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1 Introduction
The purpose of this document is to provide an overview about the technical impact of small scale
embedded generators (SSEG), in particular rooftop PV-systems, on planning and operation of LV
distribution networks.
It further provides guidelines for the proper definition of interconnection rules for rooftop PV,
considering relevant performance and safety aspects.
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2 PV-Inverter systems
2.1

General

Figure 1: PV-Inverter system
Photovoltaic (PV) modules generate direct current and voltage. For this reason, it is necessary to
convert the generated power into AC current, which is in synchronism with the surrounding grid. For
this purpose, the grid interface of a photovoltaic system is always realized by an inverter whose
technical characteristics are responsible for the interaction between PV system and the grid.

2.2

Self-commutated inverter technology

Figure 2: Single line diagram of a voltage source converter
Modern PV-inverters are substantially different from classical, thyristor based, line-commutated
rectifiers/inverters. As shown in Figure 2, PV-inverters are typically of the


Voltage source type and



Self-commutated

Voltage source type means that there is an (ideally perfect) DC-voltage applied between the DC poles
of the inverter. For smoothening the DC voltage there is a capacitance connected between the DC
nodes.
The grid coupling at the AC-side of the converter is always realized by reactors, which smoothen the
generated currents (so that they get close to a purely sinusoidal shape) and reduce transients in the
case of sudden variations of the grid voltage (harmonic background voltages, voltage sags, etc.).
Self-commutated means that the actual switching of electrical valves is not driven by the grid voltage
but triggered by the inverter controller itself. Hence, the switching of different inverters in a system is
entirely uncorrelated.
A typical topology of a modern PV-inverter is depicted in Figure 3. This topology basically represents a
classical six-pulse-bridge using electrical valves that have turn-on and turn-off capability and
antiparallel diodes for allowing current flows in any direction.
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Figure 3: Typical topology of a PV-inverter
Depending on the switching state of each valve, it is possible to apply either +U DC or –UDC to each of
the three AC-phases. Hence, this topology is also named a “two-level-topology”.
The electrical valves can either be realized by GTOs, which is essentially a thyristor-based
implementation of a valve with turn-off capability or transistors. Nowadays, only transistor-based
solutions, in particular IGBT-based solutions (Insulated Gate Bipolar Transistor) are used for PVinverters.
For generating proper sinusoidal AC voltages and currents, it is necessary apply modulation to the
valves and to filter the electrical output.
A very common modulation method is the PWM modulation. In a PWM modulation, there is a constant
switching cycle TP and the controller applies a pulse with impulses of different duration, so that the
average voltage during the cycles defined by TP is equal to a reference signal (see Figure 4).

+UDC

PWM
0 Tp

1 Tp

2 Tp

3 Tp

4 Tp

5 Tp

6 Tp

average/reference

-UDC

Figure 4: PWM-pulse (blue) with constant reference signal/average value (red)
When varying the reference signal, the average of the pulse stream within in each switching cycle Tp
varies as well and the fundamental frequency component of the pulse stream is equal to the reference
signal.
Hence, in such a concept, there is a pulsed voltage at the inverter terminals having a fully controllable
fundamental frequency component. In the case that the switching cycle Tp is substantially higher than

Page 7

the period of the fundamental frequency component (e.g. T=20ms, Tp=0,1ms), there will be harmonics
only in a very high frequency range.
The coupling reactors have to be sized in a way that harmonics contained in the AC currents will be
sufficiently low. For further reducing harmonics, many inverters integrate additional filters at the AC
side.

Figure 5; Current in time domain (top) and frequency domain (bottom) of a typical inverter
A typical current waveform and spectrum of a two-level PWM-converter is depicted in Figure 5. The
switching frequency of the converter of this example is equal to 1kHz (Tp=1ms), which is relatively low
(dwitching frequencies of modern IGBT inverters can go up to 20kHz).
As shown in Figure 5, such an inverter doesn’t generate any low frequency harmonics. The harmonic
spectrum is around 1kHz (switching frequency), 2kHz (two times switching frequency), 3kHz etc.
Hence, a PWM-inverter with a perfect modulation generates harmonics around the switching
frequency and in frequency bands around multiples of the switching frequency but not in the low
voltage range.
However, due to imperfections of the transistor switching, it can happen that a PV inverter also
generates low frequency harmonics. However, these harmonics are usually very small.
Because a PV-inverter is essentially an equivalent voltage source, which is connected to the grid by
AC-reactors, it is of course also possible that harmonic currents resulting from background harmonic
voltages in the grid flow into the PV inverter. In other words, a PV-inverter can also absorb harmonic
currents (likewise any linear impedance in the grid). As long as these currents don’t lead to problems
with the inverter itself, harmonic current absorption may even be beneficial to the grid.
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Unfortunately, existing measurement standards don’t distinguish between harmonic injection and
harmonic absorption of currents and therefore, those currents are very often interpreted as harmonic
current injections and their beneficial influence on the grid is ignored.

2.3

Inverter control

Figure 6: Basic inverter control structure
A basic inverter control structure in depicted in Figure 6. The main purpose of inverter control is the
following:


Avoid overcurrents (e.g. resulting from variations of the DC-voltage or the grid voltage), which
could destroy the inverter



Ensure that the inverter is always in synchronism with the grid.



Ensure power balancing between the DC and the AC side.



Ensure that the PV modules always operate at the point of maximum efficiency.

Obviously, there are many different ways of designing a control structure for achieving these control
objectives. In this section, a typical control structure is described but it has to be kept in mind that this
is just an example of a control concept and that alternative concepts are also possible (and actually in
use).
Because of the very limited thermal overload capability of inverters, grid-tight inverters are always
equipped with very fast current control loops, which effectively make the inverter look like a current
source at fundamental frequency.
For ensuring that the inverter is in synchronism with the grid, the voltage angle of the grid is measured
(e.g. using a PLL/Phase Locked Loop) and voltages and currents are decomposed into active (in
phase with the voltage) and reactive (90° phase shift to the voltage angle) components. It is then
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possible to control active and reactive components independently. Besides this, the control of active
and reactive current to constant (or slowly varying) values ensures at the same time that the inverter is
in synchronism with the grid.
The active current component of an inverter must be controlled in a way that there is always a power
balance between the DC and the AC side. Any imbalance of active power will automatically indicated
by the voltage across the capacitance, which is connected to the DC side of the inverter. In case of a
power surplus, the capacitance will start charging (increasing the DC-voltage), in case of a power
deficit, the capacitance will be discharged, leading to a voltage decrease. Hence, the setpoint of the
active current controller will be defined by a DC-voltage controller.
With respect to the reactive current component, it depends on the requirements (Grid Code) whether
reactive power control is required or not. In the absence of any specific requirement, the setpoint of
the reactive current controller will simply be set to zero, so that the inverter operates with unity power
factor.
For ensuring that the PV module always operates at the operating point with highest efficiency, the
setpoint of the DC-voltage controller is connected to a Maximum Power Tracking (MPT) logic, which
permanently identifies the most optimum point of operation in function of solar irradiation and sets the
voltage setpoint accordingly.

2.4

Performance of PV-inverters

This section describes relevant performance characteristics of grid-tight PV-inverters with regard to
their interaction with the grid. This description relatex to technical capabilities of grid-tight PV-inverters.
It doesn’t mean that any inverter supports the described characteristics. Moreover, the contrary is true:
in the absence of any specific requirement, the performance of grid-tight inverters can be very poor.
However, if the specifications are demanding, PV-inverters can show a highly grid supportive
response.
2.4.1

Voltage range of operation

The voltage range of operation, in which a PV-inverter can operate is a design parameter. In case of
low voltages, higher currents are required for feeding the full amount of active power into the grid.
Hence, the lowest voltage at which the inverter must be able to deliver up to rated active power has an
influence on the required current rating of the inverter and hence a cost impact.
In case of high voltages, there is no problem with current ratings (currents are actually smaller for
higher voltages). However, the highest voltage that an inverter can support depends on the DCvoltage at which it operates and of course its general voltage withstand capability and is therefore also
a design parameter.
2.4.2

Frequency range of operation/frequency variations

PV-inverters are very insensitive with respect to frequency variations or large frequency ranges of
operation. Maximum and minimum AC frequencies mainly depend on the control and disconnect logic
but have no other impact on design or cost of a PV-inverter. The so-called 50,2Hz problem in
Germany (until recently, PV-inverters had to disconnect in case of frequency excursions above
50,2Hz, which represented a threat to system stability) was exclusively caused by incorrect technical
regulation and not by any technical constraints of PV inverters.
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2.4.3

Reactive power control

In principle, PV inverters have excellent reactive power control capabilities. It is possible to almost
instantaneously change the reactive power setpoint of a PV-inverter. However, the reactive power
capability, especially under full load conditions (reactive power capability in case of operation with
rated active power) has an impact on the required current (or MVA) rating of an inverter and hence on
cost. In the case that an inverter has to support a power factor of cosphi min=0,95, the inverter must
have a rating of Sr=Pr/cosphimin (around 5% larger than the active power rating in case of
cosphimin=0,95).
2.4.4

Low Voltage Ride Through capability (LVRT)

A simple LVRT capability only requiring an inverter not to disconnect in the case of voltage sags can
be realized quite easily with a PV-inverter (without the need for additional protection elements like
chopper or crow-bar resistance as it is known from converters for wind turbine generators). This is
because of the self-regulating effect of PV-modules, which automatically reduce current in the case
high voltage (as it is the case if the AC voltage is very low, e.g. during a voltage sag, so that active
power cannot be exported to the grid).
However, the so-called “dynamic grid support” by injecting reactive current during a fault is more
demanding. This requirement has an impact on the inverter hardware and the control software. In
principle, it is possible that PV-inverters inject reactive current into the grid during a grid fault but only
at additional costs.
2.4.5

Harmonics

As described in section 2.3, it can be expected that PV inverters inject predominantly high frequency
harmonics into the network. Low frequency harmonics can be avoided by an appropriate switching
technology.
However, it is strongly recommended to test and certify PV inverters in order to ensure that there are
no unusual harmonic injections resulting from inappropriate control or modulation techniques.
2.4.6

Flicker

Flicker resulting from variations of solar irradiation (e.g. cloud effects) typical doesn’t represent any
severe problem because these variations typically don’t occur within the time frame that is critical to
Flicker (time frame of seconds). Cloud effects predominantly impact voltage variations in longer time
frames.
However, it has to be ensured by proper testing that PV inverters don’t cause flicker because of
inappropriate inverter controls. Therefore, inverters shall be tested and certified with respect to their
maximum flicker emission. If the is done accurately, any negative impact on flicker in a LV network
can be excluded.
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3 Interconnection rules for LV connected inverters
3.1

Background: Safety and performance

When connecting embedded generators to the grid, highest priority must be assigned to safety:
under no circumstances, consumers or utility staff shall be exposed to any additional risk that may be
caused by renewable generation.
Secondly, interconnection rules must ensure that other consumers or other embedded generators
connected to the same grid will not be exposed to disturbances caused by embedded generators (like
power quality issues, high or low voltage etc.)
Finally, in systems with a very high overall penetration of embedded generation, technical
requirements must be put in place, which ensure that the grid will be actively supported by embedded
generators. However, this is only required if the level of embedded generators is so high that during
extreme operational conditions, generators connected to transmission or subtransmission grids are
not able to provide the required ancillary services.
While ensuring that safety and security of the system is maintained, it is also important that overhead
costs resulting from technical requirements or compliance procedures remain low in comparison to
overall project costs. Otherwise, there is a high risk that the potential of small scale embedded
generation will not be unlocked.
With regard to costs, the following aspects must be considered:


PV inverters are mass produced:
any technical requirement that requires changes to individual PV inverters require new
development, testing and adapted production.



Deviation from international practice:
country-specific requirements of countries with relatively small PV markets require special
development and testing for only a small number of products. This introduces additional
market barriers, reduces competition, and hence will increase PV inverter costs in this market.



Compliance Procedures:
costs of grid code compliance procedures do not scale with the size of a project. Hence,
relative costs of these procedures increase with decreasing project size. In order not to
endanger the economic viability of small rooftop PV projects, corresponding procedures must
be adjusted to project size.

These are just some of the aspects to consider. As a general rule, each individual technical
requirement of interconnection rules must be well justified in terms of system security.
In the following sections, some key elements of interconnection rules for LV-connected PV systems
will be introduced. These aspects include safety and performance aspects.

3.2
3.2.1

Safety
General

Every PV installation must comply with the local rules and regulations of LV installations. In most
countries, there is a general “electric code” or “wiring code”, in which all relevant installation, earthing
and protection aspects are specified.
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However, in many cases, the existing standards don’t cover PV-inverter systems specifically and
require some additions in order to ensure safety of grid-parallel PV-inverter systems.
3.2.2

Switches

Installation requirements must ensure:


Protection of the owner and operator of the PV system against short circuit and electric shock



Protection of the public grid against malfunctioning of the PV-inverter

For this purpose, the connection point of the PV inverter system must be protected by a disconnect
breaker, which is equipped with short circuit protection, overload protection and, if required by the
DNO, residual current detection (RCD).
The second type of protection, protection against malfunctioning of the PV-inverter, can either be
realized by an integrated disconnect device, which is built into the PV-inverter, or an independent
disconnect switch may be required, which is independent from the PV inverter and integrates all
relevant protection functions into a separate device.
According to the German VDE-AR-N 4105 guideline [6], only for inverter systems with a rating >30kVA
an independent switch device is required for inverter protection. For smaller PV installations, the builtin disconnect device is accepted.
3.2.3

Earthing and short circuiting during maintenance work

According to the internationally accepted “five safety rules”, it is recommended but not mandatory to
short-circuit and earth LV feeders during maintenance work (likewise MV and HV grids).
In those LV networks, where it is common practice to earth and short-circuit LV feeders before starting
with any maintenance work, the risk resulting from unintentional back-energization of LV inverters is
substantially lower than in systems, in which earthing and short circuiting of LV feeders is not common
practice. For those systems, additional safety measures must be put in place:
In some countries, it is a mandatory requirement that the central disconnect switch is accessible to the
distribution utility and can be locked in the open position. This is indeed a solution to this problem but it
is of course very difficult to organize that disconnect switches of all PV inverters are opened and
locked prior to any maintenance work.
Another possibility is to require an independent inverter protection switch, which operates independent
from the inverter for all systems (not only for larger inverter systems, as it is practice in Germany).
3.2.4

Inverter protection

The inverter protection shall integrate the following type of protection functionality:


Over-/under-voltage



Over-/under-frequency



Unintentional islanding



Protection against DC current injection (in case of transformer-less inverters only)

In the case that voltage or frequency gets out of bound, embedded generators should disconnect
automatically. However, it has to be ensured that protection settings are specified, which are not in
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conflict with corresponding performance requirements. It is generally strongly recommended to clearly
distinguish between so-called “must remain connected” requirements, which effectively represent
performance requirements and “must disconnect” requirements, which represent safety requirements.
In order to ensure that inverters don’t disconnect while they still operate within the limits specified by
“must remain connected” requirements, it has to be ensured that there are no overlaps between both
requirements. An example of “must remain connected” and “must disconnect” settings is depicted in
Figure 7.

Figure 7: "Must remain connected" and "Must trip conditions" for voltage
3.2.5

Unintentional islanding

In the case that an LV feeder is disconnected from the grid, there is a theoretical risk that embedded
PV-inverter systems continue energizing the feeder and form an “unintentional island”.
It is even extremely unlikely that such an island will sustain for more than a few seconds. A maintained
island would require a proper balance of active and reactive power, which is very unlikely because
there is neither frequency control nor voltage control on typical rooftop PV-inverters. Besides this, the
control of grid-tight inverters requires an external AC voltage source as a reference for
synchronization.
Only in the presence of small synchronous generators in the same feeder, the likelihood of such an
event is considerable.
However, protection against unintentional islanding should be a mandatory requirement in connection
conditions for SSEG.
With this regard, passive and active methods have to be distinguished:


Passive methods: These are simple “out of bound” conditions, like over-/under-voltage or
over-/underfrequency.
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Active methods: There are several “active methods” common, like the “frequency shift
method” or “impedance measurement methods”.

The general recommendation is to require at least one active anti-islanding detection method, e.g.
according to IEC 62116: Test procedure of islanding prevention measures for utility-interconnected
photovoltaic inverters, or as specified in Annex D of VDE-AR-N 4105.
3.2.6

Protection against DC current injection

In the case of transformer-less inverters, there is a certain risk that an inverter feeds DC-currents back
into the grid, which could possibly influence the saturation of transformers.
In order to ensure the identification of DC current injections, it is recommend to require a specific RCD
(residual current detection) device, which is able to detect DC currents. This functionality can either be
integrated into the PV-inverter or in a separate device (see also IEC61209-2:2011).
3.2.7

PV-inverter systems for grid-parallel and island operation (UPS)

There are PV-inverter systems available, which are suitable for grid-parallel operation and island
operation and can therefore be used as UPS system as well. For these systems, special safety
measures against unintentional back-energisation have to be put in place. Because of the general
ability of these inverters to supply an electrical island, the likelihood that such an inverter backenergizes an islanded LV feeder is substantially higher compared to inverters, which are not suitable
for island operation.

3.3
3.3.1

Performance
General

In order to ensure that PV inverter systems don’t disturb any other consumer or generator or even
endanger the stability of the power system (only in case of high penetration levels), they have to
comply with a set of performance requirements, which are presented and discussed in the following
sections:
3.3.2

Frequency ranges of operation

Frequency is a global parameter in a power system. In the relevant time frames, frequency is the
same at all nodes in a synchronized area, independent from the voltage level.
For this reason, there is a high risk of common mode failures (one cause, multiple trips) if frequency
ranges of operation are not defined appropriately.
The general rule for the specification of frequency ranges of operation is that they should be the same
for all generators at all voltage levels (transmission to LV).
In the past, many interconnection rules for LV connected generators only required operation within the
normal frequency range of operation. However, with increasing penetration of embedded generation,
system operators realized that this increasingly represents a risk to the stability of the power system.
In Germany, this issue became known as the “50,2Hz-problem” and it was necessary to upgrade all
PV inverters for operation in a wide frequency range.
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3.3.3

Voltage ranges of operation

Voltage ranges of operation should be in-line with the generally applicable power quality criteria for the
voltage in LV feeders (typically +/-10%).
3.3.4

Power quality

Interconnection rules for LV connected PV-systems shall address the following power quality aspects:


Harmonics



Flicker



Rapid voltage changes



Voltage unbalance

With respect to power quality, the generally applicable standard (e.g. IEC61000-3-2 or IEC61000-3-12
for harmonics and IEC61000-3-3 or IEC61000-3-11 for flicker, depending on the installed capacity, or
national power quality standards) shall be addressed.
3.3.5

Power factor control

Because voltage control by adjusting reactive power is very inefficient in LV feeders (because of the
low X/R ratios of LV lines and cables) power factor or reactive power control is not recommended for
LV networks.
Instead of a power factor or reactive power control capability, a tolerance range for power factor
should be specified, which can be very narrow (e.g. cosphi>0,99).
In Germany, power factory control is a requirement according to VDE-AR-N-4105. However, because
it indeed turned out that reactive power compensation on PV inverters for reducing maximum voltages
is very inefficient, there are not many distribution network operators actually using it. Instead, MV-LV
transformers with on-load tap changers or LV-LV voltage regulators become increasingly popular for
limiting voltages on LV networks.
Therefore it is strongly recommended not to require PV inverter to operate in power factor control or to
provide an extended reactive power capability.
3.3.6

Grid Disturbance/LVRT

LVRT refers to the ability of a PV inverter to “ride through” voltage sags without disconnecting. As
described in section 2.4.4, a simple LVRT capability without any further requirement with regard to the
provision of reactive current can be supported quite easily by PV-inverters, without any substantial
cost overhead.
However, when asking for LVRT, it is very important to specify precisely the required response of PVinverters during a low voltage condition. Otherwise, the current response of PV-inverters during LVRT
situations becomes unpredictable, which could have a disturbing impact on protection selectivity in LV
and MV grids.
Alternatively, some sort of tolerance against voltage sags could also be formulated as a
recommendation (not as a requirement), as it is done for loads, so that frequent disconnections
because of voltage sags can be avoided.
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4 Distribution Impact Studies
4.1

Technical Scope of Distribution Impact Studies

In the case of LV-feeders with large amounts of PV generation, simplified connection criteria as
specified by NRS097-2-2 cannot be applied any more. Instead, studies of LV feeders have to be
carried out in order to identify required feeder reinforcements or limitations with respect to the
maximum permitted PV capacity.
In the case of very high PV penetrations with considerable back-feed into the MV grids, also the MV
levels must be studied.
These studies shall mainly look at the following aspects:


Load flow studies analyzing thermal component ratings and voltage variations.



Impact on short circuit currents



Power quality studies (harmonics and flicker)

The purpose of these studies is to identify the need for network reinforcements such as
reinforcements of lines or cables, additional lines/cables or a replacement of a distribution transformer.
Load flow studies should always be carried out first, before any power quality studies will be executed
because possibly required grid reinforcements will have an impact on power quality aspects too.

4.2

Impact on thermal component ratings and voltage variations on LVfeeders

4.2.1

General Study Methodology

Studies relating to thermal component ratings and voltage variations are mainly relevant if there are
times during which PV systems generate considerably more power than the corresponding load
absorbs. As long as the power generated by a PV system is below the power demand of the
corresponding load, PV will only reduce line/cable loadings and voltage drops but not increase it. Only
in situations, in which the generation of a PV-system exceeds the associated load, a voltage rise or
increased thermal loading of lines or cables can be observed.
These situations typical occur under the following conditions:


Rooftop PV on commercial/industrial buildings:
During week-ends, the mid-day load can be very low and hence, PV production can
considerably exceed the associated load



Rooftop PV on residential buildings:
During mid-day on working days, load can be very low (assuming that everybody is out for
work) and PV production very high.

Additionally, regulation has a considerable impact on the likelihood of occurrence of problems on LV
feeders:
In countries, in which electricity generated by rooftop PV systems is remunerated according to a netmetering or net-billing scheme, the size of rooftop PV systems will always depend on the size of the
associated load because energy generation in excess of consumed energy will not be paid.
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However, in countries using a feed-in tariff (or modifications of it like the “feed-in tariff with own
consumption” or so-called “net-feed-in tariffs), every kWh that a rooftop PV system produces is
remunerated and therefore, the size of a rooftop PV system only depends on the surface of the rooftop
and the available budget. In these systems it can happen that large PV systems are installed without
any high load associated to it (e.g. PV installations on staples, or even “artificial” rooftops like rooftops
on carports, which are specifically built for being entitled to get rooftop tariffs). In this case, it is much
more likely that PV generation exceeds the load by several times and that severe voltage rise
problems can be observed.
Studies analyzing maximum possible voltage variations on LV-feeders with embedded generation
must at least consider the following two worst case scenarios:


Case 1: Min. voltage at MV-bus bar, max. load and no generation.



Case 2: Max. voltage at MV-bus bar, min. load (during day-time) and max. generation.

With regard to Case 2 (min. load) it has to be considered that min. load often occurs during night-time,
when there is no PV generation. Hence, it is important to consider a “min. load during day time”
condition. In case of residential loads, this “min. load during day-time” usually occurs on working-days,
during mid-day, when people are out for work. In the case of commercial loads, this situation typically
occurs on week-ends.
With regard to max./min. voltages at the feeding MV-bar, the typical voltage limits of operation should
be applied (e.g. +/- 5%). These limits are usually chosen in a way that there is sufficient room for
additional voltage drops (or voltage rises) on the LV-feeder.
For studying the impact of PV installations on thermal component ratings and voltage variations, the
following steps have to be executed:


Define the relevant worst case operation scenarios



Execute a load flow study for the two worst case operation scenarios



Evaluate maximum thermal loading and max. voltage rise on the feeder.



Decide whether grid reinforcements or a direct transformer connection will be required.
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4.2.2

Example

Figure 8: Load Profile, PV-profile (1kWp), Residual Load Profile

Figure 9: Load Profile, PV-profile (4kWp), Residual Load Profile

Figure 10: Load Profile, PV-profile (6kWp), Residual Load Profile
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For illustrating the relationship between load and PV generation, Figure 8, Figure 9 and Figure 10
show load profile, generation profile and residual load profile of a residential load and a PV installation
with 1kWp, 4kWp and 6kWp respectively.
These figures show that:


During most times, residual load is considerably reduced compared to the actual load



The peak of residual load remains almost unchanged compared to peak load



The worst case export situation occurs during mid-day, when PV generation is high and the
load has a local minimum.

For illustrating the impact of PV-generation on feeder load and voltage profile, the example of a
simplified LV-feeder according Figure 11 is used.
The load profiles of this example correspond to the load profile depicted in Figure 8, Figure 9 and
Figure 10.
The peak load of the feeder is equal to Smax=70kVA at a power factor of cosphi=0,95.
The following four scenarios with regard to PV-injection are studied:


Case 1: No PV generation



Case 2: Low PV generation, PVmax=11kWp



Case 3: High PV generation, PVmax=44kWp



Case 4: Very high PV generation, PVmax=88kWp

The results according to Figure 12 (residual feeder load) and Figure 13 (voltage profile) show the
following:


The worst case export scenario occurs during mid-day, confirming the worst case assumption
stated in section 4.2.1.



Only if PV generation exceeds the feeder load, leading to a reverse power flow on the feeder,
there will be a voltage rise across the feeder.



In this case, maximum voltage rise occurs during maximum PV generation and minimum daytime load.



Maximum voltage drop across the feeder is almost not influenced by PV generation (assuming
that peak load occurs in the evening).

This example confirms the general methodology described in section 4.2.1.
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Figure 11: Example of a LV-feeder with PV generation

Figure 12: Residual Feeder Load for different PV-injection scenarios
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Figure 13: Voltage at the end of the LV-feeder for different PV-injection scenarios

4.3

Impact of Short Circuit Infeed on Distribution Equipment

In LV systems, in which interconnection rules require or allow PV inverters to remain connected during
voltage sags without specifying the required active/reactive current response during those events, the
impact of PV inverters on short circuit currents must be considered.
In the case that no specification will be put in place, it has to be assumed that PV-inverters will deliver
up to their maximum current capability during a voltage dip. This maximum (short-term) current
capability must be obtained from the data sheet of each converter type.
In the absence of any reliable information relating to this aspect it can be assumed that the maximum
short-term current of a PV-inverter does not exceed a value of


Imax=1,3 Irated

It must further be considered that this short circuit feed-back is a result of a current limit of a controller
and hence not a function of any impedance between PV-inverter and fault location.
Unfortunately, no internationally accepted standard for short circuit calculation (IEC60909 or ANSI
C37) is able to consider this type of current source behavior. Therefore, the following procedure is
recommend;


Step 1: Calculate the short circuit current according to IEC60909 or ANSI C37 ignoring short
circuit infeed from PV-inverters (considering grid-infeed only)
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Step 2: Add the sum of the maximum possible short circuit infeed of all PV-inverters in the
analyzed LV-feeder to the grid-infeed for obtaining the resulting short-circuit current at each
node in the LV-feeder.



Verify the short circuit rating of all components.

In other words, the maximum expected increase of short circuit current in a LV feeder can be
estimated by the total maximum short-term current of all PV-inverters in the feeder.

4.4

Harmonic Performance

The assessment of harmonic voltage distortion requires studies for verifying the compliance with
harmonic limits for every inverter that will be connected to the system.
It is therefore recommended to carry out harmonic voltage distortion studies in order to assess
whether the allocated harmonic currents will result in a limitation of PV installations or not.
The methodology of such a study could be based on the following steps:


Define harmonic planning levels at the feeding MV node (harmonic background level L MV(h))



Define the maximum global harmonic voltage contribution of loads in the LV feeder (G load(h))



Define a reasonable maximum PV allocation scenario in the LV feeder (total installed PVcapacity per LV-node)



Calculate for each node the relevant upstream impedance (network impedance at each node
Zup(h)) and the total harmonic current injection (IPV(h)) resulting from all downstream PV
installations by applying summation law 2 according to IEC61000-3-6.



Calculate the global harmonic voltage contribution of all downstream PV inverters for each
node.



Calculate harmonic voltage distortions and THD at the first node in the LV feeder (node “1” in
Figure 14) using the following parameters:



o

Harmonic planning level of upstream grid LMV(h)

o

Maximum global harmonic voltage contribution of LV-loads: Gload(h)

o

Calculate global harmonic voltage contribution of all downstream PV inverters: G PV(h)

o

Calculate harmonic voltage U1(h)

o

Calculate THD at node “1”

Calculate harmonic voltage distortion and THD at all other nodes in the feeder recursively

With regard to harmonic planning levels and global harmonic voltage contribution of LV-loads, Table 1
of IEC61000-3-6 could be referred and scaled appropriately.
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Figure 14: Example of a LV-feeder with PV generation
The formulas required for calculating the above listed parameters for each node are the following:
Calculation of total harmonic current injection resulting from all downstream PV installations:

I down1 (h)  

n

 I  ( h)
i 1

i

Calculation of global harmonic voltage contribution of downstream PV inverters:

GPV 1 (h)  Z1 (h) I down1 (h)
Calculation of harmonic voltage:


U1 (h)   L (h)  Gload
2 (h)  GPV 1 (h)

Calculation of THD at node 1:
n

THD1 

 U ( h)
1

h2

Un

Recursive calculation of harmonic voltage distortions at other nodes in the feeder:

GPV 2 (h)  GPV 1 (h)  Z12 (h) I down2
with:

I down2 (h)  

n

 I  ( h)
i 2

i

and


U 2 (h)   L (h)  Gload
2 (h)  GPV 2 (h)

The summations are based on a superposition of harmonic voltages according to summation law
II/IEC61000-3-6 Error! Reference source not found.].
The coefficient is defined as follows:
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h<5

=1



5<=h<=10

=1,4



h>10

=2

For harmonic current injections of PV-inverters, harmonic currents according to IEC61727, which are
in-line with a TDD of 5% can be assumed.
The load contributions Gloadi can be allocated or calculated analogously to the PV-contributions on
basis of harmonic load-current injections.
Much easier than an application of the above formulas (e.g. using EXCEL spreadsheets) would be the
use of a power system analysis software that supports harmonic analysis according to IEC61000-3-6,
summation law 2, directly.

4.5

Flicker

As stated in sectionError! Reference source not found., the impact of PV-inverters on flicker is
generally low because a PV-inverter does not represent a considerable flicker source, as long as the
controller of the PV-inverter is properly tuned.
Therefore, it should be sufficient to carry out type tests of PV-inverters or only use inverters that are
certified according to IEC61727.
System-wide studies for calculating flicker levels at all nodes will then not be required.
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5 Relevant guidelines and standards
5.1

South African guidelines and standards

5.1.1

Grid Code for RPP

The “Grid connection code for renewable power plants (RPPs) connected to the electricity
transmission system (TS) or the distribution system (DS) in South Africa” is published by the South
African regulator NERSA and therefore represents a legally binding document for all types of
renewable generators, ranging from large, utility scale generators down to small scale embedded
generation being connected to LV networks.
The Grid Code for RPP is mainly focusing on utility scale renewable generation. However, it explicitly
includes small scale generators (class A1-A3) as well.
The Grid Code for RPP mainly defines performance requirements for generators. With regard to safety
and installation there are very few requirements relating to protection aspects only. The common
understanding is that safety and wiring aspects are within the responsibility of South African network
operators and should therefore not be part of a generally applicable Grid Code.
5.1.2

NRS 097-2-x series of guidelines

There are three sections of the NRS 097, part 2 guidelines, which are all related to small scale
embedded generators:


NRS 097-2-1: Utility interface



NRS 097-2-2: Embedded generator requirements



NRS 097-2-3: Simplified utility connection criteria for LV connected generators

Only for NRS 097-2-1, there exists an applicable, published version, which dates from 2010. For
section 2 and 3, only draft versions are available today and it is unclear until when they can be
published.
NRS 097-2-1:2010 contains performance requirements for small scale embedded generators and
some aspects relating to installation and safety. However, its focus is on performance and not on
wiring and safety aspects. South African municipalities, which allow the connection of rooftop PV
systems to their grid usually require compliance with NRS097-2-1:2010.
However, since the Grid Code for RPP has been published in 2012, many performance requirements
of NRS 097-2-1:2010 are conflicting with the Grid Code for RPP. Therefore, NRS 097-2-1 is currently
under revision and an updated version of it, which is in-line with the Grid Code for RPP is expected to
be published early 2015.
Generally, the Grid Code for RPP must be considered to be the much stronger document because it
represents a formal requirement for small scale embedded generators, as specified by NERSA.
Hence, in the case of conflicts, it’s always the Grid Code for RPP that must be followed.
NRS 097-2-2 contains type testing and certification requirements for small scale embedded
generators. There is no published version of this guideline available yet but only a draft version.
NRS 097-2-3 contains guidelines for utilities (distribution network operators) for the technical
evaluation of grid connection points of small scale embedded generators. It essentially focuses on
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required cable cross sections, distances and installed capacities and provides very useful tables for
the technical evaluation of connection points for small scale embedded generators. NRS 097-2-3
provides a useful set of simplified connection criteria, with which a technical evaluation of a possible
connection points is possible in many cases without having to execute the complex studies described
in section 4. Hence, NRS 097-2-3 is a very useful document avoiding bottlenecks in the application
process for small scale embedded generators.
5.1.3

SANS 10142-x – the “wiring code”

SANS 10142-1 is the general wiring code of South Africa specifying all relevant aspects with regard to
low voltage installations in South Africa.
However, SANS 10142-1 explicitly states that it is not applicable to small scale embedded generation.
For this reason, there is currently a gap with respect to relevant standards about safety and installation
of small scale embedded generators in South Africa.
For overcoming this problem, SANS 10142-3 – “The wiring of premises-Low voltage embedded
generators” is currently being developed.
However, SANS 10142-3 will only cover the AC side of small scale embedded generators. For dc
installations, SANS 10142-4 is planned, which is, however, not yet under development.

5.2

Relevant IEC standards

There is a series of IEC standards for the connection of photovoltaic systems to LV networks. The
most important once are the following:
-

IEC 61727 - Photovoltaic (PV) systems - Characteristics of the utility interface

-

IEC 62116 - Test procedure of islanding prevention measures for utility-interconnected
photovoltaic inverters

-

IEC 60364-7-712 - Requirements for special installations or locations - Solar photovoltaic (PV)
power supply systems

-

IEC 62109-2: Safety of power converters for use in photovoltaic power systems, part 2 –
particular requirements for inverters.

These standards cover relevant performance and safety aspects for rooftop photovoltaic installations
for both, the AC and the DC-side.

5.3

Relevant German standards

In Germany, the most relevant guidelines and standards for the installation of LV-connected
photovoltaic systems are
-

VDE-AR-N 4105:2011-08: Power generation systems connected to the low voltage distribution
network – Technical minimum requirements for the connection to and parallel operation with
low voltage distribution networks

-

VDE-V-0126-1-1: Automatic disconnection device between a generator and the public low
voltage grid

Other German standards, especially safety related standards are fully in-line with corresponding IEC
standards (e.g. VDE 0126-14-2, which is the same as IEC62109-2).
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In addition to this. all other applicable standards and guidelines for the installation of LV premises
have to be considered.
VDE-AR-N 4105:2011-08 is a very detailed guideline for the connection and operation of small scale
embedded generators. It contains performance requirements, installation and safety aspects and
operational aspects. It is used by most German distribution network operators as relevant guideline for
the connection of generators to LV grids.
VDE-V-0126-1-1 is a standard specifying an automatic disconnect device, which has to be installed
between a PV inverter and the grid connection point and is a requirement for all PV installations with
an installed capacity of Sr>=30kVA. It is partly overlapping with VDE-AR-N 4105, which has caused
some confusion in the past.
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6 Summary and Conclusions
This report presents general concepts for the grid integration of rooftop PV systems into low voltage
distribution networks.
It introduces general technical aspects of PV inverter systems, provides an overview about technical
requirements for the grid connection of PV inverters, describes concepts and methodologies for
studying the grid impact of rooftop PV systems and finally provides an overview about South African
and international guidelines and standards about the grid connection of small scale photovoltaic
inverter systems.
With respect to grid connection requirements of small scale PV systems, the main conclusion of this
report is that in systems with small penetration levels of rooftop PV systems, safety and installation
aspects are most important and the larger the overall installation of small scale embedded PV systems
becomes, the more important will performance aspects be.
With regard to the impact of small scale embedded generators on low voltage distribution networks,
voltage rise issues represent the dominating problems. However, this issue mainly occurs in systems,
in which PV generation can (temporarily) considerably exceed the load, which is a situation, which
mainly occurs in systems having a feed-in tariff scheme in place for the remuneration of electricity
generated by rooftop PV. Possible mitigation options are
-

MV-LV transformers with on-load tap changers

-

LV voltage regulators

-

Possibly battery storage, which is used for voltage control

Smartgrid technologies have not been explicitly covered by this report. Generally Smartgrid
technologies don’t represent a pre-requisite for the successful installation of large amounts of
embedded generation but they can provide useful options for the optimization of LV networks with
large amounts of embedded rooftop PV systems.
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