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Interaction between equipment and Power Line
Communication: 9-95 kHz

S. K. Rénnberg, M. Wahlberg, E.O.A. Larssbh,H. J. Bollen, and C.M. Lundmark

Abstract: This paper presents detailed measurements of
currents flowing between modern electronic devices in a domestic
environment. The results shown in this paper cover the frequency
range 9 to 95 kHz, being the frequency band dedicated to power -
line communication by network operators. Large differences exist
between different devices, even when they are of the sametype. It
isalso shown that the voltage waveform and the emission by other
equipment have a significant impact on the current flowing
between a device and the grid. An important conclusion from the
measurements is that the high-frequency currents mainly flow
between neighbouring devices.

I. INTRODUCTION

I1l. EXPERIMENTAL RESULTS

A. Emission by Electronic Equipment

During the first set of measurements, normal doimest
equipment was connected to the experimental sétamther
electronic equipment was connected in the neightomd so
that the waveform distortion observed would maimydue to
the load in the experimental setup. The currentthet
connection point was shown to be smaller than tireeat at
the terminals of most equipment. Especially theugrof four
identical compact fluorescent lamps takes a highreat
between 35 and 40 kHz. The inductive cooker alsedaa

HE research on voltage and current distortion hasther high current in this frequency range. Howetre

Tmainly been constrained to the frequency rangeoup ar
2 kHz. This paper presents some of the results froset of
measurements performed in a full-scale electric ehad a
house with a range of electronic equipment. Therattion
between the devices in the frequency range 9-95 ikHhe
main subject of this paper. The choice of the feggpy range
is identical to the frequency range allowed for po¥ine
communication by the network operator.

Il. EXPERIMENTAL SETUP

A full-scale electric model of a house was built thre
laboratory at EMC on SITE, Luled University of Tecfogy.
The load consists of kitchen equipment, a heat puanfbat-
screen television and a range of

current at the delivery point is much smaller. Frtns the
conclusion is drawn that the main currents in fréguency
band flow between equipment and not between equipar
the grid. This is an important difference with loweequency
ranges (below 2 kHz) where the main flow of wavefor
distortion (harmonics) takes place between equipraed the
grid.

B. Grid-connected and Ilanded Supply

The measured current flowing between a compact

fluorescent lamp and the grid is shown in Fig.rltHis case
the measurement setup in the laboratory was supgliectly
from the public grid. The current waveform showsharp rise

lighting equipmerﬂnd a slow decay, as has been reported by othborauas

Measurements were performed to examine how themas [oWell

interact with each other and how they togetheriadididually
affect the impedance level for higher
Measurements were done on individual loads asagetin the
total. Focus has been on conducted emission in fafriie

high frequency currents (9-95 kHz) produced by mode _
electronic equipment and the propagation of theh hié o 0

frequency signals injected by power-line communicat
More information about the measurement set-up dddianal
results are presented in [3].
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Fig. 1. Voltage (green) and current (blue) whetuaréscent lamp is supplied
from the public grid. The horizontal scale is fraero to 40 ms.

The measurements have been repeated by supplying th

laboratory setup from a small generator. Two gdnesavere



available for the tests: a modern 100-kVA generatad as a before are shown in Fig. 4, Fig. 5, and Fig. 6.tAtee figures
backup generator during maintenance in the didtdbu have the same horizontal scale (two cycles of thwep-
network; and an old 37-kVA generator. The measuntmesystem frequency), the same vertical scale (9 t&H5, and
results are shown in Fig. 2 and Fig. 3. In all sas® other the same magnitude scale (the colours represensahee
equipment was connected to the laboratory set-opueder in - magnitude for each of the figures). However, thiéage and
the first case, supply from the public grid, otequipment was current diagrams have a different magnitude scale.

connected to the same 800 kVA transformer.
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from a 100 kVA backup generator. The horizontallesés from zero to 40

ms.

The difference in voltage waveform between these tv
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Fig. 4. Spectrogram of the voltage (left) and theent (right) when the lamp
Fig. 2. Voltage (green) and current (blue) whetuaréscent lamp is supplied is supplied from the public grid.
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Fig. 5. Spectrogram of the voltage (left) and theent (right) when the lamp
. s is supplied from the 100-kVA backup generator.
£
E o0 L
5 E Voltage Curent
anfk ¥ R | I a0 "I
-02r +-200 ool h s 2 - "t
70 el L : 700
3 U !
-0.4 .

i
Time [ms)

Fig. 3. Voltage (green) and current (blue) whefuaréscent lamp is supplied
from a 37 kVA synchrononous generator. The horiabstale is from zero to

40 ms.

The most striking difference between the threesistthe
difference in current waveform. The 100-kVA generat
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results in an oscillating current, whereas the 8A-generator
gives a high and a low peak with a superimposed|atian.
There is also a slight difference in the time thHeLQiraws

current. There is a difference in size between twe In all three cases, the high-frequency emissioprésent
generators and the public supply but the only l@thected is during part of the cycle only: this is when the diis are

an 11W_CFL_- _ ) conducting. There is no high-frequency emission rwiige
To visualize the time-frequency behaviour of therent jioges are not conducting.

taken by electronic load, the spectrogram wasdiieed in [1]  The other simularity between the three spectrogriartisat
and [2]. The spectrograms for voltage and currenslown he 40-kHz switching frequency is present for hiee. When

Fig. 6. Spectrogram of the voltage (left) and theent (right) when the lamp
is supplied from a 37-kVA synchronous generator.



supplied from a backup generator, especially fer 3@-kVA
case, the second harmonics (80 kHz) of the switetuency
also shows a strong presence.

3

neighbouring house close to of the delivery poimhis
neighbouring house did not contain any load
experiments. The disturbance source (the PLC trigtesjrhas

Additional measurements are needed to find outhd ta frequency of 12.5 kHz and generates an rms whégbout

differences in current waveform are due to theed#iht source
impedance or due to the different voltage wavefaithen we
assume a 20% impedance for the generators and
impedance for the distribution transformer, the reseu
impedance is 30 to 100 times the grid impedancehierl00-
kVA and 37-kVA transformer, respectively.

C. Devicesinfluencing each other

Influence between devices was measured at
occasions. Several examples are shown in [3]. @tleeamost
interesting and unexpected ones is illustrated ion . A
compact fluorescent lamp (CFL) is connected clasean
induction cooker. The current to the CLF is meadufer
different states of the induction cooker, correspog to
different amounts of energy delivered to the cogkmocess.
The figure shows that a neighbouring device carezastrong
influence on the emission and that this influencesdnot have
to be time-independent. A possible explanation fthis
behaviour is that the switching frequency of théuiction
cooker difference between different states. The sgion,
around the switching frequency, is absorbed byctgeacitor
in the EMC filter of the compact fluorescent lamp.
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Fig. 7. Spectrum of the current taken by a comflactescent lamp close to
an induction cooker. The different colors corregptm different states of the
induction cooker. The horizontal scale is from A®0 kHz.

D. Currentsdueto Power Line Communication

For a second set of measurements,
communication (PLC) source is connected in a madeh

a power-lin

7 Volt.

The presence of a power-line communication signathe
B6liage resulted in high currents through severflthe
devices. These currents were significantly higheant the
emission of the device or the current due to thisgion from
neighbouring devices.

Future immunity levels of equipment against distort
between 9 and 95 kHz should be based on the pediévels

M&Pphower-line communication signals.

E. Time-dependent impedance

Most modern household and office equipment contains

power-electronic converter as the interface witle trid.
Therefore non-linear and time-dependent behaviosr
expected. An example of non-linear behaviour wasvshin
the form of the increased current distortion atkH& due to
high voltage distortion at 12.5 kHz.

Time-dependent behaviour was observed as well. An

example is shown in Fig. 8. For this figure, theCPsource
was connected on the grid-side of the delivery poirhe
figure shows the current measured at the termiadisa
compact fluorescent lamp (CFL) and at the termimdlishe
PLC transmitter. The compact fluorescent lamp shoes
typical spectrum of a 4-pulse (single-phase) dioéetifier
with a small capacitor on dc side. During the 20-inse
window shown in the figure, the PLC transmitter giextes two
burst of 43 kHz signals, seen as the high-frequeippte on
the current trace. The current is highest when diwe
rectifier in the CFL is conducting. As the PLC tsanitter
operates as a voltage source, the conclusion calnapen that
the total impedance seen by this source (i.e. lfa@cuipment
connected) drops to about 30% once the diode iexctiarts
to conduct. This reduction in impedance is mosthikdue to
the dc-side capacitor in the CFL.
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Fig. 8. Current drawn by a CFL 1w (top) and hyCRlisturbance source
(bottom). The horizontal scale is from 10 to 30 ms.

f:. Time-frequency behaviour
The spectrogram of the current taken by an LCDestre

in the
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during one of the measurements is show in Fig. Be T As a result of this, the emission in this frequerayge will

spectrogram was obtained while the 12.5-kHz sowwes
emitting.

show much less spread over other customers thassiemiat
lower frequencies. The impact of high-frequencytatiton is

The large rectangular in the figure shows the &ctuikely to be limited to neighbouring equipment.

spectrogram with time-axis horizontal and frequeraxis
vertical. To the left of the spectrogram the coriaal
spectrum (over the whole 200-ms window) is showalo®
and above the spectrogram the time-domain reprsamtis
reproduced: the original waveform below and theliisg-
window rms above. The scale to the right relatesctilours to
a logarithmic (dB) magnitude scale.

It is not possible to use standard emission modaleach
device appears to be unique. The emission fromereifit
devices will thus add less at these frequencies #gtaower
frequencies. The resulting spectrum from a largmber of
devices will thus more likely be a rather flat doobus
spectrum.

The emission and even the state of neighbouringpegant

The spectrogram in Fig. 9 shows that the 12.5 kHmpact the current taken by a device. The emissieasured

component in the current is present continuouslgrothe

200ms window. However the 25-kHz "second harmouicis

only present during short bursts every 10 ms. Thé &Hz

"third harmonic” shows a continuous as well as dseul

character. Broadband spikes occur four times dutimg

measurement windows, in groups of two. These mayglaged

to the phase-shift keying in the PLC disturbancers®. The
component responsible for the low impedance pathigncase
is most likely the x-capacitor in the EMC-filterhik filter is

expected to be connected to the grid as long aapghkances
are plugged in. The appliance will draw high freggyecurrent
even though it does not draw current at the fundhahe
frequency. This is not the case with the CFL ie thst

section, when the lamp is turned off, no high fiemey current
will reach the lamp.

IV. CONCLUSIONS

A comparison between grid-connected and generafiply
shows that this strongly influences the currents &icompact
fluorescent lamp. No clear explanation for thisigilable at
the moment, but this should be considered wheringlgn
island operation of domestic or commercial loadjtarantee
the supply during maintenance or during a blackout.

For equipment connected to a “clean” supply, theetus
in the frequency range 9 — 95 kHz flow mainly bedwe
neighbouring devices, not between the devices hadgtid.
The individual devices form a low-impedance pathttliis
frequency range.

by one device against a clean supply (like whengusi "line
impedance stabilizing network") is not a reliabtediction for
the emission in a realistic environment.

Power line communication in the low-voltage netwaerik
result in significant currents through electronevides due to
the low impedance of the latter in the frequenayeaused by
PLC (9-95 kHz). Future immunity requirements shouble
based on the permitted levels of PLC.

Equipment with a diode rectifier shows non-linearveell
as time-dependent behaviour. The impedance of ¢hieel is
lowest when the diodes are conducting, so thatctimeent
amplitude may be significantly higher than would be
concluded from looking at the spectrum only. Tha-tioear
character of the device results in additional fexgpies being
generated. The  spectrogram
representation) is a suitable tool for studyingséhphenomena.
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Fig. 9. Time-frequency representation of the current taken blyGIh screen while the PLC is transmitti
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