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(54) Premagentizing of MMC connected transformer

(57) The present invention is concerned with
pre-magnetizing a Modular Multilevel power Converters
(MMC) connected transformer in order to moderate in-
rush currents upon connecting the transformer to an elec-
tric grid. The invention takes advantage of the high
amount of stored energy in MMC converters as com-
pared to other converter types. This stored energy is used
to pre-magnetize the converter-connected transformer,

therefore no additional or dedicated pre-magnetizing
hardware is required in addition to the charging hardware
provided to charge the converter capacitors. As the trans-
former pre-magnetizing takes place subsequent to the
converter charging, the converter charging circuit is not
used to, and therefore does not need to be designed to,
directly magnetize the transformer.
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Description

FIELD OF THE INVENTION

[0001] The invention relates to the field of modular mul-
tilevel converters, and specifically to pre-magnetizing of
a converter connected transformer in order to moderate
inrush currents upon connecting the transformer to an
electric grid.

BACKGROUND OF THE INVENTION

[0002] A Modular Multilevel power Converter (MMC),
also known as Chain-Link Converter (CLC), comprises
a plurality of converter cells, or converter (sub-) modules,
serially connected in converter branches that in turn may
be arranged in a wye/star, delta, and/or indirect converter
topology. Each converter cell comprises, in the form of
a half-bridge or full-bridge circuit, a capacitor for storing
energy and power semiconductor switches such as in-
sulated gate bipolar transistor (IGBT) devices, gate-turn-
off thyristor (GTO) devices, or MOSFETs for connecting
the capacitor to the converter branch with one or two
polarities. The voltage per converter cell capacitor may
be between 1 kV and 3 kV; whereas the voltage of a
converter branch may be in a range from 10 kV to several
100 kV. An MMC controller with a processor and corre-
sponding software, or an FPGA, is responsible for con-
trolling the converter cells and operating the power sem-
iconductor switches based on a pulse width modulation
scheme.
[0003] MMCs may be used in electric power transmis-
sion systems as ac-only Static VAR Compensators (Stat-
coms) and/or Flexible AC Transmission Systems
(FACTS) devices for static power-factor correction as
well as for voltage quality and stability purposes. A Stat-
com provides reactive power support to an electric power
transmission network or grid to which the Statcom is con-
nected by producing or absorbing reactive power.
[0004] An operating MMC has a certain amount of
stored energy which must be provided to the converter
before connecting the converter to the electric grid. To
that purpose, charging of the converter cell capacitors is
conventionally executed by way of passive charging or
by way of active charging under control of dedicated
charging controllers.
[0005] Connection of the MMCs to the electric grid gen-
erally involves a main transformer, whereby for Statcom
applications the main transformer may be integrated with
the MMC converter and/or arranged inside the same en-
closure as the MMC. Transformer inrush is an undesired
or often unacceptable effect of directly connecting a
transformer to an electric grid. Uncontrolled, and specif-
ically unlimited, transformer inrush currents may lead to
saturation of the transformer core and corresponding in-
ductance drop. Therefore, it may be required to first "pre-
magnetize" the transformer such that upon grid connec-
tion there is no or little inrush current. Transformer pre-

magnetization is also known as "flux alignment" or "trans-
former synchronization" implying that the primary, or grid-
side voltage of the transformer is aligned, or synchro-
nized, to both amplitude and phase of the AC grid voltage.
[0006] According to the patent application EP 1024574
A2 a transformer connected to an AC network via a power
switch in an unsynchronized manner causes both inrush
currents that are detrimental to the switch, as well as
residual DC currents through unbalanced transformer
core saturation that are inacceptable for traction applica-
tions. Therefore, EP 1024574 A2 discloses performing a
regulated or controlled, network synchronous transform-
er magnetization by means of a pulse current converter
connected to a secondary winding of the transformer,
and using system parameters such as network voltage,
network current, and input current of the pulse current
converter. The transformer magnetization takes place
during a few AC cycles prior to connection of the trans-
former to an AC voltage network, by means of a pre-
charging DC/DC converter device connected to an inter-
mediate DC circuit of the pulse current converter. The
pulse current converter operates synchronous to the net-
work voltage, and the magnetizing current generated by
the converter is measured and the modulation is adapted
accordingly to avoid DC current components. Transform-
er core saturation effects are inferred from the magnet-
izing current exceeding a threshold, or from an increase
in a time derivative of the magnetizing current.
[0007] In this context, ramping of a transformer mag-
netizing voltage by means of an inverter results in small
saturation currents that align the transformer flux and that
are lower than an inverter current rating. Hence no ded-
icated intervention or corresponding controller is needed,
which is particularly important for high power inverters,
including IGCT based converters, which have a smaller
control bandwidth compared to MMC converters. The
voltage ramping may take tens or hundreds of cycles
depending on the transformer characteristics and an ex-
ternal power source such as the DC/DC converter of EP
1024574 may thus be indispensable.
[0008] The patent application EP 1858147 A2 disclos-
es a current conversion circuit with a power transformer
connected to an alternating current supplying input via
switching units for receiving an alternating current, and
with a rectifier connected to output of the power trans-
former to provide a direct current to a capacitor connected
between output terminals of the rectifier. A capacitor pre-
charging circuit with a three phase auxiliary transformer
connected to the output of the power transformer is used
for pre-charging the capacitor and concurrently ensures
magnetization of the power transformer before switching
of the power transformer, and hence preventing high
switching currents in the input of the transformer due to
saturation of the transformer. The appropriately sized
auxiliary transformer with a power rating sufficient to pre-
magnetize the power transformer as well as to charge
the converter incurs additional cost.
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DESCRIPTION OF THE INVENTION

[0009] It is therefore an objective of the invention to
simplify pre-magnetizing of a modular multilevel convert-
er connected transformer in order to moderate inrush cur-
rents upon connecting the transformer to an electric grid.
This objective is achieved by a method and a controller
according to the independent claims. Preferred embod-
iments are evident from the dependent patent claims.
[0010] The invention makes use of the unique charac-
teristics of Modular Multilevel power Converters (MMC)
and takes advantage of the high amount of stored energy
in MMC converters as compared to other converter types.
This stored energy is used to pre-magnetize a converter-
connected main transformer, therefore no additional or
dedicated pre-magnetizing hardware is required in addi-
tion to the charging hardware provided to charge the con-
verter capacitors. As the transformer pre-magnetizing
takes place subsequent to the converter charging, the
converter charging circuit is not used to, and therefore
does not need to be designed to, directly magnetize the
main transformer.
[0011] According to the invention, a method of pre-
magnetizing a main transformer connectable to a Mod-
ular Multilevel power Converter MMC with a plurality of
converter cells each including a cell capacitor and power
semiconductor switches starts with disconnecting, by
way of a line disconnector, the main transformer from the
MMC. Following this, the cell capacitors of the MMC are
charged, and upon completion of the capacitor charging,
the main transformer is re-connected by way of the line
disconnector. The main transformer is then pre-magnet-
ized from energy stored in the cell capacitors of the MMC,
and ultimately connected to an AC grid by way of a main
circuit breaker.
[0012] In a preferred variant of the invention, a charg-
ing unit including an auxiliary power source and an op-
tional auxiliary transformer is connectable to ac terminals
of the MMC by means of a charging switch. Prior to pre-
magnetization of the main transformer, the charging unit
is disconnected from the MMC.
[0013] In advantageous embodiments of the invention
a network voltage of the AC grid is measured and a con-
verter voltage reference for an MMC controller of the
MMC is derived there from. The converter voltage refer-
ence is corrected, or adjusted, prior to being fed to the
MMC controller, in order to prevent saturation of a trans-
former core. Specifically, a magnetic transformer flux
vector in the transformer is estimated, or calculated, in a
feed-forward control, from the converter voltage refer-
ence. A transformer flux magnitude of the transformer
flux is compared to a flux magnitude limit of the trans-
former, and in case of the limit being exceeded, a cor-
rection term is generated and subtracted from the con-
verter voltage reference.
[0014] In summary, the control method for transformer
magnetization by using converter stored energy to align
transformer flux to the grid in order to minimize inrush

current does not require any additional power source and
does not involve a DC intermediate circuit of the convert-
er. In other words, the method allows a conventional low-
power and low-cost impedance-limited AC supply to be
used to charge exclusively the converter, including MMC
delta or why (star) STATCOM configurations devoid of a
DC bus. This reduces engineering effort and material
cost, especially for system configurations with converter
transformers with primary voltages in excess of 100 kV,
and/or a rated power in excess of 10 MVA, and/or low
short-circuit impedance ratios of the feeder to the trans-
former for which the resulting inrush current would be
unacceptable or detrimental. The broad converter
switching bandwidth of MMC converters enables the im-
plementation of fast feed-forward and fast feedback
mechanisms. The latter allow the converter to magnetize
the transformer without voltage ramping, both in the pres-
ence and absence of remanent transformer magnetiza-
tion, and in a manner fast enough so that the MMC ca-
pacitors are not unduly depleted but can still operate upon
completion of the transformer magnetization.

BRIEF DESCRIPTION OF THE DRAWINGS

[0015] The subject matter of the invention will be ex-
plained in more detail in the following text with reference
to preferred exemplary embodiments which are illustrat-
ed in the attached drawings, in which:

Fig.1 schematically shows an exemplary initializa-
tion set-up for a single MMC;
Fig.2 schematically shows an exemplary initializa-
tion set-up for two MMCs;
Fig.3 illustrates a transformer magnetization and sat-
uration prevention algorithm,
Fig.4 shows components of reference voltage and
estimated transformer flux vectors, and
Fig.5 depicts the two components of the transformer
flux vector of Fig.4 in 2D.

[0016] In principle, identical parts are provided with the
same reference symbols in the figures.

DETAILED DESCRIPTION OF PREFERRED EMBOD-
IMENTS

[0017] The invention is equally advantageous for all
kinds of transformer-connected Modular Multilevel power
Converter (MMC) applications. By way of example, the
MMC may be used in electric power transmission sys-
tems as Static VAR Compensator (Statcom) for static
power-factor correction. AC-only Statcoms provide reac-
tive power support to an electric power grid by producing
or absorbing reactive power. The MMC may likewise be
used as MMC converter / inverter adapted for converting
dc current into ac current and/or vice versa, for converting
a single or multi-phase current into another single or mul-
ti-phase current, or for connecting a load or power source
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with a power grid. Specifically, the MMC converter / in-
verter may be an indirect AC-DC or AC-AC converter,
with top and bottom branches forming two parallel wye
circuits, and with a neutral point of each wye circuit being
connected to a respective DC or two-phase AC terminal.

Fig.1 depicts an exemplary MMC initialization set-
up. A three phase AC power grid 1 is connectable
via a main circuit breaker, or converter feeder break-
er, 2 to a primary side of a main, or power, trans-
former 3. A secondary side of the main transformer
is connectable, via converter disconnetor 4, to ac
terminals of an MMC 5. A charging unit including an
auxiliary power source 6 and a dedicated auxiliary
or charging transformer 7 to which the source 6 is
connectable, is connectable to the ac terminals of
the MMC via a charging switch, or disconnector, 8.
Converter disconnector 4 is provided in the supply
line between the main transformer 3 and a connec-
tion point of the charging unit in order to allow dis-
connecting the main transformer 3 during charging.
Fig.2 depicts the MMC setup for two parallel-con-
nected MMC converters 5, 5’ coupled, via respective
converter disconnectors 4, 4’, to a respective sec-
ondary winding of the main transformer 3. The two
converters have dedicated charging units including
auxiliary power source 6, 6’, auxiliary transformer 7,
7’, and a charging switch 8, 8’. Alternatively, two par-
allel main transformers may be provided to feed the
two MMCs, wherein a single MMC 5 may be sufficient
to align the flux of both transformers.

[0018] The proposed transformer pre-magnetization
approach includes the following stages:

1. The converter capacitors are charged from the
auxiliary power source while the converter is discon-
nected from the transformer. Common-mode charg-
ing is also possible in this configuration.

2. When the converter is completely charged, or at
least sufficiently charged for the subsequent trans-
former magnetization process to reproduce a grid
voltage on the primary side, the charging unit or
charging circuit is disconnected by opening the
charging switch, and the converter is connected to
the transformer by closing the converter disconnec-
tor.

3. Transformer magnetization algorithms are exe-
cuted as described below. In exceptional circum-
stances, another converter charging process includ-
ing stages 1 and 2 above may be required to com-
pensate for depleted converter capacitors prior to
normal application operation.

4. After the main transformer is magnetized, the
transformer is connected to the grid by closing the

main circuit breaker. The converter may now begin
its normal grid-connected operation.

[0019] The transformer magnetization and saturation
prevention algorithm of stage 3 above results in a time-
dependent converter voltage reference Vref to be provid-
ed to an MMC controller of the MMC converter. The MMC
controller in turn determines the switching modulation of
the semiconductor switches of the MMC based on Vref,
which ultimately generate the transformer magnetizing
current Imag.
[0020] Fig.3 exemplifies the algorithm of stage 3. Am-
plitude and phase angle of the network voltage VN of the
three phase AC power grid to which the grid-side, or pri-
mary side, of the main transformer needs to be synchro-
nized is being measured. A target converter voltage ref-
erence Vref’ is determined based on VN and a transformer
ratio of the main transformer. The target voltage refer-
ence Vref’ increases from zero to a steady state value
corresponding to the network voltage VN in a manner that
causes perfect transformer flux alignment to the network
voltage.
[0021] In a feed-forward transformer flux estimation
and reference voltage synchronizer 9 the target converter
voltage reference Vref’ is corrected in view of a magnetic
flux limit of the transformer core of the main transformer.
To that purpose, in a flux estimator 91, a rotating trans-
former flux vector is estimated based on first principles
including a time-integral of an actual converter reference
voltage Vref, assuming that the flux starts from zero, or
an otherwise known value. In a flux magnitude extractor
92, a transformer flux magnitude is determined from the
vector components of the transformer flux vector. A trans-
former flux magnitude limit is defined based on either a
specified or nominal rated flux value for the main trans-
former, where a nominal flux vector magnitude typically
corresponds with the nominal or peak operating voltage.
In a flux magnitude comparator 93, the transformer flux
magnitude is compared to the specified flux magnitude
limit, and in case the former exceeds the latter, a scalar
correction or conversion factor based on the excess flux
magnitude and a gain K is provided to a multiplier 94. In
the multiplier, the correction factor is multiplied with the
estimated transformer flux to provide a correction term,
which in turn is subtracted from the target converter volt-
age reference Vref’ to produce the actual, or corrected,
converter voltage reference Vref.
[0022] Fig.4 shows, in the top graph or plot, two com-
ponents of a rotating vector of the 3-phase target con-
verter reference voltage Vref’ in a stationary reference
frame. In the second graph, the actual reference voltage
Vref is depicted, while the bottom graph depicts both the
two components and the magnitude of the estimated
transformer flux vector for a correctly operating feed-for-
ward mechanism. At time t=0.267s the transformer mag-
netization process sets in, starting from zero converter
voltage and zero transformer flux. Both the target refer-
ence voltage and the actual reference voltage increase
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rapidly, as does the transformer flux vector magnitude.
At about time t=0.269s, the flux vector magnitude ex-
ceeds the limit (a value of one per unit), and a correction
term is applied to each phase of the 3-phase target con-
verter reference voltage which leads to the actual voltage
reference Vref in the middle graph departing noticeably
from the target voltage reference Vref’. As time proceeds
further, the transformer flux magnitude excess slowly de-
creases, yet with a residual correction to the voltage ref-
erence resulting in the actual voltage reference having a
slightly (below 5%) lower amplitude compared to the tar-
get reference voltage.
[0023] The transformer magnetizing process may be
defined as completed after one cycle, or even half a cycle,
if the actual transformer does not saturate, or after three
cycles if the transformer saturates and a feedback con-
troller engages as described below. In practice, the mag-
netization may be made to take one or two cycles to pre-
vent any ringing or overshoot due to the converter re-
sponse. With the magnetization being completed that
quickly, the depletion of the MMC capacitors is very small,
and the time it takes for the mechanical main circuit
breaker to connect the magnetized transformer to the
grid typically takes longer than the magnetization proc-
ess. Combining the magnetization process and connec-
tion to the grid, the MMC capacitors may typically only
lose less than 5% voltage.
[0024] Fig.5 depicts the two components of transform-
er flux vector of Fig.4 plotted in two dimensions. The
transformer flux vector starts at zero and increases out
towards a one-per-unit-radius circle. The saturation point
can be thought of as a perfect circle around zero with a
magnitude one. When this limit is exceeded the effect of
the reference voltage correction is to align the flux to ro-
tate around the zero-centred circle with a one per-unit
radius. The feed-forward approach implies that not ram-
ping is needed, or in other words, that the voltage can
be increased almost instantly, with the correction term
providing for alignment of the flux vector trajectory.
[0025] Returning to Fig.3 and the case where the feed-
forward controller is based on the reasonable but unver-
ified assumption that transformer magnetization has pre-
viously decayed to zero. As this assumption may not be
true in all circumstances the initial estimate of the trans-
former flux may be wrong. In other words, if the trans-
former has remanent magnetization, or if the selected
flux limit is too large, the transformer may still saturate
resulting in excessive current. Therefore a subsequent
feedback controller 10 may be necessary for limiting the
transformer magnetizing current Imag circulating through
the secondary windings of the main transformer in the
event that the transformer should exhibit saturating ef-
fects. To that purpose, the transformer magnetizing cur-
rent is measured and evaluated in the feedback controller
that implements fast current limits if the transformer sat-
urates. The feedback controller also has a droop char-
acteristic that limits the current during the period that the
transformer is connected to the grid, and if multiple par-

allel converters magnetize multiple parallel-connected or
multiple-secondary transformers at the same time.
[0026] While the invention has been described in detail
in the drawings and foregoing description, such descrip-
tion is to be considered illustrative or exemplary and not
restrictive. Variations to the disclosed embodiments can
be understood and effected by those skilled in the art and
practising the claimed invention, from a study of the draw-
ings, the disclosure, and the appended claims. In the
claims, the word "comprising" does not exclude other el-
ements or steps, and the indefinite article "a" or "an" does
not exclude a plurality. The mere fact that certain ele-
ments or steps are recited in distinct claims does not
indicate that a combination of these elements or steps
cannot be used to advantage, specifically, in addition to
the actual claim dependency, any further meaningful
claim combination shall be considered disclosed.

Claims

1. A method of pre-magnetizing a main transformer (3)
connectable to a Modular Multilevel power Converter
MMC (5) with a plurality of converter cells each in-
cluding a cell capacitor and power semiconductor
switches, comprising in order

- disconnecting the main transformer from the
MMC,
- charging the cell capacitors of the MMC,
- connecting the main transformer to the MMC,
and
- pre-magnetizing the main transformer from en-
ergy stored in the cell capacitors of the MMC.

2. The method of claim 1, comprising

- connecting a charging unit including an auxil-
iary power source (6) to the MMC for charging
the cell capacitors of the MMC, and
- disconnecting the charging unit prior to pre-
magnetizing the main transformer.

3. The method of claim 1 or 2, wherein the main trans-
former is connectable to an AC grid (1), the step of
pre-magnetizing the transformer comprising

- measuring a network voltage VN of the AC grid;
and
- determining, based on the network voltage VN,
a converter voltage reference Vref for the MMC.

4. The method of claim 3, comprising

- correcting the converter voltage reference Vref
to avoid saturation of a transformer core of the
main transformer.
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5. The method of claim 4, comprising

- estimating a transformer flux in the transformer
from the converter voltage reference Vref, and
- comparing a transformer flux magnitude of the
transformer flux to a limit.

6. The method of any of claims 1 to 5, wherein the MMC
is a Statcom for static power-factor correction.

7. An MMC controller for controlling operation of a Mod-
ular Multilevel power Converter MMC (5) with a plu-
rality of converter cells each including a cell capacitor
and power semiconductor switches, wherein the
MMC is connectable to a main transformer (3) and
wherein the MMC controller is configured to

- control, upon charging of the cell capacitors
and following connection of the main transform-
er to the MMC, by actively operating the power
semiconductor switches, a pre-magnetization of
the main transformer from energy stored in the
cell capacitors of the MMC.

8. The MMC controller of claim 7, characterized in that
it is configured to

- determine, based on a network voltage VN of
an AC grid to which the main transformer is con-
nectable, a converter voltage reference Vref for
the MMC.

9. The MMC controller of claim 8, characterized in that
it is configured to

- correct the converter voltage reference Vref to
avoid saturation of a transformer core of the
main transformer.

10. The MMC controller of claim 9, characterized in that
it is configured to

- estimate a transformer flux in the transformer
from the converter voltage reference Vref, and to
- compare a transformer flux magnitude of the
transformer flux to a limit.

11. The MMC controller of any of claims 7 to 10, wherein
the MMC is a Statcom for static power-factor correc-
tion.
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