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[0059] None of the state-of-art control methods can pro-
vide full grid support on both terminals of the intertie/
HVDC link without having excessive energy storage
installed in the de-link.

[0060] One of the main ideas of the present disclosure is
to provide grid-supporting/grid forming control on both
terminals of the HVDC link/grid intertie. This is achieved by
using grid-forming vector current control (GFVCC), a con-
trol method which will be discussed in detail below, on both
sides of the link, together with a bidirectional power feed-
forward term.

[0061] The method is not only restricted to two-port
systems, but it can also be extended to multiport HVDC
systems.

[0062] A unique characteristic of grid-forming vector cur-
rent control is that it emulates the behavior of a virtual
synchronous generator, i.e., a spinning wheel, that is con-
nected in parallel with a current source. The spinning wheel
does not consume or provide any power during steady-state,
it only injects power during transients and provides inertia to
the system. A current source is connected in parallel which
acts as a fast governor and provides the steady-state power
required by the application.

[0063] According to one aspect of the invention, this
control method is duplicated and applied to control both
terminals of the HVDC link/grid intertie. The power injected
by the virtual generator part of the controller on the first
terminal is used to create a power-equivalent current refer-
ence for the current source of the second terminal. Vice
versa, the power injected by the virtual generator part of
second terminal is used to create a power-equivalent current
reference for the controlled current source on the first
terminal. With this method, both sides of the terminal
provide the characteristics of virtual generators. The
required power is sourced/sinked by the grid on the opposite
terminal.

[0064] The amount of grid support, i.e., the inertial
response, on each terminal can be adapted easily and inde-
pendently with a factor, the ky,, factor which is introduced
in GFVCC from 0%-100% of the nominal power of the link.
One of the advantages of this scaling is that the amount of
grid support can be reduced on the strong grid side in order
not to disturb the weak grid side too much.

[0065] Furthermore, the same factor, k;,,, can be used to
change the system to stiff current control and reduce the
virtual generator effect to zero in case of grid faults on each
terminal independently.

[0066] In addition, a power flow controller can create
set-points for both current sources for conventional trans-
mission of active/reactive power over the HVDC-link/grid
intertie. This power flow controller could incorporate means
for power trading and/or steady-state grid support with
droop curves or similar methods.

[0067] Furthermore, a dc-link voltage controller can create
set-points for the current sources on one or both terminals to
control the dc-link voltage of the link.

[0068] The present disclosure relates to a grid forming
vector current control system for controlling a grid intertie.
The system comprises a first terminal configured to be
connected to a first power grid, the first terminal comprising
a first current control unit, a first virtual admittance unit, and
a first phase locked loop, PLL, unit, wherein the first virtual
admittance unit and the first PLL unit are configured to
emulate an inertia of a first virtual synchronous machine,
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VSM, and a first virtual current source is connected in
parallel to the first VSM. The system comprises a second
terminal configured to be connected to a second power grid,
the second terminal comprising a second current control
unit, a second virtual admittance unit, and a second PLL
unit, wherein the second virtual admittance unit and the
second PLL unit are configured to emulate an inertia of a
second virtual synchronous machine, VSM, and a second
virtual current source is connected in parallel to the second
VSM. The system comprises a controller being configured to
use the transient power P, ,, consumed by the first VSM to
generate a power-equivalent current reference to control the
second virtual current source and to use the transient power
Py consumed by the second VSM to generate a power-
equivalent current reference to control the first virtual cur-
rent source.

[0069] Various embodiments may preferably implement
the following features.

[0070] Preferably, the first terminal comprises a first droop
control unit and an output signal of the first droop control
unit is connected to the first virtual current source in order
to emulate a first speed governor.

[0071] Preferably, the second terminal comprises a second
droop control unit and an output signal of the second droop
control unit is connected to the second virtual current source
in order to emulate a second speed governor.

[0072] Preferably, the first terminal comprises a first droop
control unit and an output signal of the first droop control
unit is connected to the first PLL unit in order to emulate a
first virtual mechanical speed governor.

[0073] Preferably, the second terminal comprises a second
droop control unit and an output signal of the second droop
control unit is connected to the second PLL unit in order to
emulate a second virtual mechanical speed governor.
[0074] Preferably, a first factor kg, is configured to
change the characteristics of the first terminal continuously
from voltage source to current source by proportionally
scaling the output signals of the first virtual admittance with
kVSMl'

[0075] Preferably, a second factor ky,,, is configured to
change the characteristics of the second terminal continu-
ously from voltage source to current source by proportion-
ally scaling the output signals of the second virtual admit-
tance with Kyqs 0.

[0076] Preferably, at least one of the first droop control
unit, the first virtual admittance unit or the first PLL unit is
configured to receive the factor ky,,, in order to increase or
decrease the inertial response of the first terminal to distur-
bances in the first grid.

[0077] Preferably, at least one of the second droop control
unit, the second virtual admittance unit or the second PLL
unit is configured to receive the factor k;,,, in order to
increase or decrease the inertial response of the second
terminal to disturbances in the second grid.

[0078] Preferably, k., scales a nominal power of the
first VSM by proportionally scaling the output signals of the
first virtual admittance with k., ,,, inversely proportionally
scaling the proportional gain of the first PLL unit with
Kypap. and/or proportionally scaling a first droop constant
with Kygap -

[0079] Preferably, k,,,» scales a nominal power of the
second VSM by proportionally scaling the output signals of
the second virtual admittance with k-, ., inversely propor-
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tionally scaling the proportional gain of the second PLL unit
with k., », and/or proportionally scaling a second droop
constant with k¢, .

[0080] Preferably, k.., scales at least one of a spinning
wheel factor or a transient power or the inertia.

[0081] Preferably, k., scales at least one of a spinning
wheel factor or a transient power or the inertia.

[0082] Preferably, the system further comprises a third
terminal configured to be connected to a third power grid,
the third terminal comprising a third droop control unit, a
third current control unit, a third virtual admittance unit, and
a third PLL unit, wherein the third virtual admittance unit
and the third PLL unit are configured to emulate an inertia
of a third virtual synchronous machine, VSM, and a third
virtual current source is connected in parallel to the third
VSM. Preferably, the controller is configured to use the
transient power P, consumed by the first VSM and the
transient power P, consumed by the second VSM to
generate a power-equivalent current reference to control the
third virtual current source, the transient power P, con-
sumed by the first VSM and the transient power P,
consumed by the third VSM to generate a power-equivalent
current reference to control the second virtual current
source, and the transient power Py,,, consumed by the
second VSM and the transient power P, consumed by
the third VSM to generate a power-equivalent current ref-
erence to control the first virtual current source.

[0083] The present disclosure also relates to a grid form-
ing vector current control method for controlling a grid
intertie. The method comprises providing a first terminal
configured to be connected to a first power grid, the first
terminal comprising a first current control unit, a first virtual
admittance unit, and a first phase locked loop, PLL, unit;
emulating, with the first virtual admittance unit and the first
PLL unit, an inertia of a first virtual synchronous machine,
VSM; providing a first virtual current source connected in
parallel to the first VSM. The method also comprises pro-
viding a second terminal configured to be connected to a
second power grid, the second terminal comprising a second
current control unit, a second virtual admittance unit, and a
second PLL unit; emulating, with the second virtual admit-
tance unit and the second PLL unit, an inertia of a second
virtual synchronous machine, VSM; providing a second
virtual current source connected in parallel to the second
VSM. The method also comprises using the transient power
Pyon consumed by the first VSM to generate a power-
equivalent current reference to control the second virtual
current source and using the transient power Py,,, con-
sumed by the second VSM to generate a power-equivalent
current reference to control the first virtual current source.

[0084] Various embodiments may preferably implement
the following features.

[0085] Preferably, the first terminal comprises a first droop
control unit and the method comprises connecting an output
signal of the first droop control unit to the first virtual current
source in order to emulate a first speed governor.

[0086] Preferably, the second terminal comprises a second
droop control unit and the method comprises connecting an
output signal of the second droop control unit to the second
virtual current source in order to emulate a second speed
governor.

[0087] Preferably, the first terminal comprises a first droop
control unit and the method comprises connecting an output
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signal of the first droop control unit to the first PLL unit in
order to emulate a first virtual mechanical speed governor.
[0088] Preferably, the second terminal comprises a second
droop control unit and the method comprises connecting an
output signal of the second droop control unit to the second
PLL unit in order to emulate a second virtual mechanical
speed governor.

[0089] Preferably, the method comprises applying a first
factor kg, to change the characteristics of the first terminal
continuously from voltage source to current source by
proportionally scaling the output signals of the first virtual
admittance with Kycp .

[0090] Preferably, the method comprises applying a sec-
ond factor ky, , to change the characteristics of the second
terminal continuously from voltage source to current source
by proportionally scaling the output signals of the second
virtual admittance with K, .

[0091] Preferably, the method comprises feeding the fac-
tor Ky, Into at least one of the first droop control unit, the
first virtual admittance unit or the first PLL unit in order to
increase or decrease the inertial response of the first terminal
to disturbances in the first grid.

[0092] Preferably, the method comprises feeding the fac-
tor k., into at least one of the second droop control unit,
the second virtual admittance unit or the second PLL unit in
order to increase or decrease the inertial response of the
second terminal to disturbances in the second grid.

[0093] Preferably, the method comprises scaling, with the
factor ky.,,, @ nominal power of the first VSM by propor-
tionally scaling the output signals of the first virtual admit-
tance with k;,,,, inversely proportionally scaling the pro-
portional gain of the first PLL unit with ky,,,, and/or
proportionally scaling a first droop constant with kKp.¢,,-
[0094] Preferably, the method comprises scaling, with the
factor kg0, @ nominal power of the second VSM by
proportionally scaling the output signals of the second
virtual admittance with k¢, ,,, inversely proportionally scal-
ing the proportional gain of the second PLL unit with k¢, -,
and/or proportionally scaling a second droop constant with
Kysar-

[0095] Preferably, the method comprises scaling, with the
factor Kys,,, at least one of a spinning wheel factor or a
transient power or the inertia.

[0096] Preferably, the method comprises scaling, with the
factor Ky, at least one of a spinning wheel factor or a
transient power or the inertia.

[0097] Preferably, the method comprises providing a third
terminal configured to be connected to a third power grid,
the third terminal comprising a third current control unit, a
third virtual admittance unit, and a third PLL unit; emulat-
ing, with the third virtual admittance unit and the third PLL
unit, an inertia of a third virtual synchronous machine, VSM;
providing a third virtual current source connected in parallel
to the third VSM.

[0098] Preferably, the method comprises using the tran-
sient power P, consumed by the first VSM and the
transient power P, consumed by the second VSM to
generate a power-equivalent current reference to control the
third virtual current source.

[0099] Preferably, the method comprises using the tran-
sient power P, consumed by the first VSM and the
transient power Py, consumed by the third VSM to
generate a power-equivalent current reference to control the
second virtual current source.
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[0100] Preferably, the method comprises using the tran-
sient power P, consumed by the second VSM and the
transient power Py, consumed by the third VSM to
generate a power-equivalent current reference to control the
first virtual current source.

[0101] The proposed methods and systems of the present
disclosure have, among others, the following advantageous
effects:

[0102] characteristics of virtual synchronous generators
on both terminals of the link can be provided without the
requirement for excessive energy storage in a dc-link;
[0103] the amount of grid support on each terminal can be
adapted easily with a single factor;

[0104] smooth and fluent changeover from voltage source
characteristics to current source characteristics can be pro-
vided without changing the control mode;

[0105] smooth transition in and out of operation with
maximum current can be provided without losing synchro-
nism;

[0106] improved fault handling capability;

[0107] improved performance in weak and in strong grids
(Because the active power setpoint tracking and governor
control are conceptually implemented with the fast current
control loop, there is no performance degradation in strong
grids which can be often observed when using VSM con-
trol);

[0108] the used grid-forming vector current control sup-
ports grid connected operation as well as stand-alone grid
forming/islanding operation without any control mode or
parameter change;

[0109] explicit current control and current limitation;
[0110] providing of explicit PLL for synchronization with
the grid before closing MCB and for preventing loss of
synchronism during faults;

[0111] PLL together with the virtual admittance acts as a
virtual swing equation, obviating synchronization using
power balance;

[0112] simplicity and reduced commissioning effort (Us-
ing grid forming vector current control reduces the amount
of required tuning parameters considerably compared to a
conventional implementation with virtual synchronous gen-
erator control on one terminal).

[0113] Various exemplary embodiments of the present
disclosure are described in detail below with reference to the
following figures. The drawings are provided for purposes of
illustration only and merely depict exemplary embodiments
of the present disclosure to facilitate the reader’s under-
standing of the present disclosure.

[0114] Therefore, the drawings should not be considered
limiting of the breadth, scope, or applicability of the present
disclosure.

[0115] FIGS. 5A and 5B schematically depict the grid
forming vector current control (GFVCC) system according
to the present disclosure. In particular, FIG. 5A shows a
virtual synchronous machine (VSM) with a current source
connected in parallel, while FIG. 5B shows the equivalent
circuit diagram thereof. The system emulates the combined
effect of a virtual machine, whose nominal power and
amount of grid support can be scaled independently and
online with a single input/parameter and a parallel connected
current source. Thus, the system may be controlled remotely.
For certain aspects, e.g., fault handling, it may be preferable
to change the nominal power and amount of grid support
within the application code.
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[0116] In more detail, the disclosed GFVCC system
according to an exemplary embodiment uses control blocks
as shown in FIGS. 6A and 6B to emulate the proposed
behavior. The calculation thereof will be discussed below.
FIG. 6A comprises a phase locked loop (PLL) block fed by
a voltage at a point of common coupling (PCC) V. as well
as a speed control block having a reference frequency f,,as
an input. The output of the PLL is provided to a virtual
admittance block together with V,,__ and a voltage of the
virtual synchronous machine V,,. The speed control out-
put, the virtual admittance output as well as a reference
current I, . are then processed in a current control block
which outputs a voltage V.

[0117] FIG. 6B additionally comprises the parameter
kVSM as an input to at least one of the PLL, speed control
and current control blocks. Thereby, an amount of grid
support of a main grid may be controlled. kVSM may also
be used to smoothly change the characteristics of the control
scheme from voltage source to current source, also support-
ing a mix of both characteristics. A smooth changeover to
stiff current control can be beneficial during grid faults to
keep synchronism with the grid. The control mode does not
have to be changed.

[0118] The GFVCC system may also comprise an active
voltage regulator (AVR). The GFVCC system according to
the exemplary embodiment emulates the combined effects of
virtual inertia, damper winding, virtual stator impedance,
AVR and droop governor. Virtual inertia and damper wind-
ing are emulated using the standard PLL block.

[0119] Opposite to conventional virtual machine imple-
mentations, the active power setpoint tracking and the droop
governor are conceptually implemented with a fast current
source. Therefore, there is no performance degradation in
strong grids which can be often observed when using VSM
control. Thus, a good performance in weak and in strong
grids is achieved. The method supports unplanned islanding
and islanded operation.

[0120] The complexity of the control scheme and the
related commissioning effort is very low. Due to the removal
of a cascaded voltage control loop and by reusing the PLL
to emulate inertia and damping, the number of parameters
can be reduced from more than fifteen in conventional
approaches to only seven parameters with clear meaning and
less interactions. Therefore, the system may also be tuned
more easily.

[0121] Further advantages of the proposed concept are the
possibility to configure the amount of grid support with a
single parameter to simplify offering of grid supporting
features in applications with low energy storage such as UPS
in data centers, PV with low or no storage, EV charging with
buffer battery, insensitive loads etc. as well as a smooth
transition in and out of operation with maximum current
without losing synchronism, thus improving the fault han-
dling capability.

[0122] The GFVCC system provides an explicit current
control and current limitation and an explicit PLL for
synchronization with the grid before closing an MCB and
for preventing loss of synchronism during faults. The PLL
together with the virtual admittance acts as a virtual swing
equation, obviating synchronization using power balance.
[0123] FIGS. 7 to 11 show a more detailed overview of the
proposed grid supporting control scheme and respective
equivalent circuits.

out’
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[0124] The control scheme of FIG. 7 is conceptually
depicted in FIGS. 5A and 5B. The control scheme of FIG.
5A can be separated into two functional parts being a VSM
without any governor, i.e. a spinning wheel or inertia,
respectively, as shown by the dotted line and a current
source connected in parallel at the terminals of the virtual
synchronous machine. The behavior of the virtual synchro-
nous machine is emulated with the PLL. The current source
is working in parallel. It acts simultaneously as a fast power
setpoint tracker and as a governor, because it ensures steady-
state power balance between the grid and the spinning
wheel. The inertial response with respect to the active power
is ensured by the virtual admittance. In the steady state, the
complete power flowing to the grid is injected by the current
source. The spinning wheel injects power only during tran-
sients.

[0125] FIG. 7 shows a GVCC system according to an
embodiment having a droop control unit 1, a current control
unit 2, a virtual admittance unit 3 and a phase locked loop
(PLL) unit 4. The virtual admittance unit 3 and the PLL unit
4 are configured to emulate an inertia of the VSM and a
virtual current source 5 is connected in parallel to the VSM.
In this embodiment, an output signal of the droop control
unit 1 is connected to the virtual current source 5 in order to
emulate a speed governor.

[0126] The GVCC system according to a preferred
embodiment will now be described in more detail. The
simplest form of traditional state-of-the-art implementations
of a virtual synchronous machine are based on the swing
equation. The goal of virtual synchronous machine control is
to make the behavior of the converter at the point of
common coupling (PCC) equal to the behavior of a syn-
chronous machine.

[0127] FIG. 8A to 8C are equivalent circuits of respective
components, i.e. state-of-the-art virtual machine variants. In
particular, FIG. 8A shows a converter, FIG. 8B a VSM
without virtual inductance and FIG. 8C a VSM with virtual
inductance.

[0128] The following derivations are based on a converter
with an inductive output filter for simplicity reasons. How-
ever, the control method proposed herein is suitable for
converters with any type of output filter structure, such as L,
LC or LCL.

[0129] The swing equation couples the change of fre-
quency of the voltage source VC with the active power
flowing out or into the machine. In the case of a VSM
without virtual inductance, the converter voltage VC is equal
to the back electromotive force (back-emf) of the virtual
machine. The converter filter inductance LC is equal to the
stator inductance of the virtual machine and the PCC voltage
Vpcce is equal to the stator voltage of the virtual machine.
The converter voltage VC (virtual back-emf) has the rota-
tional frequency or to highlight its equivalency with the
virtual rotor frequency. The PCC voltage (virtual stator
voltage) has the rotational frequency ®,,.... The swing equa-
tion looks as follows:

cc*

@®

@
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[0130] Inquasi steady-state, the power flow is given by the
angle difference between the virtual back-emf VC and the
PCC voltage V.. across the converter filter reactance
X=0,* L.

c

V.V, .
: X“ $in(8; — Bpec)

Py = ®

[0131] There is a direct dependency of the power flow, the
reactances and the angle differences across parts of the
transmission line, i.e.

Poy = @

V.V VeV, V.V,
CT:“sm(e, —Opee) = V;g £ 5in(Bpec — bg) = Xciigsm(e, —8,)

[0132] The swing equation thus becomes

dw, VeVpee . ST S ®
dc =TTy, O by e

do,

ar T

[0133] Inasecond step, state-of-art VSM implementations
have introduced a virtual reactance X, =, *L, according to
FIG. 8C. The virtual reactance changes the equations
slightly. The converter voltage VC in phasor notation is
calculated according to

Ve=ViaXosle 6

[0134] The virtual back-emf of the machine is designated
as V,, (with rotational frequency ®, and angle 6,) and has
moved behind the virtual reactance X,,. Regarding the
behavior at the PCC, the virtual machine has now a total
virtual stator reactance of X,=X +X,, and the power flow
equation changes to

Vo Vpee

Xos + Xe

Py =

VoV pee 7
$in(0, = Opec) = —5 @

$in(d, —0,c)

and the swing equation becomes

dew, | 1 ®
i MY, sin(@, — Opce) + w

M

[0135] It should be noted that the virtual inductance L, is
in series to the converter filter inductance LC and therefore
adds to the total virtual stator inductance of the virtual
machine seen from the PCC.

[0136] FIGS. 9a and 95 show an equivalent model of a
control scheme according to an exemplary embodiment.
Therein, the swing equation is not directly implemented as
in traditional approaches. Moreover, the effect of the PLL
together with the virtual admittance is compared to the
swing equation. The angle Or is no longer computed by the
swing equation, but it is the output of the PLL according to
the equations:
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“r= (Kp/l,p * M) Vceg = _(Kﬂ”p + %) Vpce -sin(r = Opcc) @
dg,
ar Y

[0137] Calculating the derivative of equation (9) yields:

dw, . 10
7 = Kpitp + Kpii,)+ Vpee * $inlr — Opec)

o,
dr

=w,

[0138] For small angle differences (which is the case for
reasonable PLL tuning), the sine function can be approxi-
mated as sin(e,—0,,..)=(0,-6,..) and the derivative thereof
becomes s-sin(0,-0,..)=0,~®,..

[0139] The equation set may thus also be formulated as
follows:

dew, . 11
o = K Vpee 80O = Opec) = Kpitp* Vpee * (@r — W pec)
a6,

= w,
dt i’

[0140] By comparing equation (11) with the original
swing equation (1), the PLL gains for formal equivalence of
the two equations may be

v, (12)

Ky, Koy = Wv

gy = —L—
T MV e

[0141] The governor power will be replaced with the
parallel current source in a later step below. The proportional
gain of the PLL therefore emulates the damper winding
effect and the integral gain couples the angle difference with
an increase/decrease of frequency, emulating the self-syn-
chronization principle of synchronous machines.

[0142] Opposite to the swing equation, the PLL does not
implicitly couple power flow with the angle difference,
because it describes only the evolution of the internal PLL
angle 0,. Coupling of power flow and angle difference has to
be ensured explicitly with an additional current reference for
the current controller. The reference is created with a virtual
admittance being equivalent to the inverse of the virtual
stator impedance, i.e.

Y ()=Z(s)" a3)

[0143] The stator impedance is assumed to be of RL-type.
If the admittance is implemented in dg-reference frame it
can be described as follows

R, +s-L, —wy-L, (14)

7, =
i R, +s-L,|

wy Ly
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-continued
R, +s-L, wyL, 15
RE+2L,Rys + LY(s* +w}) RI+2L,Rys+L3(s* +0})
vE —wnLy Ry+s-Ly

RE+2L,Rys + LYs* +w}) RI+2L,Rys+L3(s* +0h)

[0144] The current references i, ,, are created according to
the matrix multiplication of the virtual admittance with the
voltage difference between a virtual back-emf voltage V,
aligned to the d-direction of the PLL reference frame
(V,=V,\+j*o) and the PCC voltage V.. (this is shown in
FIG. 10 depicting a vector diagram for a transient situation).

=Yy ad Voo a VY af( D Voo g

b= Y gl Voo a VY 0f(8) Ve 4 16),(17)

[0145] Alternatively, it is also possible to work with
complex numbers and implement the admittance according
to

1 (18)

i + iy = (Ve + J Vieed) = Vg + -0
g+ lvg Res L) only ((Vpeed +J - Vpeed) =V + j-0)

[0146] In the steady state and assuming that R <<w,*L,,
the admittance simplifies to

1 a9

wyLy

1

wyLy,

0

and thus leads to the following steady-state current refer-
ences:

) 1 20)
fyg = vl Vipceqs

. 1 v - 21
fyg=— oLy (Vpeed = Vi)

[0147] 1If the PCC voltage V.. is equal to the nominal
voltage V,, the injected g-axis current can be neglected.
Thus, a coupling between g-voltage and active current in
d-direction over the virtual stator reactance (X, =w,*L,)

may be described as

@2

. Ve .
g = X Voceq = —Tvsln(@ = Opee)

wherein the related power flow (assuming fast current
tracking) is

VoVpee . @3
Powr = Vylpg = _TSIH(G' = Opee)
vV

[0148] Therefore, according to the present disclosure, an
equivalence between the quasi steady-state power flow
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governed by the swing equation and the power flow created
by the PLL+virtual admittance combination is ensured.
[0149] The virtual admittance may be implemented with
the full dynamic model to ensure passivity and damping of
high frequency resonances. However, simplified admittance
models (neglecting s*L. terms) are also possible as are more
complex models which permit additional filtering functions.
Even asymmetric admittance is possible. The minimal
requirement is to implement coupling between g-voltage and
active current.

[0150] It has been shown that the combination of special
settings for the PLL gains and a virtual admittance allows
emulating the effect of inertia, damper winding and stator
impedance of a virtual synchronous machine with the con-
ventional control structure used for vector current control.
[0151] In the following, the droop block is further
described. Different to the original VSM implementation,
the proposed control method just implements a spinning
wheel without a governor for the mechanical input power.
Therefore, the injected power from the spinning wheel will
be zero in steady-state (i, ~=0) and the angle 0, aligns with
0 ...

[0152] The governor power is replaced by a current source
ensuring the steady-state power balance. In addition to the
reference coming from the virtual admittance, an active
current reference is created according to

; Pser + Kg  (Wr = Wser)  Pser + Kg * (Wr — Wser) (24)
dref = =
. Voced Ve 0050, — Opec)

which leads to an injected power of

P=Vper it res=Vpoe €SB, B i rey=PoHK (0

O (25)

[0153] The main difference is that this current reference is
directly fed to the current controller, there is no filtering over
the swing equation taking place. Set-point changes feed
through directly and are followed much faster compared to
conventional VSM implementations.

[0154] For reasonable loading conditions and reasonable
virtual stator reactance of the spinning wheel, the angle
difference 8,—8 , is small and cos(8,—6,,..) is close to unity.
In that case, the division by V.., can be replaced with a
division by constant V.

[0155] Furthermore, an active voltage regulator (AVR)
may be added to keep the magnitude of the PCC voltage
constant. The AVR block could be of PIL, or integrator (I)
type, or proportional type (P) only. It creates a g-current
reference i,,,, which is used to regulate the voltage magni-
tude.

ipref= G (SH(IV, =) 26)

[0156] However, the AVR block can also be omitted since
the virtual admittance already implements a proportional
gain AVR effect with

. 1 27
iy = "ol *(Voced = Vi)

[0157] As has been indicated above, a factor kg, may be
used to adjust or scale the amount of grid support. Prefer-
ably, the factor ky,, is continuous and ranges from 0 to 1.
With this factor it is possible to scale the nominal power of
the virtual machine that can be thought to operate in parallel
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to the current source with a single factor. The connections
and inputs of kyg,, are shown in FIG. 65. The equations (28),
(29), (30), (31) and (32), respectively, are as follows:

Yoire = kysyr - Yoine
M = kysy - My

Ko = kyspr - Kgn

pili = 5 o I =2 My Zoen N
kysae - Yoire N
1 1
Kptp =Ky ————F—=7——"Kpipwv
3 -
kVSM'MNEVN

[0158] With reference to FIG. 7, the modified block dia-
grams of the droop block, the virtual admittance block and
the PLL block are shown in FIG. 11.

[0159] Itis important to saturate the inverse of ky,, used
in the PLL block to a maximum value to keep the PLL loop
stable. A too high proportional gain of the PLL loop can lead
to instability, a well-known effect of standard vector current
control with PLL.

[0160] It should be noted that adjusting the amount of grid
support by scaling the nominal power of the VSM is a
unique feature of the control structure of GVCC. The
nominal power of the parallel current source is not affected,
and the control structure can therefore continue to operate
with conventional current control and with maximum power
capability, even if kg, is set to zero.

[0161] This feature may not be realized with conventional
VSM implementations. With a standard VSM, the power
transfer capability is linked to the nominal power of the
VSM. The power flow is controlled by advancing the angle
of the virtual back-emf in VSM and the voltage difference is
applied over the virtual stator reactance. Reducing the
nominal power of the VSM leads to an increase of the
reactance and consequently, an increased angle difference is
required to transfer the same amount of power. Because the
maximum angle difference is limited to 90°, the power
transfer capability reduces with the nominal power of the
VSM. Consequently, the nominal power of the VSM cannot
be independently adjusted in conventional control
approaches. Other applications than the ones disclosed
herein may also be feasible.

[0162] FIG. 12 shows a schematic block diagram of a grid
forming vector current control system for controlling a grid
intertie. According to the present disclosure, both terminals,
the first terminal 100 connected to the first power grid A and
the second terminal 200 connected to the second power grid
B are controlled using the GFVCC as described above. As
discussed in detail above, this control scheme emulates a
virtual generator, i.e. a virtual synchronous machine (VSM)
150/250 that is connected in parallel with a (virtual) current
source 160/260.

[0163] The VSM part emulates the inertial response and
the low output impedance of a synchronous generator.
However it does not contribute to steady-state power
exchange because it is missing direct mechanical governor
emulation that is implemented in traditional virtual genera-
tor control schemes. To compensate the missing governor, a
controllable current source 160/260 is virtually connected in
parallel to the virtual generator part/VSM 150/250.
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[0164] As mentioned above, in this disclosure, both ter-
minals 100 and 200 of the grid intertie are using GFVCC.
The transient power consumed by the VSM part 250 of the
control on the second terminal 200 is used as a feedforward
term, i.e. as a power-equivalent current reference, for the
controllable current source 160 in the first terminal 100. In
the same way, the transient power consumed by the virtual
generator/VSM part 150 of the control on the first terminal
100 is used as a feedforward term, i.e. as a power-equivalent
current reference, for the controllable current source 260 on
the second terminal 200.

[0165] The setpoints are given as

. 2 Py 2 Pysan or
Ndpef = —7° -3 Wc,cor
3 Vpcddg 3 Vpecla e
i 2 Qser,l
lgref = 5°
e T3 Vel ,d

g = dref —ivld

P

g = ilgref —hlg

o2 Lo (2 Pron
e =3 Vpccrd 3 Vpeerd
% i Qser,z

lgref =

3 Vicerd
. .
Iyg = Ddyef — bv2d

by = Dgref ~hg

3
Pysan = 7 Vopecrd “tvrd T Vicerg " hvzg)

3
Pysn = 3 Vpeeld “trd + Vpeel g vl g)

with:

Vet 4i=d-direction component of the PCC voltage mea-
sured at the first terminal of the grid intertie

Vet 4=9-direction component of the PCC voltage mea-
sured at the first terminal of the grid intertie

V ez si=d-direction component of the PCC voltage mea-
sured at the second terminal of the grid intertie

V ez 4=q-direction component of the PCC voltage mea-
sured at the second terminal of the grid intertie

1) .=d-direction component of the current reference for
the virtual current source part of the control on the first
terminal of the grid intertie

1y, of=¢-direction component of the current reference for
the virtual current source part of the control on the first
terminal of the grid intertie

1, .#=d-direction component of the current reference for
the virtual current source part of the control on the second
terminal of the grid intertie

1>, .f=g-direction component of the current reference for
the virtual current source part of the control on the second
terminal of the grid intertie

P, :=power transfer set-point for the steady-state power
transferred between the first terminal and the second termi-
nal of the grid intertie

Py i=power consumed by the VSM part of the control on
the first terminal

Py :=power consumed by the VSM part of the control on
the second terminal

1%y ge.comi=current reference created with a de-link voltage
control

Q,,, ;:=set-point for the reactive power injected at the first

ser,1*

terminal of the grid intertie
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Q... »:=set-point for the reactive power injected at the sec-
ond terminal of the grid intertie

1*, s=total d-direction current reference given to the current
controller of the first terminal

i*, :=total q-direction current reference given to the current
controller of the first terminal

1*, s=total d-direction current reference given to the current
controller of the second terminal

i*, =total g-direction current reference given to the current
controller of the second terminal

i, 4:=d-direction component of the current reference created
with the VSM part of the control on the first terminal

i,y ,-=g-direction component of the current reference created
with the VSM part of the control on the first terminal

i,, 4=d-direction component of the current reference created
with the VSM part of the control on the second terminal

i, ,-=g-direction component of the current reference created
with the VSM part of the control on the second terminal
For simplicity, the dc-link voltage control may calculating
the reference i*y,,. ., for the first terminal 100 only, how-
ever it may also be shared in between the first terminal 100
and terminal 200.

[0166] The feedforward terms Py,,, and Py, are cal-
culated using i,,,, and i,,, only, i.e. the active current created
by the virtual spinning wheels of the VSMs. In steady-state,
both feedforward terms become zero because i,,, and i,,,
become zero. The first disclosed concept only emulates
inertial responses on both terminals and takes the corre-
sponding power from the opposite terminal to maintain the
power balance. The steady-state characteristics are given by
the power transfer set-point P,  and the reactive power
defined with Q.,;, Q,., and the reactive power of the
emulated virtual generators (i, 1,2,)-

[0167] In embodiments below, two methods that provide
not only transient grid support (inertial response), but also
steady-state grid support are discussed.

[0168] The power transfer set-point P, can be either a
quantity calculated by a slow top-level controller (secondary
or tertiary control, power trading) or it can contain in
addition a part calculated with a droop curve for steady-state
grid support based on the grid frequency on one terminal.
More complex functions considering the grid frequencies on
both terminals to determine P, could also be possible as
described below.

[0169] The current references, i.e. the feedforward terms,
of the virtual generator part of the control method (I, 4,
L,, ,,) are calculated with the unique feature of GFVCC that
emulates a virtual generator response with the PLL and a
virtual admittance. In GFVCC, it is possible to adjust the
nominal power of the virtual generator and therefore the
amount of grid support with a single factor ky,,. It can be
set for each terminal independently, a feature, ky,,, that
could be used to reduce the amount of grid support on the
strong grid side of the terminal in order not to disturb the
weak grid side too much. There are many implementation
variants and options for GFVCC, such as current control in
other reference frames, improved fault handling with ky,,
factor, active damper branch in parallel with the current
source and improved handling of asymmetric conditions.
[0170] FIG. 13 shows exemplarily a block diagram of the
control system for the first terminal 100. It is understood by
the skilled person that the control system for the second
terminal is analogous. Insofar, the control system disclosed
in the embodiment according to FIG. 13 is related to the
block diagram of the control system depicted in FIG. 7.
[0171] FIG. 13 shows a block diagram of the control
system for the first terminal 100 according to an embodi-



US 2023/0145847 Al

ment having a first current control unit no, a first virtual
admittance unit 120 and a phase locked loop (PLL) unit 130.
The first virtual admittance unit 120 and the PLL unit 130
are configured to emulate an inertia of the VSM and a virtual
current source 160 is connected in parallel to the VSM. In
this embodiment, the transient power Py,,, consumed by
the second VSM 250 of the second terminal 200 is used by
a controller of the control system (controller not shown) to
generate a power-equivalent current reference to control the
first virtual current source. In addition, the transient power
Fysan consumed by the first VSM 150 is used by the
controller of the control system to generate a power-equiva-
lent current reference to control the second virtual current
source 260 of the second terminal 200. It is understood by
the skilled person that a block diagram of the control system
for the second terminal 100 according to an embodiment
would look correspondingly. Moreover, it is further under-
stood by the skilled person that two control systems accord-
ing to the embodiment depicted in FIG. 13 could be com-
bined, one for the first terminal 100 and a second one for the
second terminal 200, to form a control system for controlling
a grid intertie according to the present disclosure.

[0172] According to an embodiment, a way to determine
P,. is described in the following. If the controller of one
terminal (e.g., the second terminal 200) is equipped with a
typical droop curve, i.e. the terminal comprises a droop
control unit, P,, is determined by the steady-state power flow
determined by the droop curve and its offset P, ,.

[0173] The equations above become

2 Py,

3 * e
3 Vol ’

Ndyer = —

Nd = Udypef — ld
. .
fig = lgref ~hlg

2 Paoop2 2 Py

Voecrda 3 Vpeerd

3
% i Qser,z
3 Vicerd

B4 = Darer — b

g = gref —hg
Prsar = 5 Vpcerg hag + Vpcerg - I2,g) + Paroop2

*Voceld dotg + Vicel,g h1g)

5
3
Pysin = 3

with P,, being

Py = Paroop2 = 7% —

and with:

[0174] P,,,,,.:=steady state power on the second terminal
[0175] K,:=droop constant

[0176] o, ,:=grid frequency measured at the second ter-
minal

[0177] w,,, ,:=frequency set-point for the second terminal
[0178] The feedforward term Py,,, needs to be extended

with the steady-state power P,,,,,,, on the second terminal
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200 determined by the droop curve. With the method accord-
ing to this embodiment, the following characteristics can be
achieved:

[0179] First Terminal 100: transient grid support (inertial
response)

[0180] Second Terminal 200: full grid support, i.e. tran-
sient (inertial response) and steady-state

[0181] It is understood by the skilled person that the
behavior on the terminals could also be swapped.

[0182] According to another embodiment, a way to deter-
mine P,, is described in the following. If the controllers on
both terminals are equipped with typical droop curves, P,, is
determined by the difference of steady-state power flows
determined by the droop curves and offset powers. The
equations become

2 Paoopy 2 Pyrsin

i -z .
ldref = 3 Voeld 3

"
% + Wac,crt
pecl d

i _ g Qser,l
s = 3 Vpeeld

N4 = Udypef — ld
. .
fg = Hgref ~hlg

2 Piop2 2 Prsn

Daref = 3
3 Vpeerda 3 Viecra

2 i Qser,z

lgref = 3
3 Vicerd
B4 = Darer — b

Iy = Dgref —hig

2
3
Prsynn = 7 Voecld *do1,g + Vicelg * B1.9) T Paroop,1
Piroop,1
Piroop,2
and with:
[0183] P, :=steady state power on the first terminal

[0184] ,,:=grid frequency measured at the first terminal

[0185] ., ,:=frequency set-point for the first terminal

ser,1*
[0186] The feedforward terms Py,,, and Py.,,, need to be
extended with the power flows determined by the droop
curves on the opposite terminal.

[0187] The steady-state transferred power P,, gets
P,=P droop,z_P droop,1

[0188] Assuming m,,, ;=0,,,,, this leads to the following
steady-state power transmission:

Py=P ooy P oo 1=K (@500, 1)

[0189] By setting

Pierir
—Lsetl = Pser,z =

[0190] P, can be achieved:
Py=P oKy (0g5—0,)

[0191] The complete control scheme is depicted in FIG.
14.
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[0192] With the method according to this embodiment, the
following characteristics on the two terminals can be
achieved:

[0193] Terminal 1: full grid support, i.e. transient (inertial
response) and steady-state

[0194] Terminal 2: full grid support, i.e. transient (inertial
response) and steady-state.

[0195] FIG. 14 shows a block diagram of the control
system for the first terminal 100 according to an embodi-
ment having a first current control unit no, a first virtual
admittance unit 120 and a phase locked loop (PLL) unit 130.
The first virtual admittance unit 120 and the PLL unit 130
are configured to emulate an inertia of the VSM and a virtual
current source 160 is connected in parallel to the VSM. In
this embodiment, the power Py,,, consumed by the second
VSM 250 of the second terminal 200 is used by a controller
of the control system (controller not shown) to generate a
power-equivalent current reference to control the first virtual
current source.

[0196] In addition, the power Py,,, consumed by the first
VSM 150 is used by the controller of the control system to
generate a power-equivalent current reference to control the
second virtual current source 260 of the second terminal
200. In addition, according to this embodiment, the control
system further comprises a first droop control unit 140 and
an output signal of the first droop control unit 140 is
connected to the first virtual current source 160 in order to
emulate a first speed governor. In other words, P, as
described according to one of the aforementioned embodi-
ments can be determined using a control system according
to the present embodiment.

[0197] It is further understood, that a control system for
the second terminal 200 according to an embodiment would
look correspondingly. Moreover, it is further understood by
the skilled person that two control systems according to the
embodiment depicted in FIG. 14 could be combined, one for
the first terminal wo and a second one for the second
terminal 200, to form a control system for controlling a grid
intertie according to the present disclosure. It is further
understood by the skilled person that one control system
according to the embodiment depicted in FIG. 13 could be
combined with one control system according to the embodi-
ment depicted in FIG. 14, e.g., a control system according to
the embodiment depicted in FIG. 13 for the first terminal wo
and a control system according to the embodiment depicted
in FIG. 14 for the second terminal 200 or vice versa, to form
a control system for controlling a grid intertie according to
the present disclosure.

[0198] FIG. 16 shows a schematic block diagram of a grid
forming vector current control system for controlling a grid
intertie having three terminals as shown in FIG. 15. How-
ever, it is understood by the skilled person that the present
disclosure is not limited to the three terminals but could also
comprise any number of terminals. According to the present
disclosure, all three terminals, the first terminal 100 con-
nected to the first power grid A, the second terminal 200
connected to the second power grid B, and the third terminal
300 connected to the third power grid C are controlled using
the GFVCC as described above. Thus, a controller of the
control system uses the transient power Py, ,; consumed by
the first VSM and the transient power Py,,, consumed by
the second VSM to generate a power-equivalent current
reference to control the third virtual current source, uses the
transient power Py, consumed by the first VSM and the
transient power Py, consumed by the third VSM to
generate a power-equivalent current reference to control the
second virtual current source, and uses the transient power
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Pysa, consumed by the second VSM and the transient
power Pyg,,; consumed by the third VSM to generate a
power-equivalent current reference to control the first virtual
current source.

[0199] In the case of three terminals, the equation set is
given as follows:

. 2 Puaroop 2 Pysin 2 Pysys
Naper =55 —— k- 3V —ks- 7 v, T e
pecld pecld pecld
i 2 Qser,l
Laref = = —2
e T3 Vel ,d
g = Hdref — Il d
iiq = ilq,ref —hilg
2 Paoop2 Pysin 2 Pysus
baef =5 ——— ki g —0—— k7 ——
3 Vierd 3 Vpccrd 3 Vpeerd
i 2 Qser,z
raref = = =2
e T 3 Vpccr,d
g = Ddyef — I
g = fagref —hig
, 2 Proop3 Pysin 2 Pysin
Bargf =5 ——— ki3 50— ~kn -7 ——
3 Vi 3 Vpesd 3 Vpesd

i _ g Qser,S
e T3 Ve

B = Barer — b

B3y = Bgref —hidg

3
Pysuys = 7 Vopeesd I3 + Vices,g 1vag) T Paroop3

%)

Pysaz = 5 Vpeerd hza + Vipeerg - bag) + Paroop2

v}

3
Prsynn = 7 Voecld *do1,g + Vicelg * B1.9) T Paroop,1

Piroop,1

Piroop,2

Piroop3

with

V,ce3 4-=d-direction component of the PCC voltage mea-
sured at the third terminal of the grid intertie

V ,ee3 4-=q-direction component of the PCC voltage mea-
sured at the third terminal of the grid intertie

13, .s=d-direction component of the current reference for
the virtual current source part of the control on the third
terminal of the grid intertie

Pysusi=power consumed by the VSM part of the control on
the third terminal

13, .#=q-direction component of the current reference for
the virtual current source part of the control on the third
terminal of the grid intertie

Q... 3:=set-point for the reactive power injected at the third
terminal of the grid intertie

1*; s=total d-direction current reference given to the current
controller of the third terminal

i*; =total g-direction current reference given to the current
controller of the third terminal

i,3 4:=d-direction component of the current reference created
with the VSM part of the control on the third terminal

1,5 ,/=q-direction component of the current reference created

with the VSM part of the control on the third terminal
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P ro0p,3:=Steady state power on the third terminal

o, 5:=measured grid frequency at the third terminal
k,,:=percentage of power consumed by the VSM part of the
control on the first terminal supplied from the second
terminal

k, ;:=percentage of power consumed by the VSM part of the
control on the first terminal supplied from the third terminal
k,, :=percentage of power consumed by the VSM part of the
control on the second terminal supplied from the first
terminal k,;:=percentage of power consumed by the VSM
part of the control on the second terminal supplied from the
third terminal

k;,:=percentage of power consumed by the VSM part of the
control on the third terminal supplied from the first terminal
k;,:=percentage of power consumed by the VSM part of the
control on the third terminal supplied from the second
terminal

[0200] It is important that the power distribution ratios
sum up to 1:

[0201] Kk, ,+k ;=1

[0202] Kk, ,+k,;=1

[0203] Kk, +k;,=1
[0204] FIG. 17 shows a schematic illustration of the
behavior of a grid forming vector current control system for
controlling a grid intertie in transient grid support mode. In
this embodiment, the power transfer setpoint for the intertie
is set to zero. The first terminal 100 is exemplarily connected
to a rather strong grid A with SCR=40 (short circuit ratio)
and the second terminal 200 is exemplarily connected to a
second grid B with SCR=20. At time t=1 s, a load step is
applied in grid A. The intertie delivers transient power to the
load step and takes the power from grid B. At time t=3 s, a
load step with similar absolute magnitude is applied in grid
B. The intertie delivers transient power to the load step and
takes the power from grid A. In both cases the power flow
decays to zero after a while because only transient power is
exchanged. The intertie delivers inertial response on both
terminals. A transparent link for transient power flow has
been established.

[0205] FIG. 18 shows a schematic illustration of the
behavior of the dc-link voltage in transient grid support
mode. Both transients have only minor impact on the dc-link
voltage and the controller is able to maintain a stable dc-link.
Although, according to this embodiment, a downscaled
converter on the low-voltage level is used, the same behav-
ior can be expected for medium voltage and high voltage
setups.

[0206] FIG. 19 shows a schematic illustration of the
behavior of a grid forming vector current control system for
controlling a grid intertie in full grid support mode. Accord-
ing to this embodiment, two-sided full grid support (inertial
response and steady-state support) is provided. The power
transfer setpoint for the intertie is set to zero. The first
terminal 100 is exemplarily connected to a rather strong grid
A with SCR=40 and the second terminal 200 is exemplarily
connected to a grid B with SCR=20. At time t=1 s, a load
step is applied in grid A. The intertie delivers transient and
steady-state power to the load step and takes the power from
grid B. At time t=3 s, a load step with similar absolute
magnitude is applied in grid B. Because grid B is weaker
than grid A, the load step in per unit is higher and the grid
frequency in grid B will fall to a lower value. Consequently,
the power flow in the intertie will reverse and start to support
grid B, which is heavier loaded compared to grid A. The
intertie delivers transient and steady-state power to grid B
and takes the power from grid A.
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[0207] FIG. 20 shows a schematic illustration of the
behavior of the de-link voltage in full grid support mode.
Both transients have only minor impact on the dc-link
voltage and the controller is able to maintain a stable de-link.
Although, according to this embodiment, a downscaled
converter on the low-voltage level is used, the same behav-
ior can be expected for medium voltage and high voltage
setups.

[0208] Other aspects, features, and advantages will be
apparent from the summary above, as well as from the
description that follows, including the figures and the
claims.

[0209] While the invention has been illustrated and
described in detail in the drawings and foregoing descrip-
tion, such illustration and description are to be considered
illustrative or exemplary and not restrictive. It will be
understood that changes and modifications may be made by
those of ordinary skill within the scope of the following
claims. In particular, the present invention covers further
embodiments with any combination of features from differ-
ent embodiments described above and below.

[0210] Furthermore, in the claims the word “comprising”
does not exclude other elements or steps, and the indefinite
article “a” or “an” does not exclude a plurality. A single unit
may fulfil the functions of several features recited in the
claims. The terms “essentially”, “about”, “approximately”
and the like in connection with an attribute or a value
particularly also define exactly the attribute or exactly the
value, respectively. Any reference signs in the claims should
not be construed as limiting the scope.

REFERENCE NUMERALS

[0211] First terminal 100

[0212] First current control unit 110
[0213] First virtual admittance unit 120
[0214] First PLL unit 130

[0215] First droop control unit 140
[0216] First VSM 150

[0217] First virtual current source 160
[0218] Second terminal 200

[0219] Second current control unit 210
[0220] Second virtual admittance unit 220
[0221] Second PLL unit

[0222] Second virtual current source 260
[0223] First power grid A

[0224] Second power grid B

[0225] Third power grid C

1. A grid forming vector current control system for

controlling a grid intertie, the system comprising:

a first terminal configured to be connected to a first power
grid, the first terminal comprising a first current control
unit, a first virtual admittance unit, and a first phase
locked loop (PLL) unit, wherein the first virtual admit-
tance unit and the first PLL unit are configured to
emulate an inertia of a first virtual synchronous
machine (VSM) and a first virtual current source is
connected in parallel to the first VSM;

a second terminal configured to be connected to a second
power grid, the second terminal comprising a second
current control unit, a second virtual admittance unit,
and a second PLL unit, wherein the second virtual
admittance unit and the second PLL unit are configured
to emulate an inertia of a second, VSM and a second
virtual current source is connected in parallel to the
second VSM; and

a controller configured to use transient power consumed
by the first VSM to generate a power-equivalent current
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reference to control the second virtual current source
and to use transient power consumed by the second
VSM to generate a power-equivalent current reference
to control the first virtual current source.

2. The system according to claim 1, wherein the first
terminal further comprises a first droop control unit and an
output signal of the first droop control unit is connected to
the first virtual current source in order to emulate a first
speed governor and wherein the second terminal further
comprises a second droop control unit and an output signal
of the second droop control unit is connected to the second
virtual current source in order to emulate a second speed
governor.

3. The system according to claim 1, wherein the first
terminal further comprises a first droop control unit and an
output signal of the first droop control unit is connected to
the first PLL unit in order to emulate a first virtual mechani-
cal speed governor and wherein the second terminal further
comprises a second droop control unit and an output signal
of the second droop control unit is connected to the second
PLL unit in order to emulate a second virtual mechanical
speed governor.

4. The system according to claim 1, wherein:

a first factor is configured to change characteristics of the
first terminal continuously from voltage source to cur-
rent source by proportionally scaling the output signals
of the first virtual admittance with the first factor; and

a second factor is configured to change characteristics of
the second terminal continuously from voltage source
to current source by proportionally scaling the output
signals of the second virtual admittance with the second
factor.

5. The system according to claim 4, wherein

the first terminal further comprises a first droop control
unit;

the second terminal further comprises a second droop
control unit;

at least one of the first droop control unit, the first virtual
admittance unit or the first PLL unit is configured to
receive the first factor in order to increase or decrease
the inertial response of the first terminal to disturbances
in the first grid; and

at least one of the second droop control unit, the second
virtual admittance unit or the second PLL unit is
configured to receive the second factor in order to
increase or decrease the inertial response of the second
terminal to disturbances in the second grid;

wherein the first factor scales a nominal power of the first
by proportionally scaling the output signals of the first
virtual admittance with the first factor, inversely pro-
portionally scaling the proportional gain of the first
PLL unit with the first factor, and proportionally scaling
a first droop constant with the first factor; and

wherein the second factor scales a nominal power of the
second VSM by proportionally scaling the output sig-
nals of the second virtual admittance with the second
factor, inversely proportionally scaling the proportional
gain of the second PLL unit with, and proportionally
scaling a second droop constant with the second factor.

6. The system according to claim 4, wherein the first and
second factors scale at least one of a spinning wheel factor
or a transient power or the inertia.

7. The system according to claim 1, further comprising:

a third terminal configured to be connected to a third
power grid, the third terminal comprising a third droop
control unit, a third current control unit, a third virtual
admittance unit, and a third PLL unit, wherein the third
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virtual admittance unit and the third PLL unit are
configured to emulate an inertia of a third, VSM and a
third virtual current source is connected in parallel to
the third VSM; and
wherein the controller is configured to:
use the transient power consumed by the first VSM and
the transient power consumed by the second VSM to
generate a power-equivalent current reference to
control the third virtual current source,
use the transient power consumed by the first VSM and
transient power consumed by the third VSM to
generate a power-equivalent current reference to
control the second virtual current source, and
use the transient power consumed by the second VSM
and the transient power consumed by the third VSM
to generate a power-equivalent current reference to
control the first virtual current source.
8. A method for controlling a grid intertie, the method
comprising:
providing a first terminal configured to be connected to a
first power grid, the first terminal comprising a first
current control unit, a first virtual admittance unit, and
a first phase locked loop (PLL) unit;

emulating, with the first virtual admittance unit and the
first PLL unit, an inertia of a first virtual synchronous
machine (VSM);

providing a first virtual current source connected in par-

allel to the first VSM;

providing a second terminal configured to be connected to

a second power grid, the second terminal comprising a
second current control unit, a second virtual admittance
unit, and a second PLL unit;

emulating, with the second virtual admittance unit and the

second PLL unit, an inertia of a second, VSM;
providing a second virtual current source connected in
parallel to the second VSM; and

using transient power consumed by the first VSM to

generate a power-equivalent current reference to con-
trol the second virtual current source and using tran-
sient power consumed by the second VSM to generate
a power-equivalent current reference to control the first
virtual current source.

9. The method according to claim 8, wherein the first
terminal further comprises a first droop control unit and
wherein the method further comprises connecting an output
signal of the first droop control unit to the first virtual current
source in order to emulate a first speed governor; and

wherein the second terminal further comprises a second

droop control unit and wherein the method further
comprises connecting an output signal of the second
droop control unit to the second virtual current source
in order to emulate a second speed governor.

10. The method according to claim 8, wherein the first
terminal further comprises a first droop control unit and
wherein the method further comprises connecting an output
signal of the first droop control unit to the first PLL unit in
order to emulate a first virtual mechanical speed governor;
and

wherein the second terminal further comprises a second

droop control unit and wherein the method further
comprises connecting an output signal of the second
droop control unit to the second PLL unit in order to
emulate a second virtual mechanical speed governor.

11. The method according to claim 8, comprising:

applying a first factor to change characteristics of the first

terminal continuously from voltage source to current
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source by proportionally scaling the output signals of
the first virtual admittance with the first factor; and

applying a second factor to change characteristics of the
second terminal continuously from voltage source to
current source by proportionally scaling the output
signals of the second virtual admittance with the second
factor.

12. The method according to claim 11, comprising:

feeding the first factor into at least one of the first droop
control unit, the first virtual admittance unit or the first
PLL unit in order to increase or decrease the inertial
response of the first terminal to disturbances in the first
grid;

feeding the second factor into at least one of the second
droop control unit, the second virtual admittance unit or
the second PLL unit in order to increase or decrease the
inertial response of the second terminal to disturbances
in the second grid;

scaling, with the first factor, a nominal power of the first
VSM by proportionally scaling the output signals of the
first virtual admittance with the first factor, inversely
proportionally scaling the proportional gain of the first
PLL unit with the first factor, and proportionally scaling
a first droop constant with the first factor; and

scaling, with the second factor, a nominal power of the
second VSM by proportionally scaling the output sig-
nals of the second virtual admittance with the second
factor, inversely proportionally scaling the proportional
gain of the second PLL unit with the second factor, and
proportionally scaling a second droop constant with the
second factor.

13. The method according to claim 11, comprising scal-

ing, with the first and second factors, at least one of a
spinning wheel factor or a transient power or the inertia.

14. The method according to claim 8, further comprising:

providing a third terminal configured to be connected to
a third power grid, the third terminal comprising a third
current control unit, a third virtual admittance unit, and
a third PLL unit;

emulating, with the third virtual admittance unit and the
third PLL unit, an inertia of a third VSM;

providing a third virtual current source connected in
parallel to the third VSM;
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using the transient power consumed by the first VSM and
the transient power consumed by the second VSM to
generate a power-equivalent current reference to con-
trol the third virtual current source;

using the transient power consumed by the first VSM and
transient power consumed by the third VSM to gener-
ate a power-equivalent current reference to control the
second virtual current source; and

using the transient power consumed by the second VSM
and the transient power consumed by the third VSM to
generate a power-equivalent current reference to con-
trol the first virtual current source.

15. The system according to claim 1, wherein the first
terminal further comprises a first droop control unit and an
output signal of the first droop control unit is connected to
the first virtual current source in order to emulate a first
speed governor.

16. The system according to claim 1, wherein the first
terminal further comprises a first droop control unit and an
output signal of the first droop control unit is connected to
the first PLL unit in order to emulate a first virtual mechani-
cal speed governor.

17. The system according to claim 4, wherein the first
terminal further comprises a first droop control unit and an
output signal of the first droop control unit is connected to
the first virtual current source in order to emulate a first
speed governor and wherein the second terminal further
comprises a second droop control unit and an output signal
of the second droop control unit is connected to the second
virtual current source in order to emulate a second speed
governor.

18. The system according to claim 4, wherein the first
terminal further comprises a first droop control unit and an
output signal of the first droop control unit is connected to
the first PLL unit in order to emulate a first virtual mechani-
cal speed governor and wherein the second terminal further
comprises a second droop control unit and an output signal
of the second droop control unit is connected to the second
PLL unit in order to emulate a second virtual mechanical
speed governor.



