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Executive Summary

This report presents the outcomes of WP 2 from the collaboration project between Iberdrola
Innovation Middle East and Scottish Power Energy Networks in relation to Distributed ReStart. The
report investigates the use of converter-based generation in black start applications. The presented
results are focused in two main parts: a) transformer energization; b) virtual synchronous machine

(VSM) grid forming control for a simplified network black start scenario.

Comprehensive transformer energization analysis and simulations are presented for single and three
phase transformers with different configurations, with the aim of assessing the available energization
techniques that mitigate the risk of the transformer inrush current on the converter used for
energization. The assessment covers hard, controlled, and soft transformer energizations, with
theoretical background and simulated tests, based on ideal voltage-source energization assumption.

Controlled energization of independent phase breakers can eliminate inrush current when closed at
optimal instants. The availability of phase independent breakers may be limited in some networks.
Soft transformer energization through grid-forming converters can thus be considered as an effective

inrush current mitigation technique.

The VSM grid-forming control is modified to reflect key black-start requirements such as ramping
voltage control atthe connection point with load pickup, as well as grid synchronization. Different load
pickup scenarios are covered in the report to assess the variation between simultaneous and
sequential load energization from the grid-forming converter.

The results show satisfactory performance for the modified VSM control in achieving the test targets
while maintaining converter power, frequency, and current control limits within normal operating
boundaries. Future tests are planned to investigate the inrush current mitigation and VSM control

performance for larger network segments energization.
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1. Introduction

The emerging new power systems paradigm with increasing distributed energy resources (DER) is
mandating changes to the way traditional electricity services are provided. The first deliverable of this

study was and published in Chapter 10 of the “Power Engineering and Trials - Power Systems Studies

Part 1” report. That chapter shed light on the increasing role of converters-based generation to

participate in ancillary services provision, such as black start, and highlighted the relevant challenges
such as transformers inrush current mitigation and frequency stability at a high level, in addition to

comparing the performance of four grid-forming control techniques with black start capabilities.

This report builds on the previous one and provides more insights on the grid-forming converter
control based on a modified virtual synchronous machine (VSM) structure for black-start. Also, given
the instrumental role of smooth transformer energization during black start, a detailed investigation is
first carried out to study and outline the different energization techniques and their suitability for the
application based on ideal energizing voltage source assumption, such as: hard energization,

controlled (point-on-wave) and soft energization.

Consequently, a new modified soft starting technique for transformer energization with minimal inrush
currentimpact is also presented in the report. Different operating modes for the grid-forming VSM
control are tested through load blocks pick up at the point of common coupling (PCC), voltage control
and finally grid synchronization after black-start. The high-level network model that is used as a basis

for grid-forming converters control analysis in the second part of this report is presented in Figure 1.
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Figure 1: High level block diagram of the networkused for grid-forming control analysis in this report.
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Therestofthe reportis structured as follows: Section 2 presents background overviewon transformer
energization techniques. Section 3 then presents comprehensive simulation analysis for transformer
energization in single and three phase configurations to visualize the performance of each technique
under common test conditions. Then, a complete black-start scenario is presentedin Section 4 based
on the network in Figure 1. The distribution transformer is first energized with soft start, and then
various load pickup scenarios are covered, followed by grid synchronization. Finally, the report
summary and next steps are discussed in Section 5.

2. Transformers Energization

Transformers inrush current mitigation has traditionally been considered to address some protection
and reliability concerns but in most cases the sources used were capable of delivering the required
high inrush currents for shorttimes. Nowadays, this issue becomes more challenging for the case of
converter-based sources that do not have the same current overload capability.

The main challenge in transformersre-energization arises fromthe transformer core non-linearity and
saturation behavior. Typically, transformers are designed to operatein the linear region of the flux (¢)
and magnetizing current (i, ) curve near the knee of the curve (i.e., with a slightly varying high
magnetizing branch inductance). Figure 2 illustrates a single-phase electrical model of a transformer
(R1,Ly, R, and L, are the primary and secondary windings resistance and inductance, respectively,
and R, and Ly, are the core resistance and inductance, respectively). When the core is saturated,
the effective core inductance Ly, valueis severely reduced, which draws significantly higher current
to the transformer core due to the reduced equivalent impedance (even when the secondary side is

left open).
LYY Y e AN N——e
LZ RZ +
° °
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o

Figure 2: Hectrical modelfor asingle-phasetransformer.

Two methods are conventionally used to illustrate and model this phenomenon. First, through
hysteresis loops (more realistic), and the second through approximated piecewise linear segments to

represent the ¢ vs.i,, curve (widely used approximation that preserves key saturation trends with
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reduced complexity). Figure 3 illustrates the two approximations, where ¢,. is the residual flux and
¢sqe IS the saturation flux.
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Figure 3: Transformercore magnetizing curve:(a) hysteresisloops, (b) piecewiselinear segments.

When a transformer is de-energized, the core flux does not necessarily decay to zero when the
magnetizing current is zero, which is due to the core magnetization properties. The magnitude of this
residual flux ¢»,-depends on the instant of de-energization since fluxis generally defined as the core
voltage integral and thus similarly follows a sinusoid steady state waveform. Consequently, if a single-
phase transformer is re-energized by randomly closing the circuit breaker switch, then there exists a
possibility (depending on the energizing instant) for the fluxto have a maximum value of ¢, + 2¢,, if
the transformer is connected at the voltage waveform zero-crossing, where ¢,, is the nominal
maximum flux value. Figure 4 illustrates a comparison between: a) normal operating condition where
a transformer flux oscillates between -1 and 1 pu, and the reflection of that on inrush current (minimal
value), and b) saturated condition that shifts the flux curve and causes a corresponding increase in

the core magnetizing into saturation, causing inrush current.

Mathematical models can be used to analyze transformer core saturation and mitigation technigues
and understand their operation. Different electric and magnetic circuit models and simulation tools
are presented in literature for this task, with the transformer configuration dictating the model
complexity. For instance, three phase transformers with a single core are modeled with additional
inductive core branch to link the different phases due to the former flux inter-phase interactions.
Collectively, the mathematical model presented here is for a single-phase transformer, and is then
generalized to three-phase units while taking relevant variations into account through simulation

results in section 3.
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Figure 4: generictransformersaturation curve: (a) normal operation, (b) saturated core in the positive direction.

2.1. Transformer energization techniques

Several methods to mitigate inrush current during transformer energization are investigated and
proposed in literature, ranging from random/manual energization with or without current limiting
resistors, to optimization/control based techniques. Mathematically, the instantaneous core fluxvalue

in single-phase transformers relies on several factors such as voltage magnitude, energizing phase

angle, residual flux and circuit impedance parameters. Equation (1) presents a theoretical flux

calculation based on a simplified version of the primary side circuit in Figure 2.

Ly cos(wt+a) Lgqt Vs cos(a) e —Elt

¢~ +| o+ F—|e L (1)
[R§+(wL)2 " JR§+(wL)2

where V is the primary source voltage, w is the source angular frequency, R; is the primary windings
resistance,Lis the average energized winding inductance, and a is the energization instant on the
voltage waveform.

The simplified circuit model in equation (1) assumes that R,, is significantly higher than the
impedance of Lg,;. Such simplification helps reducing the circuit analysis complexity with neat
mathematical expressions as a first approximation that investigates key parameters impact. From
equation (1), the flux equation consists of two terms, a steady state and a transient one. That latter
decayswith a time constantrelatedtothe L,,, and R, valuesandisresponsibleforthe inrush current.
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Transformer Hard Start

The simplest method to start a transformer is to randomly connect it to a 1 pu voltage source.
However, in this case, it is unknown what the angle-shift value (a)is (the initial point on voltage
waveform). In the worst-case scenario when a = 0 and t = 0, the flux value theoretically approaches
2¢,, + ¢,, producing the highest inrush current at the first peak. The random starting technique is
termed “Hard-start”. It is noteworthy that for a three-phase transformer, closing the breaker based on
the optimal instant for one of the phases based on equation (1) can still produce inrush current in the
other phases unless coordinated, independent, phase breaker closing is considered. This is

discussed in more details in section 3.

Pre-Insertion Resistors
A well-established technique is to insert a series resistor (pre-insertion resistor, PIR) between the
energizing source and the transformer to mitigate inrush current. This is effectively representedin

equation (1) through adding the PIR value to that of R, in series. This way, the flux saturation

magnitude is mitigated, and its exponentialterm decay is accelerated throughmodifying the RL circuit
decay time constant. Thermal resistors have also been proposed to achieve this task. Their
resistance is minimal under normal operating condition but exhibit higher current limiting capability
under higher temperature (i.e., inrush current) conditions. A recent proposal suggested the use of
superconducting fault currentlimiters (SFCL) for this task.

Transformer Controlled Switching

On the other hand, optimized operation techniques have been increasingly used to eliminate inrush
currents in single and three phase transformers. The first technique is termed “controlled-switching”
or “point-on-wave switching” and can be directly explained from equation (1). That is, if switching
takes place at an optimal angle a when the residual flux is equal to the ‘prospective flux, then the
inrush current in the respective phase is theoretically eliminated. Prospective fluxis defined as the
source voltage integral at the breaker input. In this case, the residual flux impact is neutralized and
what remains is merely the sinusoid steady-state part of the equation.

This technique requires prior knowledge of the residual flux ¢,. such that the switching angle a can

be tuned accordingly. Flux can be estimated by measuring the primary core voltage integral, and the

residual flux value is then recorded as the steady-state flux value following transformer de-

energization. Figure 5illustrates the optimal switching instant for a single-phase transformer example.
The switching here takes place when the residual fluxis equal to the prospective flux, and then both

waveforms continue in synchronism. Controlled transformer energization is independent of converter
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controland requires independent and fast control of circuit breaker phases to avoid significantbreaker
closing delays.

05>

0.5+ A

Tx core flux (pu)
=
’

Residual Flux = = = prospective fluxl

-1.5

0.19 0.195 0.2 0.205 0.21 0.215
Time (s)

Figure 5: Prospective and core flux illustration in a single-phase transformer.
Transformer Soft Start

A different transformer energizing technique is to supply a voltage ramp from zero to 1 pu between
t =tgandt =ty + T.qmp to the transformer primary windings rather than a full instantaneous voltage

att = t, as the case for the previous techniques. In this case, two opposing trends act against each

other: a) the exponential decay of the transient, and b) the voltage build up from the ramp.

The flux starts from its residual value ¢,, and the ramping time should be selected in such a way that
balances these two opposing actions. Thatis, if a short ramping time is considered, then the voltage

will build up much faster than the transient exponential decay and the core can still be saturated, and

a high inrush current is produced. Instead, the ramping time should be selected so that the voltage

builds up is slow enough to allow for the transient to decay first without saturating the core. Figure 6
illustrates an example for the ramping voltage concept used in soft-start. In Figure 6b, the flux-
magnetizing current curve initiates from the residual flux point on the y-axis, and spirals slowly all the
way to the major hysteresis loop between -1 and 1 pu (in postinrush steady state). If this is done so
fast as is partially the case in this figure in the negative flux direction, then the flux and current will
build up faster than the transient exponential delay.
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Figure 6: Soft transformer energization conceptillustration: (a) voltage ramp example, (b) resulting magnetizing

curvethat spirals gradually starting from the initial starting point until approaching the major loop.

Consequently, optimizing the ramping time based on transformer parameters to avoid selecting short
times that can lead to saturation becomes an important task. In contrast, even if residual flux ¢,
measurement is not available, then the ramping time can be selected to consider the worst case ¢,
scenario as a starting point, and then assigning T,..,,,, to be long enough such that the core does not
go into deep saturation. Table 1 presents a high-level comparison between the four discussed
transformer energization techniques. Finally, newer technigques presented in the literature aim to
combine some of the main presented ones, such as combining the transformer core pre -fluxing or de-
fluxing with controlled energization.
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Table 1: High-level summary of different transformer energization techniques for inrush current mitigation .

Principle of O . R ired M Independent Im Mitigation
rinciple of Operation equired Measurements Breakers? Effectiv eness
Simultaneousenergization for all
Hard Start phases at a random instant None No Low
Pre- Same aspreviousbut with series
Insertion resistors to limitinrush current None No Medium
Resistors
Eliminating the effect of residual . ) )
gsvnittrcor::ﬁd flux through point-on-wave Fluxand 'rneg.udta/glltfellgi (including Yes High
9 switching )
Ramping the source voltage to Basic: None Basic: Medium
Soft Start slow the core saturation effect until No

Optimized: V, ¢ and transformer

- Optimized: High
parameterswith ¢ — iy, curve plimiz '9

transient decay

3. Transformer Energization Simulations

Simulated tests for single and three phase transformer energizations are presented and discussed
here to provide a deeper perspective on the implications of using each technique. The results for
single phase transformers are first presented to study the energization impacton a single transformer
core and demonstrate the operation of each technique without intra-phase operational interference.
Notably, referring to equation (1), and its variations, in addition to the presented results: a description
of the sensitivity impact of the different involved parameters is observed. The simulations are
extended to three-phase transformers using different configurations such as wye and delta connected
primary windings to understand the variations of their energization by the investigated techniques and

forma more complete picture instead of relying on a single transformer type for the analysis.
3.1. Simulation Model Assumptions

In the presented MATLAB/Simulink based tests, the transformer models are energized through ideal
voltage source without considering the possible voltage distortions arising from current control. The
magnetizing current is set to minimal values for -1.1 to 1.1 pu flux range (curve knee value). In
practice, the knee value can be higher at around 1.1-1.3 pu. The lower end range is considered in
this report to demonstrate cases closer to worst-case scenarios.

A transformer core saturation curve (defined on the stricter saturation end) is thus used. The curve is
defined in MATLAB/Simulink using the piecewise approximation with residual flux compatibility up to
0.85 pu. The adopted approximations and the numeric simulations nature are observed to cause
some deviations that underestimate fluxand inrush current magnitudes when the transformer model
goes into deep saturation. This is more evident at the case of hard start simulations since the other
technigues aim to avoid core saturation in first place. Collectively, the presented results maintain
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accurate trends between hard energization (high probability of large inrush current due to random
switching), controlled energization (near elimination of inrush current) and soft start (ramping time

inrush current dependency). That being said, the presented peak fluxand inrush currents should not

be considered as absolute numbers generalized to any transformer core or saturation case, butrather

as indicators to study inrush current mitigation techniques and their capabilities.

The same piecewise linear saturation curve is used across all energization tests for single and three
phase transformers in this report for consistency, and is illustrated in Figure 7. Table 2 summarizes
the transformer parameters used uniformly for each test. The key differences between different cases

are: single phase test transformer rating is ? MVA, and the base current and flux values for delta

connected transformers are defined with respect to line-to-line voltages. Finally, residual flux values

are defined and listed when describing each test.

Generic Tx saturation curve

1t /

Tx core flux (pu)
S
= 9]

1
=
W
T
1

-1 / 7
1 1 1 1 1
-3 -2 -1 0 1 2 3
Tx core current (pu)
Figure 7: Core saturation curve used throughout the simulationsin this report.

Table 2: Parametersused for transformers energization tests.

Parameter Value Parameter Value

3P Rating (MVA) 53 Windings Resistance (pu) 0.002

Primary VoL (kV) 11 Windings Inductance (pu) 0.08

Secondary VL (kV) 33 Fux Path ReturnInductance (pu) 0.5 (for 3P single core only)
Core Resistance Rm (pu) 500 Base Frequency (Hz) 50
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3.2. Single Phase Transformers

Hard Transformer Energization

In this test, the transformer is initially connectedwith the core flux and voltage operating undernominal
conditions between -1 and 1 pu with consequently negligible magnetizing current. The results are
illustrated in Figure 8. At t = 0.1 s, the transformer is disconnected, and a residual flux of 0.85 pu
remains at the core. Then, att = 0.2 s, the transformer is re-energized by the 1 pu voltage source.
Residual fluximpact is combined with the energization instance and the flux consequently jumps to a
higher value than the saturation region limit, triggering a significant inrush current that approaches 6
pu. This magnitude is influenced by the modeling assumptions highlighted in section 3.1 and the
saturation curve defined in Figure 7. Evidently, varying the energization angle a directly impacts the
inrush current magnitude in this case. Energizing the transformer at another random instant would

have resulted in a different inrush current magnitude (higher or lower). This randomness serves to

illustrate the key limitation of relying on this technique.

Tx core flux (pu)
Tx primary voltage (pu)
<

0 0.1 0.2 0.3 0.4 0 0.1 0.2 0.3 0.4
Time (s) Time (s)
T T T T T T T
=6 i
R
-
=
24 :
S
=
=]
:
]
a-e
F
0 1 1 1 1 1 1 1 1 1
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Time (s)

Figure 8: Hard transformer energization for asingle-phasecore.

Hard Transformer Energization with Pre-Insertion Resistor
On the other hand, energizing the transformer under the same conditions but with higher primary

winding series resistance resultsin: a) lower inrush current magnitude due to lower flux jump, b) faster

inrush currentdecay due to the higher system damping. The example presented in Figure 9illustrates

@ Take care of the environment.
= Printed in black and white and only if necessary. 15



IBERDROLA

Distributed ReStart: Tx Energization and GFC for Black-Start Applications

this behavior using a primary windings resistance thatis ~80x higher than the one presented in Figure
8. Connecting higher resistances in series can reduce the magnetizing current peak below 1 pu, at
the expense of higher losses. Practically, several techniques to limit this additional loss to the
energization instant are proposed in the literature, such as circuit re-routing at steady state or the use
of thermal resistors as described earlier in section 2.
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: 1 :& 5
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= > 0
g B
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o E 05
= 2
-1 ﬁ -1F
0 0.1 0.2 0.3 0.4 0 0.1 0.2 0.3 0.4
Time (s) Time (s)

2 T T T T T T T T T

Tx core current (pu)
I
T

1 1 1 1 1 1 1 Il 1
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Time (s)

Figure 9: Hard transformer energization with pre-insertion resistor (~100x previous case).

Controlled Transformer Energization
In this test, the same sequence as before is adopted, the transformer is de-energized att=0.1 s, the

residual fluxis at 0.85 pu, and the re-energization signalisreceived att= 0.2 s. However, in this case
the breaker does not immediately close as before. Instead, the prospective fluxis monitored, and the

breaker is only closed once the residual and prospective flux are equal (a tolerance range of 0.05 pu
is introduced in the simulations to account for discrete sampling impact as matching values are difficult

to achieve through the analog to digital converters in practice, or discrete simulations in software).
Figure 10 illustrates the result, showing the transformer re-energization-controlled sequence. The
inrush current is almost null, and the flux moves along the prospective flux after energization.
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Figure 10: Controlled (point-on-wave) energization of asingle-phase converter.

Soft Transformer Energization

Energizing a transformer through a ramping voltage does not necessarily eliminate inrush current. A
mis-selection of the ramping time (too fast) can still lead to delayed, but inevitable, large inrush
current. The definition of too fast is dependent on the specific used transformer model parameters,

as well as the residual flux at the energizing moment. For the simulated model with a residual flux of

0.85 pu, re-energizing the transformer in 1 second results in a reduced inrush peak (around 4 pu

compared to 6 pu previously). The results for this test are summarized in Figure 11.
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Figure 11: Soft transformerenergization with Tramp =1 second.
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For this scenario, increasing the ramping time to 10 seconds with the same parameters did not
mitigate the inrush currentissue to a value below 1 pu value due to flux saturation (see Figure 12a).
In comparison, if the transformer parameters and ramping time are maintained, and only the primary
winding resistance is tripled, then T4, = 10 seconds is effectively sufficient (see Figure 12b).

Several ramping times are reported in literature by manufacturers and researchers. The range found

in these reports can be up to tens of seconds, depending on the system complexity and number of

connected transformers.

15 Soft Start (10 seconds with R1pu = 0.002)

Soft Start (10 seconds with R1pu = 0.006)
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Figure 12: Soft transformer energization with Tramp =10 seconds:(a) Rlpu =0.002 pu, (b) Rlpu = 0.006 pu.

3.3. Three Phase Transformers

The extension of single-phase transformer energization tests to various three phase configurations is
summarized in this subsection, highlighting key differences and special requirements. The covered
techniques are similarly hard, controlled, and soft energization. The considered configurations cover

both delta and wye connected primary windings. The secondary sides are all connected in wye-
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grounded configurations. The impact of secondary side configuration is briefly described in the

controlled energization subsection.

Hard Transformer Energization

This test is performed on delta and wye connected primary transformers. Here, the transformers are
initially operated normally, disconnected att=3 s, andreconnected att=3.1s. The presented results
are based on the same parameters as in Table 2, and are shown in Figure 13a for delta primary
transformer, and Figure 13b for wye primary transformer. In Figure 13a, the source phase voltages are
shifted by 30 degrees when applied to the primary delta windings as the core voltages are line-to-line.
Hence, the flux behavior and consequently the inrush current between Figure 13a and Figure 13b is
noticeably different. These plots thus illustrate the extreme extent to which the inrush current

magnitude is impacted by the energization instant. In other words and given the independent phases

and cores nature for the transformer model used in Figure 13b (wye connection), it can be considered
as three independent transformers being energized with 120 degrees phase shift. The inrush
magnitude variations are very significant, although phase A current peaked around 0.45 pu, phase B

inrush current peak was around 10 pu, based on the used common saturation curve in Figure 7.

Controlled Transformer Energization

Requirements for controlled three phase transformer energization vary based on the transformer
configuration. In this subsection, the tests presented aim to illustrate some of these variations by
covering different primary winding connections. Here, the considered secondary connection is
maintained as grounded wye to have a neutral impact on the energization procedure, whereas in
practice having a delta secondary can impact the energizing side in some cases (e.g., for a wye -delta
transformer).

The key difference between energizing three core wye and delta transformers for this test is that the
wye primary is phase independent in the sense that if one phase breaker is energized then a voltage
would form between the corresponding phase winding and the ground (see Figure 14a), whereas two

phase breakers are required to energize the line-to-line voltage in case of delta primary connection,

and the other two transformer phases will be partially energized to equalize the delta voltage loop
(i.e., generating a voltage that adds up to equalize the voltage formed on the first energized phase as
in Figure 14b).
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Figure 13: Three phase hard energization simulation results: (a) three cores delta-wyetransformer, (b) three cores
wye-wyetransformer.

These voltages can correspondingly impact the core flux and breakers closing sequence. That is, the

three cores wye-wye transformer in Figure 14a may be treated as three individual replicas to the
closing sequence in the single-phase transformer (Figure 10). Whereas the delta primary transformer
differsinthat two phase breakers are simultaneously energized based on their line -to-line prospective

Circuit Breaker Energized Phase A
A,
%, 2
o &
Primary Side

Primary Side

Secondary Side Secondary Side

Phase C
Phase C

Energized
Semi-energized

= [ PhaseC
—J

(@ (b)

Figure 14: Configuration-based variation in controlled transformer energization sequence: (a)three cores wye-
wye transformer, (b) three cores delta-wyetransformer,red indicates closed breaker.
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flux to satisfy the controlled switching requirement (e.g., phases a and b), and then the third phase
breaker is closed when the rest of the requirements are achieved. This is illustrated in Figure 15a,
where the transformer phase flux waveforms are generated through line-to-line source voltage
integrations rather than phase voltages. Here, breakers a and b are simultaneously closed, and
breaker c follows shortly after. On the other hand, Figure 15b shows the results for the wye primary
transformer, with the three phases closing independently. In both cases, the inrush currents are
significantly mitigated as desired. In both cases, the transformer is operated normally untilt = 3 s,
disconnected for 0.1 s, before activating the controlled energization sequence.
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Figure 15: Three-phasecontrolled energization simulation results: (a) three cores delta-wye transformer, (b) three

cores wye-wye transformer.
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Soft Start

For this test, similar ramping periods to those applied on single-phase transformers are used on a
three core delta connected primary transformer. The transformer is also initially connected under
normal operating conditions, disconnected att =3 s and then reconnected under soft start control at
t=3.1s. All phases are energized simultaneously here, so the variations discussed in controlled start
case are not expected to have similar impact, provided that sufficient ramping time is used.

The residual fluxes are system generated in this case based on the disconnection instant and range
between -0.85 and 0.85 per unit according to the used saturation curve in the simulations. The results
are summarized in Figure 16. For a one second ramp, the inrush current magnitudes for phase B and
C are considerably high due to their large pre-energization residual fluxes, whereas phase A
maintains a near-zero inrush current (¢4 = 0.07 pu,prg = —0.85 pu, prc = 0.78 pw).

A ramp of 10 seconds was also applied to the same transformer and the resulting inrush magnitudes
in phase B and C were close to those reported in single phase case for R, = 0.002 pu in Figure 12.
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Figure 16: Soft energization of athree-phasetransformer (delta-wye,3cores):(a) Tramp=1s, (b) Tramp=10s.
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4. Grid-Forming Converter Control for Black-Start

The first deliverable of this study included a comparison between four grid forming converters control
techniques. Each ofthese techniques (droop, power synchronizing control (PSC), virtual synchronous
machine (VSM) and matching control) showed satisfactory performance against a wide range of
disturbances and operating conditions such as active power, DC voltage and load disturbances in
addition to ramping voltage reference tracking. In this report, extended analysis and simulations are
carried out using the VSM control. This controller is selected due to its wide range of capabilities,

including inertia emulation and fast frequency response.

In this report, the classical VSM structure is slightly modified to achieve the requirements of a
complete black-start scenario basedon the network presentedin Figure 1. The VSMis also connected
to inner current control loops for protection (see Figure 17). The outer voltage loop sets the reference
current values to the inner current loop based on the operation set-pointand ensures that both direct
and quadrature reference currents are maintained within the converter operating limits. The cross-
coupling terms w,..r Cr & w,rL, are imposed to decouple both axes operation, and the feedforward
terms enabled by FF1 and FF2 are typically added to improve and the control performance and
disturbance rejection. Finally, the controlled current loop output is reverted to the abc frame to

generate the Pulse-Width-Modulation (PWM) driving signals to the grid forming converter switches.

Voltage Loop Ipccu Current Loop Vocea
FF1 FF2
Virer I tearer
GFC Pl PI
& , ........................................................................................................................................
' A Va WrerCt I Wrerly gy
v : abc dq
e g , | 4 rL2/vocref (| PwM |
- S —— Ve WyeiCy Lig
i \ = Wierly
| abc | Ipcea
Ipce —hp I r T igrer
' dgq [ lrcey Pl PI
y Vieg = 0
, e - aref FF1 FF2
11— Ipcey Vecey
dg |11y

Figure 17: Inner voltage and current controlloop interfaced to GFC control output.

The target scenario presented in this section includes three main steps that are carried out in

sequence. First, transformer energization through soft start. Second, load pickup is performed at the

point-of-common coupling (PCC). Third and last, grid synchronization through modifying the VSM

control angle to match that of the grid after receiving a grid-connection signal from the utility. These

steps are summarized in Figure 18.
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¢ Transformer energization with minimal inrush current (Used technique: Soft Start).

¢ Load pickup at the PCC.

e Match PCC and grid voltage amplitude, frequency and phase.
e Synchronize to the grid.
¢ Connect remaining non-criticalload, ifany.

Figure 18: GFC based simulated black-start scenario steps.

The covered cases investigate the connection of full load at the PCC instantly and the impact of that
on the PCC voltage, versus the gradual connection of separate load blocks before and after grid
connection. Unified system parameters were used across the test scenarios. The VSM power loop is
designed to produce 0.25 Hz error at full power reference mismatch. The used transformer topology
is single core three phase A — A configuration with a similar saturation curve to that used in Section
3. The transformer is rated at 53 MVA, based on that of a distribution transformer in Chaplecross

network, Scotland. The combined system parameters are summarized in Table 3.

Table 3: Simulated network parameters for the GFC black -start tests.

Parameter Value Parameter Value
Converter Rating (MVA) 40 P and Q Reference (MW, MVAR) 35,5
A — ATransformer Rating (MVA) 53 System Frequency (Hz) 50
Converter Output Voltage (kVLL) 11 Filter & Grid X/R Ratio 10
Grid Voltage (kViL) 33 Grid Short-Circuit-Ratio (SCR) 5

4.1. Modified VSM Control

The modified VSM controller block diagram is presented in Figure 19. The main adjustments are
related to voltage control and synchronizing capabilities. VSM voltage reference is modified
to a saturated ramp at steady-state voltage to accommodate soft transformer energization
requirements. After transformer energization and load pickup are achieved, smooth grid
synchronization requires the matching of voltage signals at the PCC from both the grid and

the energized island sides in terms of magnitude, frequency, and phase.
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Figure 19: Modified VSM control for transformer energization and black -start.

The voltage magnitudes are matched through setting the PCC voltage reference to that of the grid
voltage (with the aid of voltage drop compensators such as transformer OLTC or an optional
integrated VSM compensator in the voltage loop).

Smooth synchronizing to the grid can be achieved by fine-tuning the VSM output to influence that at

the PCC such that it matches the grid voltage phase. This grid angle matching control in Figure 19
can be realized by means of Pl control. The synchronization action should consider the converter

power reference to mitigate active and reactive power jumps at the synchronization instant. Once
synchronization is achieved, the converter active and reactive power references are followed to

export/import power with the grid as dictated by the application requirements.
Figure 20 illustrates a generic example for grid disconnection and restoration to visualize the gradual

phase matching action, where DS refers to an island distribution system. In island operation aftert =
0.05, an artificial 90 degrees shift is induced prior to activating the re-synchronizing PI controller to

demonstrate the smooth control action.
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Figure 20: Genericgrid disconnection/re-synchronization sequence.
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4.2. Simulated Black-Start Scenarios

The presented simulation results here follow the sequence presented in Figure 18 for a balanced
three-phase system. Starting with transformer energization using soft start, followed by block load

pickup and grid synchronization. The covered scenarios are summarized as below:

1) Full-Load pickup at the PCC followed by grid synchronization.

2) Sequential pickup of 50% load at the PCC followed by grid synchronization and connection of
the remaining 50% load.

Residual flux for all three tests is defined as ¢z, = —0.85 pu, ¢z = 0.6 and ¢ = 0.25. It has been

observed that the inrush current mitigation through soft energization can be faster when integrated to

converters current control due to the added current limits. Though, such integration should be

approached carefully to limit severe violations of the converter behavior as a voltage source.

Scenario 1: Full Balanced Load Pickup

In this test, the ramping time is set to T, = 10 s. The ramping reference between 0 and 1 pu is
supplied to the VSM control voltage loop in Figure 19 and is tracked to produce the transformer
energizing voltage by the converter. As observed in Figure 21, the fluxis maintained below 1.1 puin

all phases and the magnetizing inrush currentis consequently minimal.
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Figure 21: VSMtransformer energization with full balanced load pickup:inrush current monitoring.
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Once the transformer is fully energized att = 10 s, a one second delay is induced, followed by full
load block connection atthe same instantaroundt=12 s (35 MW). This leads to momentary decrease

in voltage thatis compensated by additional VSM reactive power injection. Then, grid synchronization

sequence is initiated, and the PCC switch is closed around t = 18 s for grid connection.

During transformer energization, the power consumption is negligible due to the inrush current
mitigation strategy. The converter output frequency trace remains mostly within limits. These results
are summarized in Figure 22. Initially, frequency maintains a value around 50.22 Hz during
transformer energization due to the near zero active power consumption and the generated VSM
power loop error. Then, a peak of 50.41 Hz is generated at the instant of load connection before
settling down around 50 Hz. During synchronization, the frequency follows the behavior of the power

synchronization controller and settles back at 50 Hz once voltage angles between the PCC and the
grid are matched.
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Figure 22: VSM black-start with full balanced load pickup: power,voltage and frequency monitoring.

Scenario 2: Sequential Load Pickup

The transformer energization and inrush current patterns for this test are similar to the full load pickup
case, and thus the results are not presented here again. Instead, we focus on the power, frequency
and voltage traces. In this scenario, the load is sequentially connected in smaller blocks to visualize

the system parameters variation as compared to full instantaneous load pickup. The load connection
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sequence is illustrated in Figure 23 (100% indicates 35 MW load connection). Where 50% of the load

considered critical during black-start, and the remaining50% are connected aftergrid synchronization.
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o o 75
o 80 ..3
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T 20 et
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12 125 13 135 14 18 185 19

Connection Time
Figure 23: Load connectionsequence for the sequential load pickup scenario.

The results are illustrated in Figure 24. Similar to the previous case, the transformer is energized
without violating inrush current requirements, and the first load block (5%) is then connected att = 12
s. The rest of the load is connected following the defined sequence. Clearly, the process is smoother
and the time-domain voltage disturbance to the sinusoid voltages are significantly reduced. The f-
trace disturbances are of lower magnitudes, and the grid connection att = 18 s results in a smooth
transition and settling of the converter frequency to 50 Hz.
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Figure 24: VSM black-start with sequential balanced load pickup: and voltage monitoring.
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Collectively, the full and sequential connection scenarios present two extreme cases to highlight the
response variations and assist in understanding the impact of various load connection cases on the
variability of VSM control performance. It is noteworthy that the transformer parameters (and the
impedance between the inverter and the PCC) contribute to the variation of voltage drop magnitudes.

5. Remarks

Black-startfromnon-conventional generation, especially using converters-basedresources, is picking
industrial pace as an important ancillary service to be provided by DERs amidst their anticipated
replacement of synchronous generators. This report covered two main relevant points, namely
transformer energization as part of black-start sequence, and a modified VSM that is capable of
participating in black-start through transformer energization, load pickup and grid synchronization.
Simulations of hard, controlled, and soft transformer energization techniques are presented to
benchmark their capabilities using voltage source energization. It is demonstrated that transformer
model, network impedance, core saturation characteristics, energization instant and residual flux are
amongst the key parameters influencing inrush current across hard and controlled energization
techniques, in addition to the ramp time for soft energization. The implementation of controlled
transformer energization requires the existence of independent phase breakers that can be controlled
individually in a timely manner, whereas soft energization does not require this functionality.

The modified VSM is equipped with soft energization and grid synchronization capabilities. The full
converter-transformer-load-grid system was tested using soft transformer energization, and a
successful black-start sequence of the considered system was achieved with minimal inrush current.
Practical implementation of the presented synchronizing controller requires the existence of reliable
communication links between the converter control unit and the PCC, to feedback the VSM controller
with grid and PCC voltages to match their voltage angles.

Finally, itshould be noted that the presentedtrendsin this study are intended to benchmark the control
and energization techniques performance based on common parameters and represent relative
practical indicators. The inrush amplitudes and ramping times presented in this report should not be
interpreted as absolute numbersthatfitall transformer cores. Different transformer models, saturation
point definition, residual flux ... etc, will produce different results, that can be higher or lower than the
presented magnitudes.
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