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Inverter performance
problems in PV power plants

Power oscillation | In the last few years the power rating of PV power plants has risen very quickly to
values reaching several hundred megawatts. This means there are hundreds, or even thousands, of
inverters operating in parallel in these plants. Furthermore, these large-scale PV power plants are
often built far away from cities and are therefore connected to the grid via long transmission lines.
This leads to weak grid conditions in the power plants, and these conditions give rise to the risk of
electrical instabilities within the plant, or instabilities of the plant within the grid. Roland Singer of
Fraunhofer ISE explains how these electrical instabilities can be detected and counteracted

ere are many aspects to consider

regarding the performance of invert-

ers in PV power plants. Inverters
should be highly efficient at converting PV
energy from DC to AC. They have to follow
the maximum power point (MPP) of the
PV generator very precisely, under various
conditions, and all requirements of the local
grid codes have to be met during the opera-
tion. All these functions must be delivered
in a very reliable way over many years of
operation, with as little maintenance as
possible; often they have to be fulfilled
under very harsh environmental conditions,
for example very high temperatures and
dusty air in desert regions. The requirements
for an inverter mainly focus on maximising
the power output over its lifetime, thereby
minimising the costs and maximising the
economic return.

In view of all these factors, inverter
manufacturers optimise their products
during the development phase and
perform tests to establish inverter perfor-
mance. Often these tests are performed by
third-party organisations to convince the
customers of the quality of their product
through independent test results. All these
tests are done with single inverters, and
during the design of the inverters the
manufacturers focus on the optimisation of
a single inverter too.

Undesirable oscillations of the currents
and voltages are referred to as instabilities
in power plants. Often these oscillations
are not recognised during the commission-
ing and the normal operation of the plant;
this is because they cannot be measured
by typical monitoring systems, as will be
explained later in this paper. The instabilities

often result in malfunction of the inverters
and poor yield from the power plant, or
even lead to failure of the inverters or other
components of the plant.

During the building of a PV power plant
the typical approach can be described as
‘build and forget’ After the commission-
ing of the power plant, apart from some
minor maintenance work, the plant should
‘run itself’ Instabilities are therefore not
recognized until serious problems arise,
such as a high failure rate of the inverters
or significant deviations in yield compared
with expectations. Even after serious
problems have been detected, oscillations
are usually not recognised directly, because
often the failures could also have been
caused by other, more common, problems.
In general, the instabilities therefore remain
undetected for a long time during the
troubleshooting.

This paper is based on the article by
Détter, G. et al. [1].

Electrical instabilities

The majority of transmission systems in the
world are operated at a rated frequency of
50Hz or 60Hz; however, other frequencies
are always present in the voltages and are
mainly parasitic and mostly limited by the
local grid code. To characterise voltages
and currents with different frequencies
present, the spectral representation in the
frequency domain is used. Each single
frequency present in a signal is expressed
by a frequency, amplitude and phase angle;
the superimposing of frequencies using
this method is exploited and illustrated

in this paper. When oscillations appear,
they are described as electrical instabilities;

their amplitudes are higher than stability
thresholds and therefore endanger the
normal operation of the PV power plant or
neighbouring systems. The frequencies of
these oscillations can be above or below the
rated frequency of the system.

For an oscillation to occur in an electrical
system, the presence of a resonance point
is necessary. The resonance of a system is
defined by the energy-storing elements in

the system. These elements are inductive
and capacitive in nature, and in a PV power
plant many such elements are present -
they are partly parasitic and therefore their
values are not precisely known. Depending
on their values, arrangement and number,
there may be one or several resonances
present in the system.

In the control algorithms of PV inverters,
additional‘virtual’ energy storage devices
are also present; these are integral to
typically used PI (proportional and integral)
controllers. The calculation of the system
resonances must therefore not only take
into account the typical electrical compo-
nents (such as cables, transformers, filter
chokes and capacitances), but also consider
the control algorithms of the inverters.

Moreover, whether or not the system
will oscillate at the resonance frequency
depends also on the excitation and the
damping: in electrical systems the ohmic
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parts or loads attenuate the oscillations, and
control algorithms can have a damping,
neutral or even exciting action. Oscillations
can also be triggered by load steps, switch-
ing operations in the grid, nonlinear loads or
other events. If the frequency is not damped
properly such events can cause long-lasting
oscillations.

Typical frequency spectra of grid
voltages or inverter currents

In the first step the frequency range can be
separated into two parts: 1) the range below
the rated frequency (e.g. 50Hz) - frequen-
cies in this range are called subharmonic
oscillations; 2) the range above the rated
frequency - this is the harmonics range.

A qualitative example of a typical
frequency spectrum of the output currents
of a central inverter is shown in Fig. 1. The
indistinctness in the colours of the spectral
lines represents the typical range of the
specified oscillation frequencies. In the
following discussion the sources and behav-
iour of the different frequency components
are explained, and possible problems are
highlighted.

Switching frequency

Central inverters on the market currently
use switching frequencies in the range 2kHz
to 5kHz. The power electronic switches of an
inverter are controlled with this frequency,
so this frequency and its multiples are
always present in the spectrum of the
output current. When multiple inverters of
the same type (same switching frequency)
are operated in parallel, these frequencies
often superimpose in a destructive manner
as a result of the changing phase angle
between the inverters [2].

The changing phase angle is caused by
small differences in the switching frequen-
cies between the inverters, for example
because of tolerances in the frequency
sources inside the inverters. This gives rise
to a slowly changing amplitude of the
switching frequency in the overall current
of the power plant. The main problem
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caused by the switching frequency is the

violation of emission thresholds. However,
there have been no reports of problems in
PV power plants as a result of this ‘beating’
of the switching frequency, or any reports
of instability problems due to frequencies

above the switching frequency.

System resonance
The system resonance is typically within
the range of the harmonics; during the
design of an inverter the value is usually
set in the range of one-half to two-thirds of
the switching frequency for systems with
single inverters under normal operation
conditions. In PV power plants, because of
multiple inverters operating in parallel and
weak grid conditions, the system resonance
is lower [3], taking a value of around 1kHz.
The system resonance is formed from all
elements in the electrical system of the
PV plant, including the grid impedance,
the transformers and cables in the plant,
the filter elements in the inverter, and the
behaviour of the inverter’s control system.
The system resonance can occur at
any arbitrary frequency; the frequency of
oscillation that can be measured thus often
occurs at a harmonic frequency. Harmonics
are multiples of the rated grid frequency,
and these frequencies then act as the
excitation of the oscillation. Harmonics are
often present in the grid voltage and are
introduced by, for example, nonlinear loads.
If the system resonance liesin a
frequency range within which the phase
margin of the control system is very low,
then the control of the inverter can excite
the oscillation too. Oscillations at the system
resonance cause increased losses in the
inductive components of the power plant
(chokes, transformers), which in turn lead
to a decrease in conversion efficiency.
These increased losses can also result in
higher temperatures of these elements and
therefore accelerated ageing. The ageing of
capacitive elements can also be accelerated
by higher currents. In extreme cases, even
inverter failures can be caused by the oscil-
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Figure 1. Classifi-
cation of oscilla-
tion frequencies.

lations, because of over-voltages or over-
currents. Another problem can be excessive
harmonic emissions of the power plant and
hence problems with the grid operators.

Subsynchronous resonance

The reasons for this phenomenon in invert-
ers have not been investigated to the same
extent as the above-described harmonic
effects. Some inverter manufacturers have
reported that changes in control param-
eters could result in damping of subsyn-
chronous oscillations in PV power plants.
These oscillations cause the output power
of the inverter to vary over a wide range,

so the MPP tracker may no longer operate,
causing a reduction in the harvested energy
of the power plant. Another problem can be
violation of flicker limits in the grid.

Measurements of instabilities in PV
power plants

Oscillations in large PV power plants have
been measured by Fraunhofer ISE on several
occasions. There have also been several
reports by inverter manufacturers and park
operators of oscillations in large power
plants. These measurements and reports
again show that such oscillation problems
can be distinguished by oscillations in the
frequency ranges above (harmonic) and
below (subsynchronous) the grid frequency.

Harmonic oscillations

For the measurement of the oscillations,
illustrated in Fig. 2, the grid impedance for
the power plant was artificially increased
by adding a grid choke of a low-voltage
ride-through (LVRT) test container. The
oscillation in the voltages and currents
can be seen in the figure. The frequency
of this oscillation is 850Hz, which is the
17th harmonic component. This was also
present in the voltage outside the PV power
plant but had a much smaller amplitude;
however, because the system resonance
was only a few hertz below this harmonic
component, the oscillation was excited at
850Hz.

Subsynchronous oscillations

The measurements seen in Fig. 3 were
taken in a PV power plant with more than
100 central inverters operating in parallel; a
high-precision measurement system which
was distributed in the power plant was
used. The sampling of the measurement
system was synchronised via a GPS signal.
In Fig. 3 the AC voltages and currents of an
inverter with a subsynchronous oscilla-
tion of 25Hz can be seen. Fig. 4 shows the
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simultaneously measured DC voltages of 10

600V =~
inverters at a plant consisting of more than ‘ :

100 inverters. It can be seen that all inverters
are oscillating at the same frequency, and
that they are also no longer operating at

the MPP.
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600 A

To illustrate that this problem is not associ-
ated with just a few low-quality manufactur-
ers, all the problems known by the author
with oscillations in PV power plants are illus-
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scheme is similar to that used in Fig. 1. Two
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Figure 2. Harmonic oscillation at a frequency of 850Hz: instantaneous values of the
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Figure 3. Subsynchronous oscillation at a frequency of 25Hz in a PV power plant with more than

Detection and counteraction of 100 parallel central inverters: inverter voltages (top) and currents (bottom).

instabilities in PV power plants

Monitoring systems are typically installed 1000 v i
in PV power plants to monitor the correct '
functioning of all components in the plant
and sound the alarm if a fault occurs. In TN

order to reduce the amount of data, averag-
ing intervals of more than one minute are
typically used for these measurements.
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cannot be detected in these average 500V
measurement values, because of the 490V

filtering effect of the averaging process.

Although any differences in performance
might be observed from a comparison of
these values with the results from other PV

plants, the detection of oscillation is not
possible.
If the oscillation leads to a temporary
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stoppage of an inverter, the monitoring

system will signal the alarm; however, Figure 4. DC voltages of 10 inverters in a power plant with more than 100 central inverters, with
inverter error messages do not usually the presence of a subsynchronous oscillation of 25Hz.
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indicate that the cause of the problem was
oscillation. Generally, the disconnections
of inverters cannot therefore be linked to
oscillations in the plant.

One possible way of detecting instabili-
ties is to install a power-quality measure-
ment system at the plant; this system will
recognise increased harmonic content
in the grid voltage if an oscillation occurs
at a high frequency, such as the system
resonance. In the case of oscillations in the
subsynchronous range, the flicker values
will be increased. The flicker measurement
evaluates voltage variations in the low
frequency range between 0.05Hz and 35Hz
(for 50Hz systems), with a weighting filter

that has its maximum sensitivity at 8.8Hz [6].

If oscillations are detected in a PV power
plant, several methods for damping are
possible. For example, the oscillation can
often be damped by changing the control
parameters or the control algorithm of the
inverters. This method, however, frequently
presents problems regarding the certifica-
tion of the inverters in compliance with the
local grid code, because of the fact that as
a rule the certification is only valid for one
set of control parameters. Moreover, this
method is also sometimes restricted as a
result of the lack of processing power of the
processor used in the inverter. In addition,
restrictions of the hardware can limit the
effectiveness of changing the control
parameters or algorithm; for example, the
sinusoidal filter or the switching frequency
can limit the effect on the oscillation in the
PV power plant. Nevertheless, an advantage
of this method is that no additional compo-
nents have to be installed at the PV plant,
which saves time and money.

If it is not possible to damp the oscillation
by changing the control parameters or
algorithm of the inverter, additional passive
filter elements can be installed at the power
plant [7]. After instabilities are detected,
these filters are specially designed for this
specific oscillation problem. Another possi-
bility is the use of active damping elements,
which can be adjusted in a fast and flexible
manner for all kinds of oscillation. The disad-
vantage of both of these methods, however,
is the need for additional components,
which add to the cost and require time to
setup.

An expansion of the grid could also be a
possible solution to the problem: the system
resonance would increase to higher values
and, therefore, typically uncritical ones. This
solution is very costly, though, and needs a
long time to put into action.

All the solutions described above are
methods for combating instability after
it has already occurred in the PV power
plant. In the future, the goal should be to
establish policies during the actual planning
of the PV power plant to prevent these
problems from happening in the first place.
For large power plants in particular, during
the planning one should anticipate these
issues and consider possible actions to
address them. There are, for example, ways
of determining the system resonance of a
planned power plant [8], which can give an
idea of whether or not there is an increased
risk of instability. However, detailed informa-
tion about the structure of the power plant,
and especially of the control system of the
inverters, is necessary, which cannot always
be provided by the manufacturers because
of know-how protection.

Figure 5.

Overview of
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Summary
In this paper, some problems with often-

electrical insta-

bilities in PV
power plants.

undetected instability problems in PV
power plants have been described. The
different oscillation phenomena observed
in PV power plants have been classified and
their possible effects on the performance
of the plant discussed; moreover, possible
reasons for the oscillations have been given.

Measurements of oscillation phenom-
ena in real PV power plants have been
presented. An overview of oscillation
problems in PV power plants (depicted
in Fig. 5) indicates that it is a widespread
problem in power-electronic-dominated
grids. The reasons why oscillations are often
undetected are explained, as well as how it
might be possible to increase the likelihood
of detecting these oscillations more quickly.
Possible countermeasures which can solve
oscillation problems in existing PV power
plants have been proposed.

To save time and money in implementing
countermeasures in commissioned power
plants, however, in the future the potential
for electrical instability problems should be
taken into account during the planning and
construction phases of a power plant. ]

Roland Singer is head of the ’
team responsible for the \ daeb
testing and characterisa- ) ‘?
tion of electrical systems at WV‘M‘
Fraunhofer Institute of Solar \° |
Energy Systems in Freiburg, Germany.

He received his degree in electrical engi-
neering in 2012 from the University of
Applied Sciences in Kempten, Germany.

References

[1] Détter, G. et al. 2015, “Electrical instabilities of PV power plants —
Hidden risks for quality and lifetime” [in German], PV Solar Energy
Symposium, Bad Staffelstein.

[2] Ackermann, F. et al. 2014, “Metrological verification of the summation
laws of harmonic emissions — Superposition of harmonic emission of
PPV inverters at the network connection point” [in German], Future
Grids for Renewable Energies Conference, Berlin.

[3] Détter, G. et al. 2013, “Analysis of the interconnected operation of PV
central inverters during grid faults” [in German], ETG Congress, Berlin.

[4] NDR 2014, “Disturbances are still causing stoppages of the wind farm
BARD Offshore 1”[in German], News Report (7th Aug.) <http://www.
ndr.de/nachrichten/niedersachsen/oldenburg_ostfriesland/Stoerung-
legt-Windpark-BARD-1-weiter-lahm,windpark354.html>.

[5] NDR 2014, “No power: Last chance for BARD Offshore 1”[in
German], News Report (28th Sep.) <http://www.ndr.de/nachrichten/
niedersachsen/oldenburg_ostfriesland/Kein-Strom-Letzte-Chance-
fuer-BARD-Offshore-1,windpark372.html>.

[6] EN 61000-4-15:2010, “Electromagnetic compatibility (EMC) - Part 4-15:
Testing and measurement techniques - Flickermeter — Functional and
design specifications”.

[7]1 GMC-l Messtechnik GmbH 2012, “Even PV power plants can suffer
from grid disturbances!” [in German], Technical Article <https://www.
gossenmetrawatt.com/resources/marcom/prospekte/310_p_d.pdf>.

[8] Ackermann, F. & Bihler, N. 2015, “Power quality and stability —
Interaction of inverter control and grid impedance”[in German],

ECPE Cluster Seminar — Grid Operation with a High Share of Power
Electronics, Wirzburg.

www.pv-tech.org | September 2015 |61



