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Abstract - In the last three decades, the loads connected to the
mains network had been changing. Due to constant progress in
electronic equipments, the number of electronic and sensitive
loads increases considerably in domestic and industrial
environment. Short duration voltage transients can have a several
economic impact in these equipments. The authors identify the
sensitive loads connected to the mains network and realize a study
of their susceptibility to transient voltage perturbations in the
mains network.
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|I. INTRODUCTION

The economic impact in industrial environment as
consequence of an electrical failure imposes thelystof
power quality. The main preoccupation of producarsd
consumers is the avoidance of any electrical enkigyre and
the maintenance of the RMS mains voltage insidedahge of
+10% of the nominal voltage, according to the Isritefined
by standard EN50160.

In the past, loads like lamps, 50Hz transformerduction
motors and heating resistances represent the weils linked
to the mains network. The concepts of power qualigsented
in standards are related with their susceptibiliBue the
constant progress made in electronic areas, thebewrof
electronic and sensitive loads increases consitjerab
domestic and industrial environment. These equipsnane
much more sensitive than the ones referred. Voltagesients,
with short duration, less than 10ms, in the maiokage can
damage these equipments. It is true that an etattfailure
may represent a severe economic impact. Howeves,
damage on sensitive equipment, present in the ptiotu

process, can have the same or even worse impact as|s protetions

consequence of voltage transients, particularly tlifis
equipment remains damaged. In function of this eagh, this
paper presents a study of the sensitive loads @¢onthins
network together with the identification of the tage transient
events present in the mains network that are thaith their
susceptibility.

Il. SENSITIVE EQUIPMENT

Nowadays a great part of the electric loads have
electronic circuit in their conception. This elegtic circuit
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can be a controller, a power converter, etc. Therfiace
between the mains network and these electronialitsrds
usually a power supply or an AC-DC converter. le thast
three decades these power supplies were built aviOHz
transformer to reduce the amplitude of the mairisage and
to guarantee galvanic isolation, and also withraglsi phase
rectifier and a filter capacitor, to obtain outpt@ntinuous
current. To achieve output regulation a linear lagn was
used. Fig. 1 shows this type of power supply, whkye
represents the current in the load andthé mains voltage
amplitude.
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Fig. 1 Configuration of a traditional AC-DC powerpply.

This solution presents the disadvantages relatéd thie
low frequency (50Hz) transformer: large dimensiohggh
weight and cost. In addition, due to linear redatatthe
overall efficiency was low (<50%). To solve thegelgems,
this type of power supply has been replaced bychwihode
power supplies (SMPS). The SMPS realizes isolatith a
high frequency ferrite transformer actuated withD&-AC
square wave converter, or inverter, and due tosthieching
process presents higher efficiency. Fig. 2 shoves lihsic
building blocks of a SMPS.
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Fig. 2 Building blocks of a SMPS.
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The SMPS with their good characteristics, highcédficy,
low cost and weight and reduced dimensions, arensitely
used in industrial, professional and domestic emvirent.
There are still other loads as inductive motorsnps or
heating resistances that do not use a SMPS indbeaeption.
Bie to their associated inertia, these loads arsewsitive to
voltage transients. The SMPS constitutes, theretbiee main
and the most sensitive load that is present in rti@ns
network. This way, the study of the susceptibitifysensitive
loads to perturbations in the mains network is tase the
study of the SMPS.



[ll. SwiTCH MODE POWER SUPPLIES(SMPS) Fig. 5 shows an output voltage controller working i

This section describes the functions of the bugdatocks Voltage mode.
presented in Fig.2.
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A. DC-DC converters ¢ D_;’f_“" generator /l/l/ .= Vo
The DC-DC converter regulates the output voltagd an _Ee logic JUL I
guarantees the galvanic isolation between the iapdtoutput $ : i "
voltages of the SMPS. As an example, Fig. 3 shoviglla * Vern Vern PL L o Vorer
bridge DC-DC converter with galvanic isolation. Do=Vie
. . Fig. 5 Output voltage controller in voltage mode.
Full-Bridge converter V., - Voltage on the storage capacitor
HTH _..|_ - 7 . To guarantee the stability of t.he controller ang high gajn
— = %_n:‘ W L lv“ at low frequency (<1kHz), the time response ofc¢batrol is
Vo | =<c, "—E% quite slow (0,2 - 1ms). The output duty ratig, Bdopted is
< o D, T, normally 0,5 to 0,7, to allow a low-volt transientVca.
JH '_'|_ L m Several topologies of DC-DC converters are usesiMiPS.
. e All of them present a high frequency transformeat tlis
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Fig. 3 Isolated full-bridge converter with outpettifier and LC filter — the required in order to obtain galvanic isolation aveltage
power circuit topology is used in medium and higivpr SMPS. adaptation, as well. The physical size of thosesfiamers is
an important factor on the SMPS manufacturing cobte
For medium power (P < 500W) the switching frequerigy size reduction and leakage induction minimizatiomply a
is normally less than 100kHz. The output LC filiedesigned considerable leakage capacitance between primany an
to obtain a good attenuation at the switching feemy. In  secondary. The number of primary turns is minimized
general, the output ripple voltage is less thanaf%e output Typically, the transformer has a safety securit &% into the
voltage. This condition constrains the cutoff freqay, £, of magnetization current.
the output filter. Typically, the cutoff frequency 30 or 100
times less than the switching frequency, in order to primary voltag

N
guarantee a good attenuation. _”_ _”_ Ve s :........:%25%
Equivalent series resistor (ESR) and equivalentese

inductance (ESL) present in the output capacitostnhe

considered in the output filter design. Sometimeésisi core
necessary to use a double LC filter due the efiéthe ESR e, e saturagon |
and ESL. Fig. 4 shows the influence of the ESR he t C, - primary to ferrite capacitor
attenuation of a double LC output filter. The valyresented Cp, - primary to secundary capacitor N

C, - ferrite to secundary capacitor

in Fig. 4 results from a commercial PC SMPS, withrgernal Fig. 6 Transformer leakage capacitors and coreatida.
switching frequency of 66 kHz. The value of ESR6&MQ,
measured with an impedance analyzer HP4294.
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B. AC-DC conversion

2048 L LT The AC-DC conversion is usually obtained with adgio
e T = ESR-6omO bridge and capacitive filtering, .C The output voltage is
20 SEuy| Hm approximately equal to the peak voltage of the maimput.
~40dB R -55dB The storage capacitor is designed to guarantee l@ageo
wSodt 1— e i Wim interruption of 20ms up to 30ms (hold-up time canst-on
S0OBTT 2200um 78 20T 2 |2in|m time), without any variation in the output voltagé,. These
0B JES|R e ”E‘Sl'l‘ L criteria result on a residual AC component less % of the
. e ok ol peak value in & The storage capacitors are large electrolytic

capacitors, performing a good filtering effect @&0Hz. Their
ESR and ESL are very large. Consequently, theiredapce
The output voltage control is usually achieved byudse raises for frequencies above some few kHz (1-10kHz)

width modulator PWM and PI regulator and may bdized in  resulting in a very poor filtering at higher frequées.

voltage mode or current mode control. The curremiden  When the storage capacitor is discharged, and dheep
control presents better performance but is moremsige and supply turned on, the peak value of the input curris

is used only in high performance equipments or striel extremely high and must be limited. Most manufaatsiuse a
equipments. Alternatively, the voltage mode contioithe Negative Thermal Coefficient (NTC) resistor priorthe AC-
most common voltage controller used in domestRC converter (Fig.7). During the first seconds pértion the
applications. NTC warms up and its resistance decreases coniigexad

Fig. 4 Influence of ESR in the attenuation of tlhpait filter.



does not affect the SMPS efficiency (typically 1¢4asses). Usually, the input protections of the SMPS inclumesr-
Some equipments complying with EN61000 standarel ausvoltage protections. Fig. 9 presents four differpratections

boost converter, Fig. 7, in order to perform inmurrent utilized in SMPS

waveshapping. In this case the DC voltage is 15%25%

higher than the mains input voltage peak value {880V, for Bun

230V AC input).
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Fig. 9 Over-voltage protection circuits: (1) VDR) bipolar Zener; (3)
unipolar Zener; (4) voltage controller thyristor.
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Fig. 7 AC-DC conversion in a SMPS, without and withut current A Voltage Dependent Resistor (VDR), bipolar ancpofar
waveshaping. Zener diodes (suppressor diodes) and a voltageratient

thyristor circuit can be used. The circuits have tame

The use of this auxiliary converter introducesrigulation operation principle, when the clamping voltagec, is
of the storage capacitor voltage, which remains oatm passed, the circuit conducts and blows the inme far excess
independent of the mains voltage. The boost coeveermits of current. The correct over voltage protectioruiegs the use
the operation of the SMPS in the extended rangati(®0- of the VDR and one of the other circuits. In indizdtSMPS,
240Vrms). This converter is very insensitive to timput the VDR and the bipolar Zener diodes are normafigdu

voltage disturbances. Contrarily, in domestic applications only the VDRused. Fig.
C. Input filter and protections 10 shovys the voltage and current characteristiecesuof these
The input filter (RFI filter) is intended to suppseradio two devices.
frequency noise that results from transistor sviiighn the "
DC-AC converter. Typically, it presents an atteiarabdf 30 to 1250V 4 .
50dB, at frequencies above 1 to 5MHz and is desligioe oo o !

270V r.m.s.
00A

operate with noise amplitudes up to 1 to 5mV. Bigshows = ] 'mfm TN
some topologies of RFI filters. /‘/1 _——];

RY (a) B (b)

Fig. 10 Voltage and current characteristic cur¢@s250Vrms VDR; (b)

% ¢ .\QMJ .\m_x( 200V bipolar Zener diode.
: lr | ¢, 1, I, :
5T ; o o ) {;( In SMPS the VDR presents typically a conductiortage,
e 560 (00— o« Veons 120% of \f and a clamping voltage of 185%.\This
_ 0] ~ € way, a low leakage current above some fe\w(50 - 20QuA)
e .xSEQSU—;:Q s T A is guaranteed. This device can support energy pdien
(¢ 1z | o e W greater than 10J to 100J. The Zener diodes havanaping
R 'm_xﬁ ~ TS o voltage well defined and present low dynamic cotidac

resistance, but can only support low energy disisipa
typically less than 10J. The correct operation fedse two

The transformers formed by the inductancesdnd Le, circuits, simultaneously, requires that the Zen&mgping
presented in Fig.8, are for differential mode aminmon voltage is superior to the VDR conduction voltage,
mode noise rejection, respectively. The capaciiysand G  guarantee the main dissipation energy in the VD&nilly,
are very small, typically &100nF and ¢<10nF. These the Zener diodes clamping voltage is defined f&%2f V,.
capacitors are designed to present low impedance afThe Zener diodes are connected after the NTC oesist
frequencies higher than 1MHz and to supported kigtage connection, in order to perform a current limit€he use of
transients. These capacitors are subject of sevesths, the Zener diodes, limits the transients to 125f6b\t only if
described in the standards IEC60384-14 and EN132BO0 these have low energy. High energy transient blihvesZener
steady state operation, the &nd G capacitors support 135%diodes and will damage the converters. The voltaggroller
and 185% of {, respectively. thyristor circuit has a characteristic identicalthe VDR, but

The topology of the RFI filter and the componenddues with a conduction voltage well defined and presergso
are dependent of the noise emitted by the SMPS.aAdeakage current. The zener diodes are more expetisw the
consequence, the topologies and the componentssvein be VDR and, therefore, are less utilized in domestitPS. The
different in identical SMPS. In domestic applicasp the voltage controller thyristor is the most expenspetection
topologies (b) and (c) of Fig.8 are extensively dus&he circuit and is only used in expensive and ultrasgame
topology (a) is used more in industrial applicasion equipments.

Fig. 8 Topologies of RFI filters.



IV. SUSCEPTIBILITY ANALYSIS OF THE SMPS
)
1800

The susceptibility analysis of the SMPS (to voltage

transients) is normally based in concepts developed 1600
conventional loads, which are not valid to the SMH8e 1400
standard CBEMA defines voltage tolerance curvesdbam 1200
the amplitude and duration of the transient voltage oot
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Fig. 12 vy and wr voltage limits which guaranteed the safety opereif
the G and G capacitors.

B. AC-DC converter

The presence of short duration over voltage tramsie
between phase and neutral can provoke some seffets in

200+

VOLTAGE

—
CONCERN. — 106% the AC-DC converter: damage of the rectifier diodes the
19 — current peak present in the charge of the capaCifpdamage
RALK OF STORED ENERGY W— of capacitor & due to the excess of charge; blowing of the
FQUIPMENT 5’“ input fuse due to the VDR conduction. Fig. 13 shadhs
L - bt : influence of the dv/dt present in a notch, in tgut current,)j
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of the SMPS.
TIME IN CYCLES (60HZ)
Fig. 11 CBEMA curve. J—“ﬂi y g
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These curves have some drawbacks: they neitheifysfiee \ (f\Z oot " C‘%: Comarte
slew-rate of the voltage transient nor refer vadtagnsients ] | [

between neutral to ground and between phase todrdinese
aspects are very important in the study of the eqitsiuility of
the SMPS [1]. To realize the present analysis ®SMPS, the
worst case is considered: the over voltage cirpuitection
utilizes only the VDR; the attenuation of the RHtef for

mains voltage transients is not considered (becabhse e ——~ v}/\/\f\
topologies used are very different in identicallyii3S); the f f
AC-DC converter is a diode bridge and capacitivigerfi Fig. 13 Influence of the notch dv/dt in the SMPBLihcurrent, i

(because this solution is extensively used ands itmiore _ . . -
sensitive than the boost rectifier). Some anakesisires some ~ Different SMPS have several differences in theifiect

measures in a real power supply, therefore, a coniale>C diodes and capacitor \Cthis way, we not define a dv/dt
SMPS is used. prejudicial to the AC/DC converter, instead notcheith

] ) 120% of \{ and with a duration of 10us to 10ms, (which
A. Input filter and protections normally results in high dv/dt transients) are édesed.
In a protection circuit that uses only the VDR, the
protection offered is strongly dependent to thensiaietwork C. DC-DC converter
impedance and to the fuse time action (greater tnaswhen I this section we present two analysis: influen¢eVca
the current is 10X greater than the nominal valudle voltage transients in the output voltage and intthasformer
consider prejudicial to this circuit, transient tages, between Magnetizing current; influence of the neutral towrd and
phase and neutralgy with a duration greater than 1ms an@hase to ground voltage transients in the outpltege. For
amplitude greater then >120% of V the first analysis is necessary to define somemeters. As a
The susceptibility of the input filter is relatedtivthe G reference SMPS, we consider the PC SMPS with tiwning
and G capacitors. Considering the several tests, destrip SPecifications:  Wws=230V, Vo=5V, Do=0.8, b=20A,
the standards IEC60384-14 and EN132400, is pos$‘-b|efs:66kHz and the output filter presented in Fig. 4hwESR
define limits to the voltages between phase torabuky, and and ESL effects (measured in a impedance analyPd2bi).

neutral to ground, i, which guaranteed the safety operatiof©r the output voltage controller we consider thesuit
of the G and G capacitors. present in Fig.5 with ¥x=10V. Due to the high ratio between

the switching frequency and the output cutoff freey, state
space average models can be used in this andhigid4.



The frequency characterization of those impedanessts
20uH JH oy in two impedance models: (1) a model for common enod
voltage transients {Vv,); (2) a model for voltage transients
between phase to ground and neutral to ground when;:. In
§ the models presented in Fig. 17, the impedancleeofransient

Y Cow e f ] 2136uF source is despised and ® considerd to be infinite (worst
T esme case).

Vea

= 6,25V
n

55nH
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Fig. 14 State space average model of a SMPS.
The proportional integral controller is designed to

guarantee a phase margin greater than 45 degrea G®
degrees - typical values in commercial SMPS). Ety.shows

the output voltage transient, wheg\suffered a 20% voltage i Tasr s oema 2136uF S0k
perturbation with two different slew rates, 1V/usld®,1V/us. Fig. 17 High frequency impedance models for vft=and vfttvnt.
505V . 51V . To verify the influence an impulsive voltage tramgs, ¢
1% Vg or vy, into the output voltage, a voltage ramp wavefasm
v \—\ sv applied into the common model input. Only this mode
\/ considered, because their attenuation is minor thanother
ol :0‘:; one. To define a prejudicial dv/dt in,vthe ramp waveform
\ Ve T Ve dv/dt is adjusted in order to obtain 1% of Y50mV) in the
20%V, output voltage transient.
_/ /" Vhis AT
| ‘ 60V T
o0y 300v : o P
10ms 12ms 14ms 10ms 12ms 14ms i //
Fig. 15 Simulation results of a 20%)voltage transient. A\ : P
Vm i 120V /ps /
: N1
As represented in Fig. 15 a voltage transient ¢p With a g i /‘Y'—'
slew rate of 1V/us results in an output transierater than ov : : :

50mV

1% of V\ (typical value assumed in the design). This wag, w
consider as prejudicial to the DC-DC converter, taged

transients between phase and neutral with a dvéditer than v, \ v
1V/us. LI \V/ 50ns
The peak of the magnetizing current is directlypgamional oy P e

to the \ca voltage and to the output duty ratio. Considering
this relations and the average model presenteddrb,Fthe

value of dv/dt of \a that provokes saturation of the ag\we can seein Fig.18, an impulse voltage transiéth a
transformer is 2V/us (when the perturbation iga\is grater 120v/us dv/dt, present in neutral to ground voltagghase to
than 25% of y). _ _ ground voltage results in significant transienttle output
Voltage transients in phase to ground and neurgrund \,ojtage. Different SMPS have different impedancedets,
can provoke several effects in the output voltalggne SMPS - yhich means that the value presented is only ifigieaf the
due to the leakage Capacitances present in thetimol 4y/dt magnitude that can provoke disturbances éndhtput
transformer. To make this study, we create a higiuency yojtage of a SMPS. According to this we define two
impedance model, Fig. 16, obtained with an impeeaneter ,rejydicial events: neutral to ground voltage tiemswith a

Fig. 18 Adjust of the ramp dv/dt, to obtain 50m\tlie output voltage.

HP4294 and a PC commercial SMPS. 120V/us dv/dt; and neutral to ground 50V spike sfents with
a 10us<t<10ms duration. The spike event is defineallow a
V“J\'_i";n]r?s' "'E'-:'-'-:::'-'-ﬂ:""i 4_“] Cuy 0 family of different high dv/dt present in neutral ground
phase—— : e R voltage that may have significant impact in thepotitvoltage.
v‘_l'_ : : 3 H When v and y; impulsive voltage transients are different,
: Rt A -, they are also present in the phase to neutral autrat to
T :| """"" ! b 4 ground voltages. This way, it is not necessaryotwsier these
oreart transients because they are already included in other

Fig. 16 High frequency impedances present in a SMPS transients defined as prejudicial.



Considering a sinusoidal transient in the input toé
common mode model, it is possible to define the |ande
and frequency of this transient to result in a 50mMput
voltage transient.

Considering the relation between the maximum dv/dt,
amplitude and frequency of the oscillatory trankidh is
possible to demonstrate, if the oscillation frequers minor
than 10MHz, that the maximum dv/dt is always gredtan
120v/us. According to this, it is not necessargdnosider the
oscillatory transients as prejudicial, becausertheaximum
dv/dt is already contemplated in the impulsive $iant event.

D. Resume of prejudicial events

In resume, the susceptibility analysis of the SM&Silts in
four voltage events defined as prejudicial to theIPS
(TABLEI)

TABLE |

Impact in

Event Characteristic the SMPS

damage the rectifier

diodes, output voltag¢

transients, blows of
the input fuse

phase to neutral
Notch >120% \
10us <t < 10ms

neutral to ground

Spike > 50V output voltage

10Us < t < 10ms transients
Vit > 120V/us - output voltage
Transient | neutral to ground transients

output voltage
transients, transformegr
saturation

Vin > 1V/us - phase to
Transient neutral

V. CONCLUSIONS

The authors developed a systematic study of SMR&dier
to understand the effects of power quality distodes in the
operation of electronic equipments. Five voltagergs related
with the susceptibility of the electronic equipmeatvoltage
perturbations in the mains network were defined.
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