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Abstract—With accelerating adoption of non-linear power
electronics devices as well as the trend of distributed generation
and microgrids, inrush and transient switching currents are
not sufficiently limited by standards. The standard reference
impedance according IEC 61000-3-3 and IEC 60725 appears
higher compared to what is found in practice especially in the
present environment resulting in electromagnetic interference
challenges with large short term peak currents. This is especially
true with complex and isolated power distribution user networks.
This paper shows measurements and comparisons of inrush
currents for a variety of grid impedance configurations as well as
the effects of switching even low wattage power electronic devices.
Measurements and simulations suggests lower impedance value
of microgrids resulting in higher inrush currents and risking
electromagnetic compatibility.

Index Terms—Electromagnetic interference, power electronic
devices, microgrids, inrush currents, grid impedance

I. INTRODUCTION

Increased implementation of distributed generation, non-
linear or asymmetrical loads and sources are currently trending
with the drive for decentralized power generation as well
as technological advantages of small efficient power supplies
[1], [2]. As a result, varying levels of grid impedance in
combination with non-linear loads results in Electromagnetic
compatibility (EMC) challenges and grid performance degra-
dation [3]. The online impedance is an essential parameter
to assess the health status of electrical infrastructure [4].
Current harmonics and transient switching currents may cause
undesired over-voltages and voltage sags [5] as well as res-
onances which may lead to instability and Electromagnetic
interference (EMI) problems in systems [6]. Inrush currents,
especially in microgrids or isolated supplies are of particularly
concern as isolated systems inherently do not have the inertia
to compensate for short high power pulses compared to grid
infrastructure. Large transient currents may increase the risk of
complete system failure [7]. Otherwise activation currents may
result in failure to start. Such may be the case for emergency
backup generators, as is experienced in the Netherlands with
20 hospitals reporting such cases during emergency power
tests in a 27 month period [8].

Etopia project research is funded by the European
Union’s Horizon 2020 research and innovation pro-
gramme under the Marie Sklodowska-Curie grant
agreement No 812753.

Design engineers anticipate this to an extent and common
practice would be to greatly over-specify the capacity of a
generator in order to compensate for the problem, resulting in a
non optimal design with regards to cost, size and maintenance
[9], even so this may not always be sufficient.

Much research has focused on innovative techniques to
measure grid impedance to establish this parameter [4], [10]
and standards provide limits for emissions which have to
be adhered to by manufacturers of electrical and electronic
products. With a wide range of possible grid impedance as well
as conditions which are constantly varying, how applicable
are the standards to the modern grid environment? Studies
suggest the standard reference impedance does not reflect what
is experienced in reality [11]. Since the last comprehensive
study, on which the reference impedance values are based,
was performed in 1981 [12]. The conditions of the power
grid as well as implementation of new technological advances
have drastically changed in the last few decades. With load
demand factors influencing impedance and high switching
currents for load activation as well as ”steady state” operation
there appears to be many factors which could result in EMC
problems with a fully compliant system. Research is performed
to combat all of these issues such as compensation by control
system in embedded generation [13]. External emissions may
influence operation of a grid from natural [14] or man-made
sources coupling to solar photo-voltaic modules for example
[15]. The impact of the interference sources vary widely
depending on the intensity and immunity of the victim to the
specific emission. The impedance of the grid in effect directly
influences non-desirable current and voltage. Grid impedance
can vary greatly, especially in the current environment of
high adoption rate of switching power electronics converter
(SPECs) devices [16].
In this paper the effect of source impedance on the inrush
current of common SPECs loads, in this case a low power light
emitting diode (LED) light, which is often activated in large
clusters will be investigated. The load consists of 32x2 W LED
devices of which inrush current is measured when powered
by multiple different sources with varying impedance. Firstly
a Cinergia Grid Emulator (GE) with an output impedance of
less than 0.4+j0.25 Ω at 50 Hz according to the manufacturer.
Which is in line with the reference impedance (Zref ) stated in
[17]. Zref is stated as a resistance and single inductor at 50 Hz
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but is not defined for higher frequencies. Next to this, the
mains from the laboratory building at the University of Twente
is used, with and without the combination of two different
Line Impedance Stabilization Network (LISN)s with isolation
transformers. Matlab Simulink simulation of the LED load
with a standard impedance (Zref ) as specified in [12] more
details in Section II. In Section III the inrush current plots and
waveform characteristics of the different source configurations
are shown. In Section IV secondary effects and potential EMI
is investigated with a results discussion.

II. MEASUREMENT SETUP

A. Overview

LED lights are used to represent a SPECs load commonly
used in many applications, with growing adoptions due to
high efficiency and low power usage. This specific LED load
as well as non-linear loads in general exhibit large inrush
currents. A varied sample of supply impedance sources are
represented classified in two groups. Firstly, the standard
impedance according to [12] (simulated) with two LISN
configurations. Secondly, grid power and a GE. The LISNs
as well as simulation represent what is stipulated in standards
and what is expected as a reference. The grid power as well
as GE source is intended to support the argument that what
is experienced in practice is not what is characterized by
standards.

B. Components and test procedure

The measurement setup includes a fixed load consisting of
32 LED devices with varying supply impedance configura-
tions. For the measurement a bank of 32 LED were connected
and for the simulation test the Matlab Simulink model was
used from [18] which simulate the same LED devices. The
supply source in the simulation is an ideal AC voltage source
with impedance specified as Zref as required for inrush
compliance procedure in [17].

The measurement setup includes the main power source of
the laboratory building for the direct coupling case, as well
as connection through two different isolation transformers to
each respective LISN. The two LISN devices used is a PMM
L2-25 and a TEKBOX TBLC08. The GE unit is a 5 kVA
50 Hz pure sine wave inverter used in independent phase mode.
Each measurement was performed in different time frames.
The 5 test suites are shown in Fig. 1. A software controlled
relay was used to activate the load, and the measurement
setup from [19] is used to process all measurement data
using PicoScope oscilloscopes, voltage probes (TA043) and
current clamps (TA089). The load is activated from cold start
for 2 s and switched off for 2.001 s to allow discharge of
filter components. The additional milli-second delay allows
the inrush current to fall on or near the peak of the voltage
waveform cycle as the inrush activation is repeated 10 times
for each test performed. The test for each specific supply
impedance is performed individually and measurement data
is compared on a single plot.

Fig. 1: Test setup configurations and load

III. INRUSH CURRENT DEVIATION BETWEEN SOURCES

From a total sample set of 103 inrush current tests the
maximum inrush current values are shown in Fig. 2 for
each different supply configuration. The values show a clear
distinction between the test scenario powered by lab power
and GE and the other test setups with LISN configurations as
well as that of the simulation with standard supply impedance
value of Zref . The rising edge of the inrush current for
both lab and inverter supplies as well as the amplitude are
significantly higher. With the lab and GE supply inrush current
supplied exceed 100 A, which is extreme compared to the
steady state peak of 4 A. Highlighting the destructiveness of
inrush currents.

Fig. 2: Inrush current waveforms for Cinergia GE, Laboratory
power, LISN 1, LISN 2 as well as Zref impedance in
accordance with [17].

The maximum current peaks measured from the LISN
supplied test scenarios were in the range of 57 A to 71 A
and that of the simulated scenario a peak of 75 A. To look
further into the characteristics, a table of the difference in



current behaviour between the test configurations are shown
in Tab. I. As mentioned before the peak currents are tabulated
for each impedance configuration as well as the fundamental
components of the rate of change of the currents.

TABLE I: Current characteristics per source impedance

Source Ipk (A) I∆ (A) Trise(µs) Slew rate (A/µs)
GE 118 93 51 1.8
Lab 104 82 50 1.6
LISN 1 57 46 276 0.165
LISN 2 71 54 158 0.359
Sim Zref 75 60 217 0.276

The lab power as well as GE unit are clearly classified in
a different category compared to the LISN or simulation of
standard reference impedance (Zref ) configurations. Notably
the currents have a higher amplitude for the lab and GE
connection. The current rise time between 10 % and 90 % of
the current peak shows a rising edge rise time in the 50µS
range. The other configurations have a rise time of hundreds
of µS and comparing the rate of change of current or slew
rate, the difference is clear. The lab power and GE current
rate of change is in the range of 1.6-1.8 A/µs while the LISN
and simulated Zref configurations have values in the range
of 0.165-0.36 A/µs. A significantly lower value. It should
be noted that this is merely a nominal power load of 64 W
producing these large inrush currents. The currents delivered
may in itself enable protection systems or cause damage
to switch gear or internal components of inverter systems.
Inherently large currents will effect the voltage waveform
as well as possibly interfere with system operation or other
devices. This will be discussed in the next section.

IV. INTERFERENCE OF GRID STABILITY

Interference may occur on the load in the form of voltage
deviation effects or interruption of the supply. In Fig. 3 a basic
diagram depicts these two common scenarios. One form would
be the activation of protection system by the current exceeding
the rated limit of the protection devices which would de-
energize the load. Usually until the protection devices are
automatically or manually reset. Another may occur due to
damage to internal components of the supply [20], [21].

Fig. 3: Two inverter supply interruption scenarios causes by
excessive currents on internal components

The switching or filter components experience current above
the absolute max ratings, potentially causing damage either
over time or instantaneously in which case repair or replace-
ment would be required [22]. Other forms of damage or
interference with the supply is possible such as interference
with voltage regulation due to fast transient currents or damage
to transformers [23]. Looking into the effect of the inrush
current on the voltage waveform for the different impedance
scenarios, the peak inrush current inrush events from each test
scenario is shown in Fig. 4. The building grid power (Lab)
contains a high total harmonic distortion (THD) component
which ironically caused by SPECs loads operating in the
building [2]. Due to the DC link conversion of the GE unit
as well as the isolation transformer the output experiences
less emissions. The plots show the supply voltage waveform
voltage deviation as the inrush current event is triggered. The
inrush event for all test cases is completed within 2 ms with a
minimum time of 1.2 ms for the simulated event.

TABLE II: Current peak and voltage sag during inrush.

Test Peak I (A) ∆ V (V) ∆ V (%) Pulse Width (ms)
GE 118 85 28 1.8
Lab Power 104 123 38 1.3
LISN 1 57 282 87 1.7
LISN 2 71 260 80 1.6
Sim Zref 75 238 76 1.2

The higher impedance cases which include LISN-1, LISN-2
as well as the simulated reference impedance have a signif-
icantly higher voltage sag rate in comparison to the lower
impedance supply cases of the lab and GE. For the first case
the voltage sag rate is in the order of 238-260 V or between
70-87 % as shown in Tab. II. For the second, the voltage sag
rate is 85-123 V or 28-38 %. Which is to be expected since
the impedance is lower and results in significantly higher peak
currents and faster rising edge. High peak currents such as
shown in Fig. 4 may not pose a high risk for stable power
grids but in the case of low inertia weak grids this can have a
significant effect. In [7] current peaks of this magnitude cause
a failure rate (over-current protection fault) of up to 10 % of
load activation on the GE which is a well known phenomenon
[24], [25].

The overarching concern is difficulty in predicting this be-
haviour or perhaps not expecting it. The compliance standards
are taken at face value when applicable (For low power devices
such as the LED this is virtually non-existent). Engineers
design systems with predicted behaviour as a consideration.
When systems respond differently in reality problems are
usually unearthed. Even more difficult to diagnose is the
often intermittent nature of transient switching current related
failures. [7] shows a SPECs load of less than 5 % (approximate
rated load of 250 W of a nominal supply capacity of 5 kVA)
resulting in failure of activation, adding additional load to the
inverter increases the failure rate even if the load is linear.
Established power systems being exposed to more modern



loads, seemingly more efficient, and resulting in reliability
issues. A recommendation would be to add additional infor-
mation on devices or products which would give warning of
large activation currents on a lower impedance systems. This is
especially crucial in very low power devices, such as the LED
device considered in this paper, which are often energized in
higher numbers.

Fig. 4: Comparison between voltage sags for inrush current
draw for each test scenario - Labelled along the left vertical
axes

CONCLUSION

The standard reference impedance for testing of inrush
current for electrical devices in IEC 61000-3-3 and IEC 61000-
3-11 is considered to be too high. The last comprehensive
study of worldwide grid impedance was performed in the
1980’s in which time the attributes of power distribution
supplies, especially the microgrid or isolated grid has changed
significantly. Studies as well as measurement and simulation
of a common power electronics load component with varying
supply impedance configurations confirms this. The practical
lab supply environment as well as an inverter supply vastly
larger peak currents of over 110 A for a 64 W load during
inrush with current rate of charge in the order of 1.6-1.8 A/µs
while the simulated standard reference impedance as well as
two individual LISNs supply 0.165-0.360 A/µs with a peak
current of 75 A. The large short time activation and transient
switching currents experienced by low inertia isolated and
microgrid supplies especially are a great risk for EMC in the
form of loss of operation or complete system fault.
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