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ABSTRACT

This paper presents a simple model to explain the spread
of high-frequency current between different devices and
into the grid. The model is also used to show the
aggregation between devices. The model is used to
predict the amplitude modulation of the voltage and
current ripple due to the small frequency differences
between devices. The results from the model confirm
earlier measurement results.

INTRODUCTION

Active power-factor-correction (APFC) is used wihd-
user equipment to limit the amount of harmonicatisbn

in the current. APFC is used with many electronic
ballasts for fluorescent lamps. But also other paopaint
makes increasingly use of APFC as well [1]. The @ow
electronic switching used to achieve this leadsato
current ripple with a frequency of typically soneng of
kHz. An EMC filter, of CL or CLC form, is used tonit

the amount of ripple injected into the grid.

With large numbers of devices connected at the same
location, for example a lighting installation ocemputer
centre, the interaction between such devices bezahe
interest. With increasing numbers of devices ndy time

total emission increases, but also the number ofCEM
filters connected to the grid. The situation istlier
complicated because of small differences in switghi
frequency even when devices are of the same
manufacturer and type.

THE DEVICE MODEL

A typical configuration of a device equipped witlPRC

is shown in Figure 1. The four diodes and the cidpac
C3 are the same as for a passive rectifier. TheCAPF
circuit maintains the current through L2 such ttze
current at the grid interface follows the voltage
waveform. The result is that the device behaves 8k
resistive load for the fundamental and lower-order
harmonic frequencies.

The switching frequency used in the APFC circuit is
visible in the grid current as well. To limit thegh-
frequency emission the device is equipped with RICE
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Figure 1. Electronic circuit at the grid connection for a
device with active power-factor correction.

For the purpose of this paper, a simplified modethe
device has been used. This model is shown in Figure
The device is modelled as an “internal emission’
behind a capacitor C1. This is a combination of the
current-source model often used for lower frequesci
and a capacitor representing the way in which thé g
impedance and voltage impact the emission.

The grid is modelled through a resistance R, as the
resistance is dominating in low-voltage networks,
especially close to the equipment. For higher feaqy,

R would be equal to the wave impedance.

- Cl

I+ e O

Figure 2. Smplified model of one device connected to
the grid

PRIMARY AND SECONDARY EMISSION

Onesingle device

The model for one single device connected to tlab igr
shown in Figure 2ile, is the current flowing at the
interface between the device and the grid, normally
referred to as the emission of the device:

1

- 1+ja

em I_Ll (1)
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wherea = wRC. The voltage generated by the emitted components:
device current,; is obtained from Ohm’s law:
__R I 2 Iem = 4’1+2a2 I ()
- 1+ja L1 ( ) 1+4a

From (1) it follows that the actual emission of thevice
depends on the impedanRef the grid and on the size of
the capacitor on the grid-side of the filter.

Two devices

With two similar devices connected to the grid thge,

the situation becomes somewhat more complicated.
Using the device model from Figure 2 gives thelgirm
Figure 3. It is assumed that the two devices hheesame
capacitor C on grid-side of the EMC filter. All eth
inductance and capacitance in the grid is negldutee.
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Figure 3. Smplified model for two devices connected to
the grid.

{
o

The current flowing between device 1 (on the laftd
the grid now consists of two components:

v" The ‘primary emission”: the part of the current
driven by the internal emission of the device
itself.

The “secondary emission”: the part of the
current driven by the internal emission from the
other device.

v

The (total) emission of device 1 is the sum of ¢hego
components:
= _ 1t+ja 7 . ja
em = q142ja L1 1+42ja (3)
The current flowing into the grid is the sum of the
emission from device 1 and the emission from defice

1 - 1
I+ (4)

Igrid = 2ja 2ja
The voltage is equal to the grid current times ghniel
impedanceR.

I,

I_LZ

In practice the internal emission of the two desiedll

be slightly different (in amplitude and in frequghceven

if the devices are of the same type, for example tw
fluorescent lamps with high-frequency ballast. Assu
that both devices have an internal emission ofstrae
amplitudel,, but of slightly different frequency. Over a
small frequency band, covering both frequencieg th
amplitude of the total emission can be obtainednfro
Parseval's theorem as the root sum square of tloe tw
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For low frequenciexy < 1, the interface current is equal
to the internal emission; for high frequencies, the
interface current is about 70% of the internal siois.
The impact of the switching frequency or the cafoaci
size, on the interface current is small. The presesf a
second device increases the emission of the #natd

In the same way the amplitude of the total cur(@&om

the two devices) flowing into the grid is foundrino
V2

loria = Fazl 6)

The current at the interface of each individual idev

shows only limited frequency dependence whereas the

current flowing into the grid decreases inversely

proportional to the switching frequency.

Multiple devices

The calculations can be repeated for increasingbeusn
of devices. FoN devices, with internal emissidp and
capacitanceC, connected to a grid with impedarRethe
emission of one device is:

- _1+(N-Dja 7 ja N 7
Iem - 1+Nja L1 + 1+Njoc2i=2 IL1 (7)
The amplitude of the current at the interface of an
individual device is:

1+N(N-1)a?
e ®)

The total emission from one device is almost etpdhe
internal emission and independent of the number of
devices, the switching frequency, the capacitoe sind
the grid impedance.

Iem

The total current flowing into the grid is obtain&dm
the following expression:

- 1 N
Igrid = 1+Nja “i=1 Iy 9)
The amplitude of this current is:
VN
lgria = ez Ol

Whereas the emission from one device is constaet, t
emission of the total installation is, for higher
frequencies, inversely proportional to the squaa-of
the number of devices. For low frequency the emissif
the total installation is proportional to the scqtaoot of
the number of devices.

BEHAVIOUR IN TIME DOMAIN

The expressions shown in the previous sectioncddl n
frequency domain. In time domain we assume that the
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internal emission is a sinusoidal waveform. For one
device both the current and the voltage are, utiar
assumption, also a single-frequency sine wave.

Two devices

For two devices, with slightly different frequensief the
internal emission, voltage and current consistwaf sine
waves with slightly different frequencies.

The emission by one device is given by the follayin
expression:

. Vira?
Iom (t) = F:;ZIL cos(w,t + ¢1) +

a

WIL cos(wyt + ¢5)

(11)

Due to the two slightly different frequencies, ttesult

will be an amplitude-modulated sine wave. The
maximum amplitude of this sine wave is:
_ VitaZ+a
Iem,max ~ V1taa? IL (12)
And the minimum is:
1+a?-a
Lemmin = Jitiaz I (13)

In the same wave it can be shown that the curtewirig
into the grid is an amplitude-modulated sinewavéhwi
minimum zero and maximum

2
Li ==
gridmax M+4a? L

Multiple devices

With multiple devices, the voltage and current dtge

are modulated with a multitude of modulation

frequencies. In the same way as before, the maximum

and minimum amplitudes can be calculated. The

maximum current from one device is:
J1+(N-1)2a2+(N-1)a

Iem,max - V1+N2a2 IL (15)

The minimum amplitude goes to zero for increasing

numbers of devices.

(14)

The maximum current into the grid is equal to:
N
Igrid,max = mIL (16)

NUMERICAL EXAMPLE

To illustrate the interaction between different ides,
consider the following numerical example:

v R=50Q

v C=220 nF

v w=21X 40 kHz

Using the expressions in the previous sections fimgk
that for one device the emission is equal to 0.34with

I, the internal emission). Connecting a second device
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close to the first device increases the emissionefich
device to 0.72k, but the total current from the
installation into the grid reduces to 0.25.XThe emission
per device increases but the total emission of the
installation becomes less.

In time domain the currents are amplitude modulated
The current from one device varies between 0,03rd
1.02X,. The current from both devices together varies
between zero and 0.36x Although the current into the
grid is less for two devices than for one devicethn
frequency domain, its highest amplitude in time dom
has slightly increased.

For multiple devices the currents have been catedlas

a function of the number of devices. The results ar
shown in Figure 4 for the current from one deviod &
Figure 5 for the total current.
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Figure 4. Emission by one device as a function of the

total number of devicesin the installation; top-to-bottom:

highest amplitude in time domain; value in frequency

domain; lowest amplitude in time domain.
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Figure 5. Emission by a complete installation as a
function of the number of devices in the installation;
highest amplitude in time domain (top); value in
frequency domain (bottom).

The emission by one device is shown in Figure 4e Th
black (solid) curve indicates the emission in frewogy
domain. This increases with the number of device$ a
reached a value equal to the internal emissiora flarge
number of devices. In time domain the amplituddesr
between a minimum value (decreasing to a smallevalu
with increasing number of devices) and a maximutoeva
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(increasing towards twice the internal emission).

The emission from the total installation, showrfFigure
5, behaves completely differently. In frequency danrit
decreases with the number of devices. For 10 dgvibe
total emission is only one third of the emissioonfrone
single device connected to the grid. Note that ttital
emission of the installation decreases, the “tetaission
per device” decreases even faster.

In time domain the highest amplitude of the emissio
from the total installation remains more or less same
at a value slightly above the emission from oneglsin
device connected to the grid.

MEASUREMENT

Measurements were performed in the laboratory déd.u
University of Technology on installations consigtion
multiple fluorescent lamps with high-frequency bhatk.
These ballasts are equipped with active power-facto
correction using a switching frequency around 4%.kH
Measurements for an installation with two lamps are
shown in Figure 6.
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Figure 6. Measured voltages and currents from an

installation consisting of two fluorescent lamps. Top to
bottom: voltage at the connection to the grid; current
from the total installation into the grid; current at the
interface of lamp 1; current at the interface of lamp 2.

The observed behaviour corresponds well with teelte
predicted from the simple model presented in tlaiggp.
The voltage amplitude varies between a maximumevalu
and zero; the current amplitude varies between a
maximum and a minimum value; the maximum
amplitude of the voltage occurs close in time te th
minimum amplitude in current. The latter followsifin

the expressions fap, andg, in (11).

The general behaviour shown in Figure 4 and Figure

calculations show that the observed behaviour can b
explained from the increase of the amount of capace
with increasing number of devices.

CONCLUSIONS

A simple model is presented to estimate the emissio
from an installation with multiple devices equippeih
active power-factor correction. It is shown that th
secondary emission (current flowing at the intezfac
between a device and the grid due to a disturbsogece
elsewhere) cannot be neglected. It is further shtvah

the emission from one devices increases when more
devices are connected to an installation, wher¢dhea
same time the total emission from the installation
becomes less.

In time domain the current amplitudes are be madddla
due to slight differences in switching frequencywesen
individual devices. The highest current amplitude f
each device will increase with the number of devidéhe
highest amplitude of the total current from theafiation
remains about the same.

It is also concluded from the calculations thatcaltrents
(in frequency as well as in time domain) increaseatrds
a maximum value that is not exceeded even for lagge
installations. For example the current at the fat of a
device never exceeds twice the internal emission.

A next step is a quantitative comparison betweeds th
simple model and measurements, to determine the
accuracy of this model. Some measurements resudts a
presented in two companion papers [3,4].
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