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Abstraci—This article presents in-depth insights about
the development and successful introduction in the field
of the first direct ac/ac modular multilevel converter (MMC)
as static frequency converter (SFC) for a converter-fed syn-
chronous machine (CFSM) variable-speed pumped-storage
hydropower plants (PSHPs). Thanks to a fully rated SFC,
the grid dynamics are completely decoupled from the ma-
chine dynamics, enabling a straightforward variable-speed
operation with high torque over the entire speed range,
starting from standstill. Over the whole speed range, the
synchronous machine (SM) can be controlled at unity
power factor, resulting in a smaller machine compared to a
fixed-speed PSHP. The pump start without water blow-down
in the turbine chamber means faster and simpler mode
transition between turbine and pump operation. Thanks
to the wide variable-speed range, the hydraulic efficiency
of the turbine can be finely optimized. This results in in-
creased partial-load efficiency and never seen cycle ef-
ficiency numbers. The possibility to provide balance en-
ergy also in pump operation offers great advantages to the
plant’s owner. A comprehensive measurement set acquired
during the commissioning of the Malta Oberstufe plant in
Austria asserts the suitability of a direct ac/ac MMC as SFC
for a CFSM variable-speed PSHP.

Index Terms—AC-AC converters, energy storage
(ES), hydroelectric power generation, modular multilevel
converters (MMCs).

[. INTRODUCTION

RIVEN by the massive introduction of renewable energy
D sources (RESs) as replacement for traditional synchronous
generation, such as carbon and nuclear, the electrical grid is
undergoing a profound transformation toward being the back-
bone of the entire energy system of the future. Besides these
expansions, numerous reinforcement measures are being taken
for strengthening the grid. In addition to the topics of virtual
inertia and fast frequency response [1], [2], large-scale energy
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Fig. 1. Possible PSHP configurations: (a) ternary set with machine

breaker and distinct pump and turbine, (b) DFIM with either direct or
indirect ac/ac SFC, machine breaker, pole reversing switch and thyristor
crowbar and (c) CFSM with either direct or indirect ac/ac SFC. Note
that additional switches, e.g., grounding switches for maintenance, or
charging circuits, are not shown for sake of clarity.

storage (ES) solutions are required for peak shaving and annual
compensation of the intermittent nature of RESs.

Among the available solutions, pumped-storage hy-
dropower (PSH) constitutes a well-established one. For
many decades, fixed-speed units [cf. Fig. 1(a)] have been used.
Conventional fixed-speed units have no flexibility in pump
mode and complex start procedure in pump operation [3], while
ternary set units achieve controllability in pump mode by using
a separate turbine and pump on the same mechanical shaft
with a clutch employing a hydraulic short circuit, resulting in
a much more complex hydraulic and mechanical design [4].
There is a trend nowadays to replace (a part of) the conventional
fixed-speed units with variable-speed ones in order to gain
flexibility. On the grid side, balance energy also in pump
mode is a major advantage as the active power flow can be
controlled and adjusted. It also opens the door for frequency
control in pump mode. This makes it a natural complement for
large-scale RESs [5], [6]. In addition, enhanced grid ancillary
services capabilities are provided to the plant owners, which
see additional revenue schemes and streams.
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Fig. 2.

Two variable-speed solutions are available, both requiring a
SFC: 1) doubly-fed induction machine (DFIM) [cf. Fig. 1(b)]
and 2) CFSM [cf. Fig. 1(c)]. Some important differences exist
between both solutions, and no real consensus regarding which
shall or could be the preferred solution is achieved [7]. The
business model and head variation might finally dictate which
is the preferred solution. In any case, variable-speed operation
is particularly advantageous [8]. It enables higher head varia-
tion, reduces vibrations, and cavitations and results in higher
hydraulic efficiency, especially at partial load. For a DFIM,
the SFC is rated for a fraction of the machine nominal power
and the induction machine (IM) has three-phase connections
both to the stator and rotor (through slip rings), which leads
to a substantial rotor mass increase (approximately 30% higher
weight for a DFIM compared to a SM [9]). For a CFSM, the
SFC is fully rated and a conventional (separately excited) SM
is connected. In case a converter bypass for turbine operation
is not foreseen, which is beneficial in order to fully leverage
the presence of the SFC, the nominal frequency of the SM
becomes a design parameter as well. Also, static synchronous
compensator (STATCOM) operation with machine at standstill,
or potentially under maintenance, is available.

This article is focused on the CFSM solution. Compared to
a DFIM, it offers a faster and simplified start-up procedure
in pump mode, due to the higher starting torque and no need
for grid synchronization. Also, the variable-speed range is not
constrained by the maximum machine slip and rotor voltage.
The SFC technology for DFIM evolved from cycloconverter [10]
to three-level voltage-source converter (VSC) [11], [12]. Until
recently, CFSMs were facing challenges due to inadequate con-
verter terminal voltage (compared to typical machine terminal
voltages), requiring dv/dt filters and transformers on the machine
side, making the pump start difficult due to transformer satura-
tion, as in the world’s first CFSM PSHP Grimsel 2, which was
commissioned in 2013 and with a three-level VSC SFC rated
100 MVA [13] or multilevel monolithic VSCs [14], which may

Single-line diagram for a CFSM PSHP with a direct ac/ac MMC as SFC.

still require dv/dt filters, series-connected semiconductors, po-
tential additional passive components for mitigating circulating
currents between parallel converters and higher losses compared
to MMC:s. Indirect MMC has only been considered [15], [16],
[17], but so far to our best knowledge none has been commis-
sioned. With a direct ac/ac MMC, the SM is directly connected
to a SFC with a very low harmonic content, which leads to the
following simplified single-line diagram (cf. Fig. 2). In [18], it
is reported that for fast transition from turbine to pump mode
the direct ac/ac MMC is the best candidate, since it does not
lead to converter oversizing. This current overload capability is
also reported in [19], leading to higher achievable torque at low
machine speed. SFCs with a direct ac/ac MMC have already
a proven track record in the field with rail interties [20], [21].
In [22], the foundations for this game changer solution were laid.
The basic design and functioning principles were introduced. In
this work, insights from the first introduction in the field of such
a converter will be presented.

This article is organized as follows. First, system design
aspects, i.e., how to size the converter, will be discussed. Then,
a few words about the control and protection (C&P) of such
a plant will be provided. Moving forward, results from the re-
cently commissioned first plant [23] will be presented. Finally, a
conclusion will summarize the experience gained in this journey.

II. SYSTEM DESIGN

The single-line diagram of a direct ac/ac MMC for a CFSM
PSHP is given in Fig. 2. A standard step-down Y/A transformer
is adjusting the SFC voltage level to the upstream grid. The
SM is coupled to the SFC with just a disconnector, which is
operated at no load nor voltage. The charging circuit is used
to precharge the converter prior to transformer magnetization
for a smooth grid synchronization. A recording of the same
cell charging and discharging is available in [22], Fig. 13].
The grounding switches are there for securing the installation
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during maintenance mainly. An harmonic filter may be required
depending on site conditions and interconnection requirements.
One possible way of grounding the SFC and the SM is shown
on the figure. Same applies to the charging circuit, which can be
placed on either SFC side.

The SFC is made of nine phase-legs (or branches), each of
which consists of a series-connection of bipolar (full bridge)
cells and a phase-leg reactor. The cell is based on reverse-
conducting insulated gate controlled thyristors (RC-IGCTs) and
contains a bypass thyristor to discharge the capacitor and provide
a stable short-circuit path in case of component failure. Please
refer to Fig. 2 for a cell circuit diagram. Details regarding the
cell’s characteristics, along with its robustness can be found
in [24].

For a direct ac/ac MMC, the voltage u,,, and current i, of
one phase-leg with z € {1,2,3} andy € {A, B, C'} are defined
as

Ugy = Uconv,G,y — UconvM,z + UcM + Ucirc,zy (1a)
. Z‘G,y Z‘M.,m .
loy = — T + 3 + Leire,xy - (lb)

where Ucony,G,y 18 the converter voltage towards the grid in phase
Y, Uconv, M, the converter voltage toward the machine in phase z,
ucm the common mode voltage (CMV), Ucire,zy the circulating
voltage driving the circulating current (CC) Z¢irc 4y, 4G,y the grid
current in phase y and 4y ,, the machine side current in phase .
They comprise at least terms at the grid and machine frequencies.
By observing Fig. 2, the grid and machine side currents (ig
and 7)) are naturally equally split among the three phase-legs
connected to the same ac terminal, hence the 1/3 factors in (1).
Other current allocations are also possible depending on the
operating point [25], [26], [27].

The CMV wucy is the voltage appearing between the SM
and the transformer neutral points. This voltage is typically
controlled to reduce the peak value of the phase-leg voltages,
thus reducing the number of cells or equivalently increasing the
modulation index and therefore the available power. The CMV
injection is defined as

max (uconv,G,ABC ) -+ min (uconv,G,ABC )

ucm = —

2
2
0 f—M < =
+ . fG Y (2)
max(“conv,M,lZS) + mln(ucorw,M,lB) f7M S 2
2 fcl = 5

assuming the min/max method is selected [28]. In the low speed
region, CMV is not required due to the also low machine voltage.
At the same time, around | f;| = fg/3 (and for potentially ad-
ditional triplen harmonics like f5/9, fg/15, etc., depending on
the spectrum of the CMV injection method) an additional issue
exists: the CMV would interact with the fundamental frequency
grid currents, thus giving rise to dc energy terms destabilizing the
phase-leg voltage balancing. For the aforementioned reasons,
the control system is injecting CMV according to (2). Finally, by
using an appropriate grounding scheme and owing the parasitic
capacitances ratio between the SM stator and the transformer (by

1.5
—_— |ug| =087  =—— |ug|=1.12
Jug| = 1.00 lug| = 1.15
1.0
0.5F
B
— 0_0 -
9}
S
—0.5
-1.0F
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pa [pu]

Fig. 3. Example of pg diagrams at the PCC for different voltages,
where dashed lines correspond to specific power factors.

an order of magnitude larger on the SM), most of the CMV, which
is to a large extent imposed by control to increase the modulation
index, is appearing at the transformer’s terminals. Therefore, the
impact of CMV on the machine isolation is negligible.

The controllable voltages g, drive respective CCs icirc,
which are internal (proprietary) MMCs quantities that do not
affect any SFC terminal. Their purpose is to perform the energy
balancing control, i.e., the average capacitor voltages shall be
equal among all nine converter phase-legs. Extensive technical
details about the energy balancing control of a direct ac/ac MMC
fall out of the scope of this article. The interested readers are
referred to the already available nonexhaustive literature on the
topic [25], [29], [30], [31].

A. Grid-Side PQ Capability

The required SFC’s active (pg) and reactive (¢g) power
capability at the point of common coupling (PCC) is specified by
the customer requirements as well as the grid code relevant for
the plant. An example of such a pq diagram is shown in Fig. 3 for
arange of PCC voltages. It is clear that the SFC offers all possible
operation combinations, including pump/turbine active power
flows as well as overexcited/underexcited power factors on the
grid side. Due to the direct ac/ac MMC topology, at low machine
voltage, i.e., low machine speed, there is some additional voltage
and current margin which could be used to further expand the
pq diagram for more reactive power on the grid side.

B. Further System and Design Aspects

Low-frequency operation is only a concern in pump mode,
where the SFC delivers active power to the turbine, as in turbine
operation the machine run-up is entirely done by water, with
the SFC contributing only minimally to maintain a constant
speed ramp. Contrary to a SFC based on an indirect MMC
with unipolar cells [32], the machine run-up in pump mode is
seamless. This can be observed in Fig. 4, where a quadratic load
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Fig. 4. Typical direct ac/ac MMC stored energy requirement! over
the whole speed range, with a quadratic load torque (ko = 5%) and
constant power factors of cos ¢g = 0.9 on the grid side and cos ¢ = 1
on the machine side. Note that the CMV injection on the machine side
is enabled for | fm/ fc| > 2/5.
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Fig. 5. Total converter cell efficiency for variable speed operation with

a quadratic load torque profile as in Fig. 4.

torque, typical for pump operation, is defined as
te =ko+ (1 — kO)fI\Q/I 3)

and is followed by constant power in the field weakening region.

Typically, a direct ac/ac MMC using RC-IGCT devices leads
to very high total converter cell efficiencies. The latter includes
power semiconductor, clamp circuit, cell capacitor, and low
power electronics (gate drivers, cell power supplies) losses.
Assuming variable speed operation with a quadratic load torque
profile, the cell efficiency is shown in Fig. 5. It is noted that the
resulting total converter cell efficiency is also highly depending
on the chosen switching frequency, which is in turn depending
on the required number of cells for a specific design as well
as the grid harmonic performance requirements. For details on
the resulting system-level power losses, the reader is referred
to [22]. As indication, the average hydraulic efficiency gains
compared to the previously installed fixed-speed SM amount to
7% to 9% in turbine mode and 6% to 22% in pump mode in the
commissioned plant [23].

Since the SM is not directly connected to the grid, it can
be designed for cos ¢y = 1, as opposed to conventional hydro

'"Where H = 9AERT /Sy - 1e3 in [ms] or [KI/MVA] (see [33]).

generator designs with cos ¢y = 0.9. This results in comfortable
savings in machine weight, size, and cost, which can reach up
to 18% according to [34]. The variable-speed range depends on
the physical configuration of the plant and is mainly depending
on the altitude difference in the upper lake. From the converter
side, the only barrier is the synchronous operation (equal grid
and machine frequencies). With a CFSM, the theoretically us-
able speed range starts from standstill. In practice, mechanical
resonances and cavitation might appear at low speeds. At the
other extremity, the operation at close or equal frequencies
comes with too many constraints for a direct ac/ac MMC. If the
system is fully decoupled through the use of CMV and CCs [25],
[35], it results in either converter oversizing or reduced power
transfer capability and at the same time increased losses. If the
reactive power flow is to be matched on both sides [25], [26], the
ability to control it on the grid side is sacrificed. Consequently,
a reasonable variable-speed range, where the turbine can be
exploited without compromises is

fu

fa

Another aspect relates to dv/dt and over-voltages. These
might occur in steady-state operation, due to the SFC voltage
resolution and harmonics, and might be further amplified in
case the machine is connected with long cables, due to their
capacitance. They may also occur due to transient operation,
e.g., due to a too high current gradient during a load rejection.
For these reasons, damping resistors can be placed in parallel to
the phase-leg reactors [23], ensuring smooth waveforms for the
electrical machine.

€ [0.3,0.8]. )

IIl. CONTROL AND PROTECTION

The overall C&P’s overview for a PSHP is shown in Fig. 6.
It features different control systems from different subsuppliers,
which are running at different time scales. The scope of this
article is limited to the SFC. Consequently, the other systems
will not be described.

The SFC’s C&P system is made of three entities: 1) the open-
loop and sequence control, which is dedicated to the interface
with other control systems, the actuation of various switches and
breakers, the cooling system control, and other non time critical
functions, 2) the closed-loop control, which performs all the
time critical (closed-loop) control actions, and 3) the converter
protection, which monitors physical devices within its scope.

A. Open-Loop and Sequence Control

The open-loop and sequence control handles the communica-
tion between the SFC and the other control systems. In particular,
it includes set-points exchange with the governor control and
the excitation control. Other executed slow control tasks worth
mentioning are the transformer tap-changer position and cooling
flow control.

It is also performing sequences between the various states of
the SFC, as shown in Fig. 7. The five states are described as
follows:
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Control overview at the plant level. The governor receives set-points from the remote dispatch center and distributes them to the various

control systems of the PSHP. Most of the control is then performed by the turbine controller and the SFC’s controller.
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Fig. 7. SFC states and possible transitions performed by the open-

loop control.

OFF The SFC is de-energized, the grid-side breaker is open
and the machine disconnector is open.

RDY The SFC is charged, connected to the grid and ready to
start operation and the machine disconnector is closed.

VAR The SFC is operated as a STATCOM, exchanging re-
active power with the grid, while the machine is at
standstill.

PMP The SFC is absorbing power from the grid and delivering
active power to the SM in order to pump water up.

TRB The SFC is delivering active power to the grid and

absorbing active power from the SM as the water goes
down.

B. Closed-Loop Control

The SFC’s closed-loop control aims at controlling either the
speed or the power of the SM and the reactive power exchange
toward the ac grid, which are shown on the left side of the
“Closed-loop control” in Fig. 6. At low speed, the SFC always
operates in speed control mode, to bring the machine up to the
variable speed range or down to standstill, while in normal opera-
tion the SFC operates in power control mode (cf. mode logic). In
turbine mode, the governor controls the guide vanes opening and
performs speed control, while in pump mode the turbine charac-
teristic does not allow for much degree of freedom. This provides
avery stable operation on the machine side regardless of the little

=3

o]

(SIS
T

[uc| [pu]

1?5
t [s]

Fig. 8. Voltage curve for LVRT as specified for a generator of Type D in
the Austrian grid code [39]. The SFC is not allowed to block the pulses
as long as the grid voltage is above or equal to the curve. For HVRT
there is usually another curve.

disturbances that might occur on the grid side. Besides that, sev-
eral additional control layers are required, covering the grid-side
control (based on the voltage-oriented control principle [36]),
machine-side control (based on the field-oriented control prin-
ciple [37], [38]), MMC inner control [25], [29], [30], [31], phase-
leg voltage references assembly and the modulator [22], which
translates the phase-leg voltage references into firing pulses for
the semiconductor devices. Worth highlighting, the dynamics
on the machine-side are slowed-down compared to the SFC’s
capabilities via several rate limiters (for the speed, electrical
torque, and active power) to avoid mechanical instabilities or
unacceptable stresses. Most of the grid disturbances are buffered
by the SFC, and the SM is always operated at unity power
factor.

Grid faults are undesired, nonetheless existing events in a grid.
Due to historical reasons, the protection relays are isolating the
faulty part of the grid based on the detection of over-currents.
This means any grid code specifies that a converter shall inject
reactive current during faults. At the same time, this current
injection results in a voltage rise nearby the converter. In its most
simple form, the converter shall react to voltage dips by injecting
reactive currents, so that the amplitude of the positive-sequence
PCC voltage is boosted and the negative-sequence one reduced.
The minimum voltage to ride-through depends on the plant’s
power. An example is provided in Fig. 8.
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TABLE | | fu] [Hz]
MALTA PSHP PARAMETERS FOR A SINGLE CFSM DIRECT AC/AC MMC 20 25 30 35 40
8or Turbine
Pminanax 8..80 MW Sb,MMC/SSC 89/300 MVA Pump
S 89 MVA Som 80 MVA 60 f
UnGpri/UbGsee | 110/18.7kV | Upm 18kV 2
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2
C. Protection
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Protective measures are taken for a safe and reliable operation 250 300 350 40?2 450 500 . 600
of the SFC in the plant. The main and backup protection are per- ] frpm]
formed on independent controllers operating separate tripping  rig 9 Turbine usable range for the Malta PSHP. The upper extreme

coils. The protection settings are coordinated with the customer
and network operator on a project specific basis.

[V. DEVELOPMENT AND VERIFICATION

A project, from tender to commissioning, goes through a
multistep process. In the tender phase, an in-house system design
optimization tool [40] determines the best suited design, ac-
counting simultaneously for various well-known multiobjective
optimization criteria such as volume, cost, and efficiency, but
also project specific aspects, such as limits from the hydraulics,
grid compliance based on available grid data, weighted effi-
ciency over the whole operation range, etc.

Before its deployment to site, the control and protection
software undergoes a thorough two-step verification process.
First, each control concept or functionality is tested in an electro-
magnetic transients (EMT) simulation environment, which ac-
curately reproduces the various delays from the real hardware.
Second, the control software is verified on a real-time simula-
tor (RTS), where an exact control hardware replica from site is
being verified. The ac grid, SFC, SM, excitation system and tur-
bine are modeled in a commercial hardware-in-the-loop (HIL)
system.

V. RESULTS

The world’s first direct ac’/ac MMC for CFSM PSHP has
recently been successfully put into operation in Malta Oberstufe
(Austria). Since mid-January 2022, both units have been handed
over to the customer for commercial operation.

There are two 80 MW CFSM units, which replace two fixed-
speed 60 MW units. Details about the plant are available in [23].
The specifications for a single unit are listed in Table I, alongside
with the turbine diagram provided in Fig. 9. Please note that
these are site specific and result from an optimization from
the turbine manufacturer that accounts for the height difference
between the two lakes in addition to the unit’s power. A big
advantage of the CFSM is that the turbine operation can be
optimized freely without any variable-speed range constraint
from the SFC. Such a wide variable-speed range would never
have been possible with a DFIM, and the turbine’s efficiency
would have been compromised.

During commissioning, a large number of tests to verify the
behavior and the coordination between the various C&P systems
have been performed, along with efficiency, heat run and grid

of the turbine characteristic is only reached a few days per year, when
the upper lake is at its highest level.

wit [pu]

UM, ph—ph [PU]

in [pu]

2 o1
Z 00 .
SRR — . . . .

upc [pu]

[¢hns| [pU]

20 30 40 50 60
t[s]

Fig. 10.  Start in turbine mode recorded on site during commissioning.

acceptance tests. From this large set of data, the following real-
world measurements were selected: 1) start sequence in turbine
mode, 2) start sequence in pump mode, 3) stop sequence in pump
mode, 4) power ramp in turbine mode, 5) transition from turbine
to pump mode, and 6) grid earth fault. All the measurements
have been acquired either by direct recording of signals inside
the control platform or by oscilloscope trending.

During turbine start, as shown in Fig. 10, the SM is accelerated
from the water, and no active power is drawn from the grid
to start-up the machine. The SFC regulates the speed ramp
according to the speed reference received from the governor
control. Once in the operational speed range, active power is
delivered to the grid.
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Fig. 11.  Wet start in pump mode recorded on site during commission-

ing: (a) long trending over 80 s and (b) zoomed machine-side currents
at the very start and very end of the recording.

During pump start, as shown in Fig. 11, first pressure is
built-up in the turbine chamber with the main valve closed until
t = 36 s. In this way, cavitation can be greatly avoided when
opening the main valve and starting to pump water up thanks to a
sufficient hydraulic pressure. Att = 65 s, the SFC changes from
speed to power control. The turbine governor does not really
perform a speed control, since the guide vanes are only opened
proportionally to the turbine speed. Assuming that the converter
is in STATCOM mode prior to the pump start, it takes only 25 s
before reaching the minimum speed for starting pump operation
(in this case 0.52 pu). It can be observed that the currents are
slightly distorted at the beginning of the ramp in Fig. 11(b).
These disturbances coincide with the encoder vibrations which
can be seen in the speed measurement. The frequency ramp is
0.02 pu/s.

Fig. 12 presents the braking sequence in pump mode. As it
can be observed, the electrical braking is completely interrupted
between ¢t = 30 s to t = 62 s, during which the main valve is

QR
i

in [pu]

WL (Wl

Fig. 12. Stop sequence in pump mode recorded on site during com-
missioning: (a) long trending over 80 s and (b) zoomed machine-side
currents during the end of the braking sequence.

closed. This is a slow hydromechanical process. After that, the
SFC receives the command to bring the machine to standstill
with a fast speed gradient of 0.044 pu/s. Following this, the
machine excitation is switched-OFF to avoid any damage to the
excitation brushes.

In Fig. 13, a 10% power ramp down performed by the turbine
governor around 80% speed in turbine mode is shown. The SFC
is operated in power control mode, while the turbine governor
controls the speed of the turbine through an action on the angle of
the guide vanes. The optimal operating point (ww, pym ) leads to a
slight speed adjustment. Only three phase-leg capacitor voltage
sums are recorded in Fig. 13(b). The multifrequency harmonic
content of these voltages and the phase-leg currents is manifest.

In Fig. 14, the transition from turbine to pump mode is
shown. As it can be seen, the transition is performed in less than
100 s. Between t = 25 s to t = 45 s, is the machine actively
braked from the SFC. The waiting time at zero speed that follows
is due to how the sequence control is performed on the plant
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Fig. 14.  Transition from turbine to pump mode recorded on site during
commissioning.
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Fig. 15.  Grid earth fault in turbine operation near the powerhouse
recorded on site during commercial operation, which manifests itself with
a significant zero-sequence voltage on the transformer’s primary side.

control side. There is no restriction from the SFC not to start
pump operation right away. Note that the excitation current is
brought down to zero to avoid thermal issues on the brushes
due to the long time spent at wy = 0. Then, at ¢ = 55 s, the
command to start pump operation is received. Note that faster
transitions as reported in [18] and [41] are not possible in Malta
due to the limited maximum hydraulic pressure.

During the recordings presented in Figs. [1-14, the SM is
successfully maintained at unity power factor over the whole
speed range. At low machine speed, the converter virtual dc
voltage is reduced, leading to reduced losses and improved
harmonic performance.

A grid earth fault at the vicinity of the powerhouse was
recorded in Fig. 15. As soon as a grid voltage dip is detected, the
machine power is quickly brought down to zero to limit the risk
of a converter trip due to cell over-voltage. Since a grid earth
fault has no impact on the SFC and no special requirements for
suitable fault current injection are specified in the grid code, the
operating resumes soon after. At the time of writing, this is the
only grid fault recorded on site since the SFCs are in operation.

VI. CONCLUSION

This article presented the successful introduction in the field
of a game changer solution for CFSM PSHP with a direct ac/ac
MMC as SFC.

On the system design side, besides system description, it
was shown how a typical pg diagram looks like for different
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PCC voltages. The consideration of the load profile during
machine run-up was translated in energy storage requirement.
The cell hardware efficiency was then presented for two illus-
trative power factors. It exceeds 99% above 0.7 pu, meaning an
electrical system efficiency of more than 98.5% is achievable.

The suitability of the C&P system provides very good dy-
namics and control performance to the whole CFSM PSHP in
all scenarios, including fault ride-through (FRT). Compared to
a fixed-speed unit, the differences are very important. The load
steps are very smooth without mechanical oscillations and the
risk for cavitations is much reduced, which is an advantage
regarding maintenance needs and components wear. The con-
trollability in pump operation is a huge benefit for the plant
owner, which gains balance energy and frequency control in
pump operation.

The measurements recorded on site during commissioning or
commercial operation support what is known by the authors as
the first full-scale direct ac/ac MMC in commercial operation.
All relevant scenarios have been covered. The SFC performs as
expected and the plant runs to the satisfaction of the owner.
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