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Abstract--Grid forming converters are expected to become the
main voltage source for electrical power systems in future grids,
as many of the conventional power plants based on synchronous
generators are being replaced by renewable generating plants
interfacing with grids via converters. This paper evaluates
network energisation via grid forming converter based on multi-
loop droop control, focusing on transformer inrush and switching
overvoltages. The evaluation utilizes simulation conducted in
PSCAD-EMTDC to investigate the scenarios of using a 50 MVA
battery energy storage plant with grid forming converters to
sequentially energise part of a 132 kV network. The results are
analysed and compared with those obtained under the scenario of
energising the same network via a 50 MVA synchronous
generator. The studies serve to identify the potential differences
between grid forming converters and synchronous generators in
terms of their impacts on transformer inrush transients and
cable switching overvoltages. In addition, the influences of grid
forming converter aggregation, controller parameter settings and
current limiter settings on the inrush and switching transients
are investigated.

Keywords: Energisation Transient, Grid Forming Converter,
Overvoltages, Synchronous Generator, Transformer Inrush.

. INTRODUCTION

N many countries, there is a transition from synchronous

generators (SG) powered by conventional sources (such as
coal, oil and gas) to wind and solar power renewable
generation. This is one of the key solutions to combatting
climate change. An important part of this transition is the use
of grid forming converter (GFM) which are being considered
as an essential component in future grids regulation of system
voltage and frequency, and to maintain system stability. The
transition to a GFM dominated power grid requires research
and testing on GFM’s capabilities, in terms of system steady
state operation, inertia and short circuit current contribution,
dynamic stability, power quality and electromagnetic
transients under network switching and energisation.

Network energization, as part of network restoration
involves the energizing system of components including
transformers, transmission circuits, shunt compensation
equipment and loads (including large motors). Conventionally,
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synchronous generators have been the main voltage sources
for supplying the transient current and overvoltages incurred
by network energisation transients such as transformer inrush,
resonant overvoltages and switching overvoltages. Recently, a
number of research and industrial projects have been carried
out to assess network energisation transients under the
scenarios of using GFMs to black start power system networks
[1-4], as it is envisaged that the GFMs will be tasked to
provide services for network restoration. For power systems of
remote islands and microgrids, an increasing number of
projects are demonstrating the feasibility of utilising a
combination of GFM-based wind, solar and battery storage
plants in black starting and maintaining supply to an island
system. An example consists of a 5.2 MVA of battery storage
and 3.85 MVA of solar to supply an electrical grid with a peak
demand of about 2 MW [2]. At transmission and distribution
grid, ancillary service projects have been carried out: such as
Resilience as a Service project which investigates transformer
inrush transients under the scenario of using a 5 MVA rated
battery storage to energise part of distribution network [3].
The Distributed ReStart project explored black start from
distributed energy resources, where live trials of GFMs to
energise part of transmission network were performed. This
included a case of energising a 240 MVA transformer via a
wind farm consisting of four units of 3 MW GFM [4]. In other
areas, modelling and simulations of using GFM as a black-
start source for energising inductive motor loads of a
generating plant were evaluated in [5]. Black start from a PV-
battery plant was investigated in [6] and black start from
HVDC-connected offshore wind farm was studied in [7].

Among many of the projects, both soft-start approach and
direct-on-line energisation method were considered. Although
the soft-start approach could reduce inrush current and
overvoltage issues [8-10], it has implications on system
protection which could result in no identification or selectivity
for some critical faults, and it may not be applicable to the
network with existing loads connected. Therefore, there are
incentives to evaluate the scenario of direct-on-line
energisation to assess the voltage and current transients and to
verify whether there are sufficient margins for GFM(s) and
system equipment to accommodate and withstand the
transients.

This paper aims to investigate direct-on-line energisation of
transmission network via GFM, with a focus on assessing
inrush transients due to transformer energisation and switching
overvoltages due to energisation of cable circuit. The
evaluation was carried out based on simulation conducted in
PSCAD-EMTDC to investigate the scenario of using a
50 MVA battery storage plant with GFMs to sequentially
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energise part of a typical 132 kV transmission network. The
results were comparatively analysed with those obtained by
energising the network via a 50 MVA SG to identify the
differences between GFM and SG on network energisation
transient. The studies contribute to demonstrate the potential
advantages of GFM compared to SG in terms of reducing
inrush currents during transformer energisation and leading to
less severe switching overvoltages upon cable energisation.
The evaluation also investigated the potential impacts of GFM
aggregation approach and the influences of GFM’s controller
and current limiter settings on the transient study results.

Il. NETWORK UNDER STUDY

Network under study consists of a voltage source capable
for black starting part of the transmission network that
includes a 13.8/132 kV main transformer connecting to a
132 kV cable circuit (as shown in Fig. 2). The circuit is aimed
to represent a typical part of transmission network required to
be energized at the initial stage of network restoration process.

Two types of voltage sources are considered in this study,
one based on SG and the other based on GFM. The voltage
source is considered to be generator with a relatively large
MVA rating connected to a transmission network. In this case,
a SG is normally with a terminal voltage at medium voltage
(MV) level and directly connected to a MV busbar. In
contrast, with relatively small MVA size compared to SG, a
number of GFM converters are required to form a battery
storage plant (or renewable generating plant) with a MVA
rating compatible to that of a SG-based power plant. The
terminal voltage of GFM is normally at low voltage (LV) level
(less than 1kV) and therefore usually require a unit
transformer for stepping up voltage from LV to MV.

The SG-based voltage source corresponds to a hydro power
plant which is assumed installed with a 50 MVA SG with a
rated terminal voltage of 13.8 kV. The schematic of the SG-
based voltage source is shown in Fig. 2a. The SG is controlled
by automatic voltage regulator (AVR) and a governor
connected to a hydro turbine. A hydro power plant has been
chosen due to its favourable characteristics as black start
resource. These characteristics include fast restart, adequate
on-site fuel supply, large real and reactive power capacity,
ability to operate during frequency excursions and ability to
stabilise system frequency and support voltage [11].

The GFM-based voltage source corresponds to battery
energy storage system (BESS). A BESS plant as a black start
source has capability to self-start. Furthermore, it has rapid
control of voltage and frequency and can be set with grid
forming characteristics for network energisation. However,
consideration should be given to maintaining a suitable level
of state of charge and the limitation that the stored energy in a
BESS can only provide power for a time limited period (e.g.,
over several hours). The BESS plant consists of five units of
10 MVA GFMs. The schematic of the detail representation of
the BESS plant is as shown in Fig. 2b. Each GFM has a
terminal voltage of 0.8 kV and is connected to a MV busbar
via a 10 MVA (0.8/13.8 kV) unit transformer and a short 50 m
length cable. The MV voltage has the same voltage as SG

terminal voltage.

In addition, two aggregated representations of the GFM
plant are considered, Aggregation-1 (Fig. 2c) and
Aggregation-2 (Fig. 2d). GFM Aggregation-1 (GFM-A1)
aggregates at the MV level, and is a single 50 MVA GFM,
connected directly at the 13.8 kV bus. GFM-A1 corresponds
to a direct-MV-connect-converter which is currently rare but
may become common in the future. GFM Aggregation-2
(GFM-A2) is also a 50 MVA aggregation, but it is connected
at the 0.8 kV LV bus and includes an aggregated 50 MVA
(0.8/13.8 kV) unit transformer and an aggregated MV cable
feeder. The aggregated unit transformer is modelled with the
short-circuit impedance and the magnetizing reactance
reduced to one fifth of the nominal values of the 10 MVA unit
transformer used in Fig. 2b. Similarly, the aggregated cable
circuit is modelled with the impedance reduced to one fifth of
the nominal values of the MV cable, but with the capacitance
value increased by a factor of five.
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I1l. NETWORK MODELLING

This section presents the approach utilised for modelling
GFM, SG, transformers and cable circuit.

A. GFM Model

Various type of GFM control algorithms have been
proposed in literature. This paper focuses on the GFMs based
on the multi-loop droop control scheme. The GFM model is
based on that implemented in the open-source PSCAD grid
forming inverter model developed by NREL [12]. As shown
in Fig. 3, the GFM model consists of controlled voltage
sources (one on each phase) connected to grid side busbar via
a LCL filter. The GFM controller is based on the multi-loop
droop control strategy, having a cascaded structure including
the outer P-f droop control, outer voltage regulator, inner
voltage control loop and inner current control loop. As
demonstrated in [13], the target voltage of the multi-loop
droop control is the inverter filter capacitor voltage.



The outer active power droop control and the voltage
regulator control is shown in Fig. 4a. The active power droop
control sets and adjusts the angular frequency w. The
integration of the frequency produces the phase angle 8 which
ramps from 0 to 2z and is the angle used in Clarke and Park
transformations. The outer voltage regulator is based on a
closed loop voltage regulation using a PI controller to control
the magnitude of the filter capacitor voltage.

The inner voltage and current loops (as shown in Fig. 4b
and Fig. 4c) are utilised to achieve fast control of the filter
capacitor voltage v, and the converter current ir. Both control
loops utilise Pl controller with decoupling of dg-frame
components. Based on the voltage reference from the output
voltage regulator, the voltage loop controls the filter capacitor
voltages Vogand voqvia the Pl controller with the proportional
gain kpy and the integral gain ki. The output current i, is
applied to the controller via the current feed forward gain Gy.
The outputs of the voltage control loop are applied as the
current references for the current control loop. The current
loop controls the converter output currents iiqand iiq via the Pl
controller with the proportional gain kg and the integral gain
kii. The filter capacitor voltages (Vodand Voq) are applied to the
controller via the voltage feed forward gain Gc. The outputs of
the current control loop are voltages in dg-frame for control of
the voltage source. The controller parameter settings used in
the studies are those provided in [12].

A current limiter (with an aim to limit the converter current
i) is implemented between the inner control loops (as shown
in Fig. 4b) to apply restriction to the current references when it
is detected that the magnitude of the current order from the
inner voltage control loop is larger than the current limit (Imax).
The logic and the associated schematic of the current limiting
function are as shown in Fig. 5. When the magnitude of the
current lgq is larger than the current limit (here a default limit
of 1.1 pu is used), both the d- and g-axis current references
associated are scaled down by multiplying the lgq scale. The
current limiter only decreases the magnitude of the original
current reference. The angle of the current reference remains
the same under the current limiting.

A. SG Model

The SG model was set up to represent a 50 MVA machine
installed in a hydro generating plant. The model consists of a
salient pole synchronous machine, the associated exciter and
the turbine-governor. The synchronous machine is represented
based on the PSCAD library model which considers the
machine armature resistance, the leakage reactances (including
steady state, transient and sub-transient reactances) and the
associated time constants. The D-axis saturation is considered
in the model.

The AVR applied to the machine is the AC1A model of an
AC rotating exciter. The governor model uses the IEEE type
Gov-1 to represent the mechanical-hydraulic controls. The
turbine is based on the IEEE type TURL1 for representing the
hydro turbine with non-elastic water column with a surge tank.

B. Transformer Model
The transformers are three-phase two-winding transformer

assumed with three-limb core structure, which are represented
utilising the duality-based multi-limb transformer model with
normalized core concept as presented in [14]. The model
considers core topology by direct application of the principle
of duality by placing electric components on the geometry of
the transformer core. The model accounts for the effects of
saturation in each individual leg of the core as well as the
interphase magnetic coupling. The saturation characteristic of
core inductance is represented based on the assumptions that
the nominal magnetic flux density of transformer core is of
1.7 Tesla and the air-core reactance is two times of the
transformer  positive-sequence leakage reactance. The
transformer magnetisation branch is modelled with Jiles-
Atherton (JA) hysteresis based on PSCAD’S default settings.

C. Cable Circuit Model

The cable circuit is of 132 kV single-core land cable with
copper conductor (630 mm?), XLPE insulation, copper wire
sheath and polypropylene outer jacket. The three single-core
cables for the cable circuit are laid underground in open
trefoil. The details of cable dimensions and the cross-bonding
of the cable system are based on those provided in [15]. Each
single-core cable is modelled in PSCAD based on the
Frequency Dependent (Phase) Model, utilising the four-layer
representation covering conductor, insulation, metallic sheath
and outer cover layers.
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IV. TRANSFORMER ENERGISATION STUDY

When a magnetic-core based transformer is energised
against a voltage source, the voltage applied to the transformer
causes build-up of flux linkage which can saturate the
transformer core and lead to large inrush currents. It is well
known that the magnitude of the inrush currents is mainly
influenced by the point-on-voltage-wave switching angles, the
residual flux and the saturation inductance of the transformer
core. The decay of the inrush currents is mainly determined by
the resistive element of the circuit between the voltage source
and the transformer winding being energised. If there are any
transformers already connected in series or in parallel with the
transformer to be energised, sympathetic interaction can occur
between the transformers. This occurs because the inrush
currents are drawn by the incoming transformer flowing
through the system resistance can make the system voltages
become asymmetrical and saturate the already connected
transformers [16]. The sympathetic interaction can
significantly prolong the duration of transformer inrush
transient, and potentially lead to temporary harmonic
overvoltage if the system has low order harmonic resonances.

Based on the network under study, the inrush transients due
to energising the 50 MVVA main transformer is assessed with
the simulation cases listed in Table I. The first case set (SG-
ENT) energises the transformer via a hydro-power plant
installed with a 50 MV A synchronous generator. The second
case set (GFM-ENT) energises the transformer via a GFM-
based BESS plant consisting of five units of 10 MVA GFM
and the associated MV transformers and cable feeders. Zero
and maximum residual flux conditions were considered for
each network. The maximum residual flux is assumed with a
distribution of 80%, 0% and -80% residual flux at phase-A, B
and C respectively. In addition, case set (GFM-AL1-ENT)
simulates energisation of the transformer based on the model
with GFM-AL. Case set (GFM-A2-ENT) considers utilising
GFM-A2.

For all the cases, a systematic switching study is conducted
to cover the energisation angles evenly distributed over one
power frequency cycle. In the simulation, the selected step for
the switching angle variation is 6 degrees, which results in a
total of 60 runs carried out over one fundamental frequency
cycle. At each switching angle, the three phase closing times
are assumed to be the same (i.e., simultaneously closed at the
same point-on-voltage-wave switching angle).

TABLE |
LIST OF BASELINE STUDY CASES

Case Name Voltage Source Switching Residual Flux
Angle

SG-ENT-1 Synchronous 0-360 Zero
SG-ENT-2 Generator degrees Maximum
GFM-ENT-1 GFM with detailed 0-360 Zero
GFM-ENT-2 representation degrees Maximum
GFM-AL1-ENT-1 0-360 Zero
GFM-ALENT2 | CPM-AL degrees Maximum
GFM-A2-ENT-1 0-360 Zero
GFM-AZ-ENT2 | CPM-A2 degrees Maximum

A. Energisation with Zero Residual Flux (ENT-1)

The set of ENT-1 study energises the 50 MVA main
transformer assuming that there is zero residual flux in the
transformer core. The variation of inrush current peak
magnitudes (maximum out of three phases) and GFM current
limiter status against the switching angles are compared in
Fig. 6 (the zero degree corresponds to the positive-going zero-
crossing of phase-A to ground voltage). The peak magnitudes
are based on per unit values of the main transformer’s peak
full load current at the 13.8 kV side.

The result of energising the transformer against an ideal
voltage source (shown in black curve) is included as the
baseline for comparison. The inrush current magnitudes
produced under the SG and GFM cases are much smaller than
those of the ideal voltage source case, indicating that the
voltage drop across the internal impedance of SG and GFM
contribute to significant reduction of the peak magnitudes.
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Fig. 6. Energisation cases with zero residual flux (study set ENT-1) -
Variation of inrush current peaks (upper plot) and GFM current limiter status
(lower plot) against point-on-voltage-wave switching angle

In all cases a pattern can be seen in that the inrush current
peaks in the first half cycle repeat in the second half cycle). In
the case of GFM-AL1-ENT-1 (where the GFM units are
aggregated to MV busbar), the maximum peaks are in the
same order as those produced by energising against SG. In the
other two GFM cases (GFM-ENT-1 and GFM-A2-ENT-1),
the produced current peaks are slightly lower, as the
impedances of the MV transformers and cable feeders
contribute to the reduction of the inrush current peaks. The
comparison between the GFM cases demonstrates that the
aggregated model taking account of the MV network (GFM-




AZ2) can produce results that are identical with those generated
by the model with distributed representation of the GFM units
and the MV feeders. However, there are some differences
when the GFM is aggregated at the MV network (GFM-A1).

In all the examined GFM cases associated with the study
set ENT-1, no triggering of GFM current limiter was
identified for any of the evaluated switching angles. The
inrush current did not breach the 1.1 pu overload rating used
in the GFM controller’s inner loop current limiter.

For the energisation conducted at the zero-crossing of MV
phase-A to ground voltage, the time domain inrush currents at
the MV side of the main transformer are plotted in Fig. 7. This
figure shows that the inrush currents produced when
energising against an SG have a slower initial decay (when
comparing first and second current peaks) than when
energising against a GFM. The GFM has a faster voltage
control loop that helps to control the voltages in such a way
that it reduces the build-up of asymmetrical flux-linkage in the
transformer core under inrush transient. This is evident in the
comparison between GFM-A1 (MV-connected converter) and
SG regarding the phase-A voltage (shown in Fig. 8). However,
in the GFM cases with an MV unit transformer(s), it is found
that the fast voltage control can cause saturation of the MV
transformers which leads to series sympathetic interaction
between the unit transformer and the main transformer,
resulting in a prolonged inrush current decay (as shown in the
inrush currents of the GFM-Detailed and the GFM-A2 cases,
which are identical to each other).
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Fig. 7. Energisation cases with zero residual flux — Inrush currents at the LV
side of main transformer resulted from energisation conducted at positive-
going zero-crossing of phase-A to ground voltage of MV busbar
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Fig. 9. Time domain GFM currents and limiter status resulted from
energisation conducted at zero-crossing of phase-A with zero residual flux in
main transformer (left plots are for GFM-AL, right plots for GFM-A2)

The time domain GFM currents (taking phase-A currents as
example) are shown in Fig. 9 for the case GFM-AL-ENT-1
and GFM-A2-ENT-1. Under the initial steady state no-load
condition, the GFM output current is (flowing through the
filter inductor) is primarily supplying the filter capacitor
charging current ic (the charging current is of 0.4 pu for the
selected size of filter capacitor). The summation of the two
currents (i and ic) forms the GFM current i, injected to the
grid, which is of negligible level prior to energisation. Upon
transformer energisation, both the GFM and the filter
capacitor contribute to supply the inrush current caused by
transformer saturation. A rapid reduction of inrush current is
seen in the GFM-AL case, while a prolonged inrush current is
supplied in the GFM-A2 case due to the series sympathetic
interaction between the unit transformers and the main
transformer. The unit transformers also cause 30° phase shift
and result in inrush current waveshape different from that of
GFM-AL. In both cases, the dg-components of the current it
are below the 1.1 pu current limit and therefore there is no
activation of GFM current limiter.

B. Energisation with Maximum Residual Flux (ENT-2)

The set of ENT-2 study cases consider energising the main
transformer assuming that there is maximum residual flux in
the core. The variation of inrush current peak magnitudes
(maximum out of three phases) and GFM current limiter status
against the switching angles are shown in Fig. 10. The black
curve is associated with energising the transformer against
ideal voltage source which as expected produces a much
higher inrush currents than the SG and GFM cases.
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Fig. 10. Energisation cases with maximum residual flux (study set ENT-2) —
Variation of inrush current peaks (upper plot) and GFM current limiter status
(lower plot) against point-on-voltage-wave switching angle

For the ideal voltage source and SG cases, the patterns
exhibit a mirror image between the first and the second half
cycle. The maximum inrush current peaks were identified at
the positive-going zero-crossing of phase-A voltage (referred
to 0° in Fig. 10) where the energisation results in maximum
positive build-up of flux linkages on top of the residual flux.
At the energisation angle of negative-going zero-crossing of
phase-A voltage (180°), inrush current is eliminated as the
applied voltages would generate flux linkages are in line with
the prospective flux linkages (this is also the target angle for
controlled switching). For the GFM cases, the inrush current
peaks are lower than the SG case. The patterns were identified
to be asymmetry between the first and the second half cycle
and the maximum peaks were identified at the switching
angles around 30°. This was found mainly due to the reasons
that the GFM output current is is influenced by the GFM
current limiter and that the filter capacitor current ic is varied
by the filter capacitor voltage during inrush transient. The
variation of both currents (ir and ic) has an impact on the total
GFM current i, injected to the grid. The results of current
limiter status (shown at the lower plot of Fig. 10) demonstrate
that the current limiter can triggered for a wide range of
switching angles under maximum residual flux scenario.

For the energisation conducted at the positive-going zero-
crossing of MV phase-A to ground voltage, the time domain
inrush currents at the MV side of the main transformer are
compared in Fig. 11. It is evident that in the GFM cases, the
produced inrush currents are of much smaller magnitude than
that of the SGT case. For this case, in addition to GFM’s fast
voltage control (as evident in Fig. 12), the current limiter
within the GFM controller plays a significant role in reducing
the inrush current peaks. Similar to the scenario with zero
residual flux, a rapid decay of inrush current is seen in the
GFM-A1 case (without MV network). In the other GFM cases
(GFM-Detailed and GFM-A2) involving the MV transformers,
the inrush currents are prolonged by the series sympathetic
interaction between the unit transformer and the main
transformer. The results suggest that, for the GFM plants
consisting of unit transformers connected between the GFM(s)
and the main transformer to be energised, the GFM-A2 is a
more realistic and accurate aggregation approach than GFM-

Al, as it can adequately take account of sympathetic
interaction between the unit transformer(s) and the main
transformer.
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Fig. 11. Energisation cases with maximum residual flux — Inrush currents at
the LV side of main transformer resulted from energisation conducted at
positive-going zero-crossing of phase A to ground voltage of MV busbar
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Fig. 12. Energisation cases with maximum residual flux — Phase-A voltage at
the LV side of main transformer due to energisation at voltage zero-crossing

The time domain GFM currents for the cases GFM-Al-
ENT-2 and GFM-A2-ENT-2 are shown in Fig. 13 which
includes the phase-A currents, dg-frame components of i; and
current limiting status. Upon energisation, in the GFM-Al
case, the current limiter was triggered to limit the first peak of
the inrush current, while in the GFM-A2 case, the current
limiter was triggered multiple times over a period of the first
140 ms. The number of current limiter activation is an
indicator of the potential level of thermal stresses on the
converter’s power electronic devices. The current limiter was
restricting the dg-frame components of the GFM output
current i to be within the 1.1 pu limit which is shown by the
dash lines in Fig. 13. Note that, although the GFM output
current is is limited, the total current injected to grid (io) can
exceed the current limit when it is added with the filter
capacitor current (ic).

Although not shown in this paper, it was identified that the
GFM’s controller parameters can influence the inrush
currents. Increasing the Pl gains of the inner control loop
(either the current loop or the voltage loop) can lead to
increase of inrush current magnitudes. Decreasing the Pl gains
would reduce the inrush current peaks. In addition, reducing
the current limiter setting can reduce the inrush current peaks.
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Fig. 13. Time domain GFM currents and limiter status resulted from
energisation conducted at voltage zero-crossing with maximum residual flux
in main transformer (left plots are for GFM-AL, right plots for GFM-A2)

V. CABLE ENERGISATION

A statistical switching study was conducted to evaluate
transient overvoltages due to energisation of the 132 kV cable.
For simulation of statistical switching, 200 instances of
closing time were generated in accordance with the approach
suggested in the IEC TR 60071-4:2004 [17]. The closing
command was assumed to be uniformly distributed over one
power-frequency cycle and the closing times of the three
phases were set to be around the closing command following
Gaussian distribution with a standard deviation of 1 ms.

The maximum peaks (out of three phases) of the calculated
phase-to-ground overvoltages are compared between SG and
GFM energisation cases (as shown in Fig. 14) in terms of the
cumulative probability distribution of overvoltages. For one of
the worst energisation cases, the time domain phase-to-ground
voltages are shown in Fig. 15 for comparison between the SG
case and the GFM case with detailed representation of GFMs.

In the comparison between SG and GFM cases, the results
suggest that energising the cable via SG is shown to cause
higher overvoltages than energising via GFM. The results of
the overvoltages calculated based on the aggregated
representation of the GFM plant are largely similar with those
produced based on the detailed representation. However, the
GFM-A1 (simplified aggregation without considering the MV
network) can result in lower values being calculated for the
maximum top 10% overvoltages. The lower overvoltages in
the GFM cases can be ascribed to GFM’s fast inner control
loops that help to suppress the excursion of the initial transient
overvoltages. This is also evident in the time domain plot in
Fig. 15 which shows that the energisation via GFM causes
lower first peak and has faster decay of the owvervoltage
transients than that of the SG cases.

The sensitivity of the cable switching overvoltages to the
GFM’s current limiter and control loop settings was also
studied (but not shown here). It was identified that the
overvoltages can potentially be reduced by lowering the
current limit or the PI gains of the inner control loops.
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Fig. 15. Time-domain phase-to-ground voltages due to cable energisation
(comparison between SG-ENC and GFM-ENC)

VI. CONCLUSIONS

This paper evaluates network energisation via GFM based
on multi-loop droop control, with focus on transformer
energisation and cable switching transients. The scenarios of
using a 50 MVA GFM-based battery energy storage plant to
energise part of a 132kV transmission network were
investigated based on a series of systematic and statistical
simulation studies conducted in PSCAD-EMTDC. The results
have been analysed and compared with those obtained under
the scenario of energising the same network via a 50 MVA
SG-based hydro generating plant. The studies have identified
the potential differences between GFM and SG in terms of
their impacts on transformer inrush transients and cable
switching overvoltages.

With regard to transformer energisation, it is demonstrated
that the inrush currents produced by energising against GFM
are with lower magnitude and faster initial decay than
energising against SG, as the GFM has current limiter to
restrict inrush current peak magnitudes and has fast voltage
control loop that helps to reduce the build-up of asymmetrical
flux-linkage in the transformer core. However, it is identified
that a prolonged transformer inrush can appear in the GFM
plant with unit transformer(s) connected in series with the
main transformer to be energised. This suggests that it is
important to include the GFM’s unit transformer(s) in detailed
or aggregated representation of GFM plant to adequately take
account of potential sympathetic interaction.

For switching overvoltages due to cable energisation, it is
identified that energising the cable via GFM is likely to cause
less severe overvoltages than energising via SG.
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