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RADIO INTERFERENCE ON THE DC SIDE OF PV SYSTEMS
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ABSTRACT: This paper deals with test set-ups and the definition of limits for electromagnetic emissions on the
DC side of PV systems. Conducted emissions on AC lines and radiated emissions from the housing are sufficiently
covered by existing standards. However the DC side of PV components is still undefined in standardisation. Because
of the large spatial extension of PV generators and long lines (several 10 meters) the DC side of PV systems must be
investigated in terms of EMC (Electromagnetic Compatibility). Therefore the whole PV system is characterised from
a radio frequency (RF) point of view by means of measurements and simulations. Test set-ups were defined in order
to measure electromagnetic disturbance signals on DC Lines. In the frequency range below 30 MHz the disturbance
voltage on DC lines is measured. A stabilisation of the RF impedance of the DC line is necessary in order to make reproducible measurements. This is achieved by means of a special line impedance stabilisation network (LISN) which
acts as a standardised replacement for the PV generator in terms of RF engineering. Based on measurements and
simulations of radiated electromagnetic fields at different PV plants, new limit lines for emissions on DC lines were
defined. Measurements of PV inverters with regard to the new limit lines show that a compliance with the limits is
easily possible with reasonable technical effort.
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1 INTRODUCTION

2 ACTIVITIES IN STANDARDISATION

The electromagnetic compatibility shall ensure an undisturbed operation of other electronic equipment in the
environment of PV plants. Regarding the DC side, most
important is the interference via radiated disturbances,
since the RF disturbance current on DC lines generates an
electromagnetic field. Due to the long DC cabling radiation
occurs even in the frequency range below 30 MHz. This
means that limits of radiated electromagnetic fields must be
respected in the frequency range 150 kHz – 30 MHz. Since
the measurement of radiated disturbances at a PV generator
is very expensive, measurements in the laboratory are
preferable. Therefore the limits of the radiated field are
transferred to limits of the disturbance voltage on DC lines.
In order to evaluate the electromagnetic disturbances,
comprehensive investigations of numerous different PV
plants have been performed within two European projects
(see acknowledgement). This includes systems in a wide
power range (600WP…5kWP) as well as variations in the
construction (backside metallisation of the modules, frame,
number of strings, grounding). RF characteristics of these
configurations have been investigated by means of measurement and numerical simulations.
The aim of these investigations is a universal test appliance for PV components which are connected to the DC
lines of a PV generator. This is achieved by means of a
special line impedance stabilisation network (LISN) which
acts as a standardised replacement for the PV generator in
terms of RF.

The limitation of RF disturbance signals on DC lines is
important because numerous sensitive radio services are
located in the frequency range where disturbances of PV
systems may occur (AM broadcast, emergency calls, navigation, aircraft wireless service, amateur radio, etc.). Since
PV inverters differ from any other electronic devices due to
the long DC cabling, a special product standard for PV
components would be necessary. The relevance of EMC at
PV systems was already realised some years ago [1][9].
But only basic approaches for EMC standards can be found
in actual activities of standardisation committees. In [6]
EMC measurements on the DC side of PV components
were proposed. A definition of test set-ups was demanded
as future research activities. In [7] some relevant EMC
tests were described, but disturbances on PV lines were not
considered. Up to now, several comments in national (DKE
373) and international (IEC 62093) committees exist. But
EMC regarding the DC side is still not included in the draft
standards.
Among others one aim of the European projects
ESDEPS (Electromagnetic Compatibility and Safety Design of PV Systems) and PV-EMI (Development of Standard Test Procedures for Electromagnetic Interference
(EMI) Test and Evaluations on Photovoltaic Components
and Plants) is the specification of test procedures in order
to validate the electromagnetic compatibility (EMC) of PV
systems and to fill this gap in standardisation.
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3 INTERFERENCE VIA THE DC SIDE
3.1 Disturbance Path
Other electronic equipment may be influenced by
means of galvanic coupling via AC mains or radiated
coupling via electromagnetic fields. These effects are
mostly covered by existing standards.
Normally, galvanic coupling manly occur in the frequency range of 150 kHz to 30 MHz, whereas radiated
coupling appears beyond 30 MHz. In PV systems there is
usually no electronic equipment connected to the DC lines,
and the PV generator is in no way affected by disturbances
generated in the inverter. So, why is it important to limit
the disturbance voltage on DC lines in the Frequency range
between 150 kHz and 30 MHz, if there is no galvanic
interference path?
The drawing in Figure 1 illustrates the physical processes on the DC side: RF disturbances are generated in the
inverter. They propagate as voltages and currents respectively along the DC lines. Since the DC lines may extend
for several 10 meters, they represent an inductance. The PV
generator represents a capacitance due to the large area of
the modules. Both together results in an resonant circuit for
several frequencies. The longer the DC lines and the larger
the PV generator, the lower is the resonance frequency.
Thus the cable-generator configuration acts as an antenna
and electromagnetic fields are generated. The original line
conducted disturbances are “transformed” into radiated
disturbances.
PV-Generator
Radiated
Disturbances
Electromagnetic field

Mains

DC
Inverter
RF disturbance
sources

Line conducted
disturbances
RF currents and voltages

fast switching actions
clock signals

Figure 1 Interference on the DC side of PV systems.
RF currents on the DC lines are sources of an electromagnetic field. Due to the long DC cabling radiation occurs
already below 30 MHz.
Due to the long DC cabling radiation occurs even in the
frequency range below 30 MHz. This means that limits of
radiated electromagnetic fields must be respected in the
frequency range between 150 kHz and 30 MHz in order to
make the PV system electromagnetically compatible and to
allow an undisturbed operation of other electronic equipment in the environment of the PV system.
3.2 Approach for laboratory measurements
In order to fulfil the protection requirements of the
“Law concerning the Electromagnetic Compatibility of
Apparatus (Electromagnetic Compatibility Act)”, measurement of the disturbance quantities have to be performed.
These quantities must not exceed certain limits.
A straight forward method would be the measurement
of the magnetic field strength in 3m distance to the PV
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generator according to the former VDE 0878-1 [4]. In
Figure 2 an exemplary measurement is presented.

Figure 2 Magnetic field strength measurement at a
1.3kW PV generator compared to the limits according to
VDE 0878-1. Inverters with a good filter design respect
this limit clearly.
Inverters with a bad filter design on the DC side exceed
the limit considerably. Whereas the emission of an inverter
with proper design are in the range of the ambient noise or
inherent noise of the spectrum analyser respectively. However, this kind of on-site measurement is very expensive
and time consuming. Thus, measurements in the laboratory
are preferable. Disturbance voltage measurements are
reproducible, practicable with great accuracy and well
known in EMC measurement technology. Now, a way
must be found in order to transform the on-site magnetic
field measurements to voltage measurements in the laboratory.
As already mentioned above, the disturbance voltage
on the DC lines is the source for the radiated electromagnetic field. Thus a relation between field (H) and voltage
(V) exists. This relation is called antenna factor. It may
also transform the limits of the magnetic field to limits of
the disturbance voltage.
In order to perform reproducible measurements the
disturbance voltage must be measured at a well defined
impedance. In the case of EMC measurements on AC lines
an artificial mains network is used. This device acts as an
standardised replacement for the public mains. A similar
approach can be applied to voltage measurements on DC
lines. Here a line impedance stabilisation network (LISN)
is the replacement of the PV generator.
Now it becomes obvious that the following two tasks
must be done, if an qualification of the DC side of PV
components in terms of EMC is desired:
- determination of the antenna factor of PV generators
(transformation of field strength limits to voltage limits)
- investigation if the PV generator impedance (definition
of a DC LISN).
That means the PV generator must be investigated from
an RF point of view, sine EMC measurements are RF
measurements.

4 RF CHARACTERISATION
GENERATOR
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THE
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The aim of these investigations is a test appliance for
components which are connected to the DC lines of a PV
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generator, in order to perform EMC measurements. The
test procedure of voltage measurements on DC lines corresponds to the AC line method which is treated in existing
standards
4.1 Antenna factor
The antenna factor H/V describes the relation between
radiated magnetic field (H) and feeding voltage (V). In
other words: the higher the antenna factor the higher is the
generated field with a certain feeding voltage.
The antenna factor of PV generator can be investigated
by means of measurements and numerical simulations
[4][5]. In order to measure the antenna factor a common
mode or differential mode disturbance signal respectively
is injected in the DC lines of a PV generator. Thereafter the
antenna factor is calculated from the measured RF voltage
and magnetic field strength in 3m distance. In Figure 3 the
simulated antenna factor of a PV generator consisting of 24
modules in series connection is shown.

Figure 3 Simulated common mode (CM) and differential mode (DM) antenna factor of a PV generator (24 Modules in series, 7.5m height, 7.5m cable length) [10]

Figure 4 Measured CM and DM antenna factor of a
PV generator (24 modules in series, 1m height 7.5m cable
length).
The measurements depicted in Figure 4 validate the
simulated results. In the case of resonance the antenna
factor may exceed –60 dB S/m (3 MHz, Figure 3) (this is
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also the antenna factor of a λ/2 dipole antenna in free space
at a measuring distance of 3m).
Once the antenna factor and the maximum magnetic
field strength are known (according to VDE 0878-1 in this
case), one can derive the maximum disturbance voltage
which then serve as EMC limit specified for the DC terminal of inverters or charge regulators (see section 5).
4.2 Impedance
The impedance of the PV generator is of major interest,
when a standardised replacement of the generator will be
designed for laboratory measurements. If possible the
actual impedance of a generator should be considered in
the laboratory replacement (i.e. the DC LISN). However,
the impedance of the LISN is always a compromise between the actual generator impedance and the technical
viability. Impedance investigations as well as antenna
factor investigations have been performed by ISET Kassel
[3] (measurement and simulation) and Fraunhofer ISE
[4],[5] (simulation). Once again the independently performed measurements and simulations agree quite well.

Figure 5 Simulation [10] and measurement of the CM
impedance of a PV generator. The deviation is due to
different heights of the model and the real generator. A
varistor (as surge protection) against ground decreases the
CM impedance because of an additional capacitance.
Both simulation and measurement show the same behaviour of the impedance characteristic: at lower frequencies the impedance of the generator-cable configuration is
capacitive (capacity of the generator against ground). The
decrease is 20dB per decade. At 2 or 3 MHz respectively a
resonance occurs due to the inductance of the DC cable.
With increasing frequencies series and parallel resonance
alternate (recognisable at the numerous peaks). The height
of the generator model in the simulation is taller than the
measured generator. So the capacitance against ground is
smaller and therefore the CM impedance is higher compared to the measurement result.
These principles are generally the same for every PV
generator. The first resonance is moving in dependence on
the DC cable length and the generator size due to the associated inductivities and capacities respectively. But almost
any generator has a high impedance at frequencies of a few
100 kHz. This was checked at several generators by means
of measurements and simulations
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5 LABORATORY MEASUREMENTS AND
LIMIT LINES
The standardised test set-up for disturbance voltage
measurements on AC lines is completed with a DC LISN
for measurements on PV lines. DC LISNs are discussed in
[8] very detailed.
New limits for disturbance voltage on DC lines should
reflect the project results on the one hand. On the other
hand a concordance with limits in existing standards is
desired. At least the limits for the magnetic field strength
according to VDE 0878-1 must be respected (see Figure 2).
By means of simulations and measurements a “worst case”
antenna factor was determined, which “transforms” the
magnetic field limit to a voltage limit on DC lines.
Frequency
(MHz)
0.15
0.5
2.5
10

Worst case
antenna factor
(dBS/m)
-65
-78
-63
-60

Magn. Field
strength limit
(dBµA/m)
17
6
-3.5
-7

Voltage limit
on DC lines
(dBµV)
(column 3-2)
82
84
59.5
53

Table 1 Determination of limits for the disturbance
voltage on DC lines. The calculated limits are shown in
column 4.
For certain frequencies the calculated limits are shown
in Table 1. In order to obtain a best match to existing standards the calculated limits (Quasi-Peak) are slightly corrected (Figure 6). Between 0.15 MHz and 0.5 MHz the
limit is moved to 80 dBµV in order to agree with EN
55014-1. Since radio services are explicitly protected by
the EMC act there is a discontinuity at 0.5 MHz (lower
frequency of AM broadcast). The limit jumps down to 74
dBµV. Between 0.5 MHz and 2.5 MHz the limit decreases
with 20 dB per decade according to the CM antenna factor
(Figure 3). In contrast to the calculated values in Table 1
the limit is increased to 60 dBµV in the range 2.5 MHz to
30 MHz. Thus a match to the common limit on AC lines is
achieved.
Inverters meeting these limits are likely not to cause
harmful interference in practical operation.
In Figure 6 the disturbance voltage (peak values) of a
trafoless inverter is compared to the new limits. Keeping in
mind that peak values are usually some decibels higher
than quasi peak values, this inverter complies quite well
with the new limit. Other examples of DC side measurements are depicted in [8]. It is shown that a compliance
with these new limits is easily possible with reasonable
technical effort.

6 CONCLUSION
A qualification of PV components in terms of EMC
can be easily performed in the laboratory. The research
performed in these projects pave the way to a product
standard for PV components. This will help to improve the
electromagnetic compatibility of PV systems.
Acknowledgement
This work was founded in part by the European Commission in the framework of the Non Nuclear Energy
Programme JOULE III under contract No. JOR3-CT980246 (ESDEPS) and JOR3-CT98-0217 (PV-EMI).

Figure 6 Proposed new limits (quasi peak) for disturbance voltage on DC lines of PV components. The peak
measurement of an trafoless inverter complies nearly with
this limit. Quasi peak levels however are generally some
dB lower (but not measured in this case). The impedance of
the DC LISN has no influence on the measured voltage.
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