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Abstract

An ongoing question in the field of surge protection study is how to predict
incipient failure of power electronics in the event of a short time, high voltage, and
high energy transient surge propagatidhe work presented in this thesis addresses
the almve question by investigating how a high voltage transient surge, whose
duration is in the microseconds range, will propagate through théetbtransient
voltage suppressor system that is intended to protect sophisticated electronics situated
close tothe service entrance of a building. In this work the energy patterns relevant to
the individual components of the system are evaluated using numerical methods and
some of the results are also compared with those obtained using SPICE simulations.
Although ®veral mathematical models for surge protection components are discussed
in the literature and some device specific ones are provided by manufacturers, there is
no evidence to show that a complete analysis, using any such model, has been
performed to predt the energy absorptions and associated time lags between the

components in a TVSS.

Numerical simulation techniques usingaAMAB are used tcestimate the
energy absorption and associated time delays in relation to the propagated transient
surge, in indivilual components of a transient voltage surge suppreBsi@r.study
develops mathematical models for particular nonlinear transient surge absorbing
elements, specifically for the metal oxide varistor and transient voltage suppressor
diode, formulates thetate equations which are used to numerically simulate several
instances of the transient voltage surge suppressor system, and presents simulation
results. All results are validated experimentally using a lightning surge simulator. The
outcomes establishaasing the two approachésdicate that the theoretical energy
calculations are within 10%f the experimental validations for the metal oxide
varistor, which is the main energy absorbing element in the system. The remaining
energy distributions in the lirter components and the transient voltage suppressor
diode, which are at least 10 times smaller, are all within 20% of the experimental
results. The times at which, the metal oxide varistor and the transient voltage

suppressor diode switches to heavgdiaction mode are also simulated accurately.
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Chapter 1: Introduction

1.1 Overture

Modern semiconductor technology is vulnerable to power surges such as
lightning and switching transients. Due to this fact, my chief supervisor, Nihal
Kularatna had developed an interest to study the transient propagation phenomena
within power electronic conversion interfaces. Based on this, a PhD research on
Al nvestigation of surge propagation in

experimental wverificationodo was suggested.

A surge voltage, which can be described as an increaseoltage
significantly above the designated level in the flow of electricity, boosts the
electrical charge at some point in power lin€his causes an increase in the
electrical potential energy, which can increase the current flowmirige supply
lines I n todayods system swge vokages andrsurgei t y di
currents occurring in lowoltage ac power circuitre an unavoidable occurrence.
The some warm parts of the worlé&.g. Democratic Republic of the Congo, Sri

Lanka), the most commmaosource of/oltagesurges is lightning[1].

Surge voltagesan be extremely damaging to electronic systemd can

take two major formsswitchinginduced or lightningnduced[2, 3].
Switching-induced surges/transierdseassociated with:

a) major power gstem switching disturbances, such as capacitor bank
switchingor inductive load (motors, transformers) switching

b) minor switching activity near the instrumentatian load changes in the
power distribution system;

C) resonating circuits associated with sshihg devices, such as thyristors;

d) system faults, such as short circuits and arcing toldbal earthing

system
Mechanisms by which lightningducessurge voltagesiclude

a) direct lightning stike to an external (outdoor) circuit, injecting high

currents



b) indirect lightning stike that induces voltages/currents on the conductors
outside and/or inside a building;

c) high local earth terminal potential rise due darrens resulting from
nearby directo-earth discharges coupling into the common epéths

of the installation.

Transient Voltage Surge Suppressors (TVSSs) or Surge Protection
Devices (SPDsaredesignedo protect electroniequipmentfrom power surges
In most systems,he switcheemode or linear power supply as well as the
electronic lad are protected by the TVS@With all the complex components that
make upprocessoibasedelectonic loadsa surge or high voltage (HV) spike can
inflict heavy damage to the system. Hetramsient suppressigiaysan essential

role in electronic systemprotection.

In most surge protectors, nonlinear electronic components divert the extra
energy brought in by aurge voltageTwo different technologiebased on the
type of operatiorare commonly usedicrowbar typ@ S P D volageadimitiing
t y pSPD.A crowbar typeSPDwill either use a gas discharge tube (GDT) or a
transient voltage suppressor (TM8yristor as the protective compongwhile a
voltagelimiting SPD will use a metabxide varistor IOV) or a backo-back
TVS diode.The surge absorbertomponents of an SPD hawgevariablehighly
nonlinearresistance that isependenbn voltage.When the voltagexceeds a

thresholdthe resistance is lowereddovertthe energy of the surge

Some SPDs also use transient voltage suppressor (TVS) diodes for a
second level of protection. Numerical modelling rainlinear devices, such as
MOVs and TVS diodedor fast transient impulses will help us investigate surge
propagation through TVSSs. Suem investigation will beneficial to predict
energy absorption and incipient failure of TVSSs. Computer simulation using
MATLAB offers a viable approach to such a study.

1.2 Objective

The goal of this research is to develop numerisahulationtechniques to
study transient propagation phenoraemithin a TVSS Specifically, we aim to

predict the energy absorptioasd associated time lag$ the variouslinear and



nonlinear components that make up tlseirge suppressiomterface Such a

detailedpredictiveappoach has not been undertaken elsewhere.

Motivation for this work is based on the predictions of the International
Technology Roadmafor Semiconductor§iITRS) [4]. Microelectronic processors
have proliferated into a wide range of equipment from autometedstrial
assembly lines and hospital diagnostic systems to sophisticated computer systems;
these ultra-largescale integrated (ULSI) circuits have progressed towards
advanced systeron-chip concepts with feature size dropping towards 22 nm.
Direct-off-line switch modepower supplies (SMPSs) that sit between the utility
AC and processedpased equipment also carry complex circuitry. Both the power
supply and the processbased load are pron® damage by fast transient
impulses such as lightningHence an endto-end approach on transient
propagation studies from the utility AC to final DC rails is of utmost importance.
The TVSS studied in this work sits at the front end of such a chain to provide
transientfree AC to downstream electronics.

Although g/stem transientsan beanalysedusing Laplace transforms in
the case of electric circuits containing linear comgads, its application becomes
unwieldy for circuits containing nonlinear device models. In thigesis
mathematical models will be developéal the various nonlinear components
used withina TVSS, and these models will be embedded irset of state
equationsfor the protection circuit The state equations will theibe solved
numerically usingthe specializedordinary differential equationQDE) solvers

available witln MATLAB.

Theoretical predictions will be compared with experimental measurements
obtained with the use of a Lightning Surge Simulator (L.$8 Noiseken LSS
611Q This simulatotis designedor surge immunity testingandconformsto IEC
publication 610081-5 and IEEE/ANSI C62.41 standar@, 3.

Themagnitude of the expectedirge stress depends on the location of the
equipment to be protectedhe IEEE/ANSI C62.41 standard proposes three
location categoriesA, B and G for low voltage AC power linefs]. Categories A
and B are located within the building and category C locations are found outside

and at the service entranc@ategory A locations receive their power after more
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than 60 feet of wiring run from the main powerwee entrance, with frequent
exposure to comparatively low energy surges. Category B locations are close to
the power service entrance, with greater exposure to infrequent, high energy
surges originating outside the buildifgthough theTVSS design that we will be
investigating can be used in bdttation categories A and, Bve will limit our
investigations to location category Bhe Noiseken LSS 6110 is a combination
wave (hybrid) generatd®] capable of generating an output requifedcategory

B testing.It can generate opesircuit voltages up to 6.6 kV and shaitcuit

currents up to 3.3 kA.

1.3 Structure of the thesis

In Chapter 1, | have briefly presented the types of voltage surges and
surge protector device technologies comparsed.Chapter 2, which is the first
part of the literature review, summarizes a book chapter by Nihal Kularatna; areas
on surge protection, surge absorbent devices and surge protection standards and
practices which are important to this thesis have lex@anded in this discussion.

Analytical and numerical methods used in this work, are presen@ubaipter 3.

My original contribution to the thesis is reported in the next three results
oriented chapters; this includes mathematical model developmerit)eordtical
analysis using Laplace and numerical methods with experimental validation. The
mathematical models required for representing the highly nonlinear surge
absorbent devices are developedGhapter 4. Chapter 5 investigates surge
propagation thragh linear circuits by using Laplace methods. The lightning surge
simulator which is used for experimental validation of the numerical simulations
is also analysed in this chapt&@hapter 6 investigates numerically how a surge
propagates through a commetwolevel transient voltage suppressor system.
Energy absorptions and associated time lags for the individual components of the
system are highlighted. The conclusion and recommendations are presented in
Chapter 7.

Thesis outline

Chapter 1. Introduction . The general backgrounof power surges and L&

protection devices is given and the objectives of this disthd Also briefed are



the types of power surges and SPD technologies commonlyansethe outline

of the thesis.

Chapter 2: Surge protection of power electronics Herewe present a literature
survey describingtransient surge disturbances, power quality issues, surge
protection and surge absorbent devices, protection standards and practices, and
circuit concepts used for surge protectidvie srow the standard surge voltage
waveformsoutputby the LSSandused for experimentéésting

Chapter 3: Analytical and Numerical techniques for solving transient
equations Theadvantage ofising Laplacdransforms for the analysis of transient
propagatio in linear circuits istated and thdimitations of Laplace methods for
the case of circuits containing highly nonlinear elements are briefly explained.
Methods availabléo numerically simulata problem that can be representechby
set of ordinary differential equations@DESs) are discussed.hese methods are
appropriate evewhen the DEs are nonlinear iaghe case foa typical SPD. The
discussion starts with the Euler method and progeetss the more accurate
RungeKutta (RK) methodsused by thevariablestep ODE solvers built into
MATLAB. The wsefulness of stiff ODE solvers is explored andthods available
to improve their performance aséudied.Other system simulation software such
as SPICE derivatives are compared with #eTLAB based stateequation

solution adopted in this thesis.

Chapter 4: Surge-absorbent device characterizationThe mathematical models
required to accurately represent the highly nonlinear surge absorbent devices are
studied here. MOVs are characterized in order to trednbodel parameters for a
recommended model based on device physics. The same characterization is
extended to TVS diodes with reasonable succ@dse MOV industrial
characterizations studied using a second basic model adapted for SP#Séd

simulationsby some manufacturers.

Chapter 5. Investigation of surge propagation in linear systems.The
usefulness of Laplace transforms for the analysis of transient propagation in linear
circuits is brought to light by using it to study the generation of the uaiggge
by the LSS, which can be represented by a purely linear equivalent circuit.

Numerical simulatios using MATLAB as well asSPICE based simulations are
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performed to validate the Laplace analysis. This chapter also explores
improvements to numericainsulations usingMATLAB by it s use to study
state of the MOV and also certain fixed statesresponding to three different

operating points in its characteristic.

Chapter 6: Investigation of surge propagation through a TVSS systenHere

we investigate numerically how surge propagates through a completelevel

TVSS containing two nonlinear surge absorbent components and four linear
componentsEnergy absorptions and associated time lags for the various linear
and nonlinear components thraake up the TVSS are highlightedll simulated
results for voltage, current, power and energy in individual components of the
TVSS are validateggainstexperimental data obtained by surging a prototype

circuit using the LSS.

Chapter 7: Conclusion andfuture developments The main conclusions in the
development of numerical techniques to analyze the surge propagation in a class
B TVSS unit are summarized here. Among the recommendations made for future
researchuse of alternate models for the surge sdrbent electronic components

and more accurate representation of the setip are discussedt is also
suggested that the methodologies presented in the thesis be extended to include
powered testing of the TVSSThe chapter concludes with the proposl
extending numerical techniques developed in this project to investigate
propagation of transients in downstream electronics sucha switched mode

power converte(SMPC) or an uninterruptible power supply (UPS).

1.4 List of publications arising from the work in the thesis

Peerreviewed conference papers

1 S. James, N. Kularatna, A. SteRRoss, and R. Kunnemeyer, "Numerical
simulation of surge protection circuits and experimental verification using a
lightning surge simulator,” iINECON 2012- 38th Annual Cordrence on
IEEE Industrial Electronics Societivontreal, Canada, pp. 6820.

1 S. James, N. Kularatna, A. SteRoss, and R. Kunnemeyeibddeling of
surge protection circuits for the study of transient propagation in power
conversion interfacesin ENZCON20117 18th Electronics New Zealand
ConferencePalmerston North, New Zealarqup. 113117.
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1 S. James, N. Kularatna, A. Steross, A. Pandey, R. Kunnemeyer, and D.
Tantrigoda, "Investigation of failure patterns of desktop computer power
supplies using aghtning surge simulator and the generation of a database for
a comprehensive surge propagation study,TEGON 2010- 36th Annual
Conference on IEEE Industrial Electronics Sociétioenix, USApp. 1275
1280.

Journal papers

N. Kularatna, J. Fernando, Randey, and S. James, "Surge Capability Testing of
Supercapacitor Families Using a Lightning Surge Simulatdndustrial
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Chapter 2: Surge protection of power electronics

2.1 Introduction

Important aeasrelevant to background of the work done in pihejectsuch as

=)}

transient surge disturbanceso, Asurge pr

=)}

surge protection st andaxplaired i@ dethilusmg act i c e s
material from a book chaptg6] by t he aut h.oThebesis aslditipnalr vi s or
material herein the discussion oburge protection devices such as metal oxide

varistors (MOVs) and transient voltage suppressor (TVS) diodesdlatdeen used

extensively in both analytical and experimental wiankthe thesisState of the art in

relation to modeling individual protection components is discussed. This is important

for the work presented since deXel TVSS will be modeled and dgaed with the

use of appropriate models for the surge protection components. The benefit of using

the chosen models is also outlined.

A clear understanding of the difference between root mean square (RMS)
voltage fluctuations and shedrm high voltage(HV) transients is provided in
Section2.2 Investigation of surge propagation in this thesis is confined to the later
type of transient disturbances.

By the turn ofthe century, around 75% of the power generated was processed
by power electronics. In medn semiconductor technologwhereultra large scale
integrated (ULSI) circuit@re progressig towards system on a chip (SoC) concepts
the feature size is reaching sub 25 nm le\#|s/, 8] and theyare powered by DC
power rails as low as 1.2 to 08 These twatrendshave made demands within the
power conversion interface complex. Compaltta-low DC voltage sources with
energy backup, fast transient response and power management have become
mandatory in powering modern electronics. Uninterruptibdsvgy supplies and
advanced power conditioning with surge protection have become essential in

providing clean and reliable AC power.



The proliferation of microelectronic processors in a wide range of equipment
from automated industrial assembly lines to hospital diagnostic systems, has
increased the vulnerability of suethectronic systems to power line disturban®s
This is mainlybecause they bring together the hagtergy power line and sensitive
low-power integrated circuits controlling power semiconductors in the conversion
interfacessuch as DGDC converters. The ternpower conditioningis used to
describe a broad class of puntls designed to improve or assure the quality of the
AC voltage connected to sensitiwgcroelectronicloads Wi t h t he ad-vent
off-l i nseitth modepower supplies using sensitive electronic primary control
circuits, the need for input AC powbne transient surge protection has become more

universally recognizefb].

Utilities realize that different types of customers require different levels of
reliability, and make every effort to supply disturbaifiee power. Howevemnatural
phenomenauchas lightning transientmake it impossible to provide disturbance
free powerall the time. In addition to these external disturbances, sources within
buildings, such as switching of heavy inductive equipment loads, poor wiring,
overloaded circuits, and adequate grounding, can cause electrical disturbances.
Many of these power disturbances, particularly the transient surges, can be harmful to
sensitive electronitoads suppliedvith low voltage DC powerPower disturbances
can alter odestroydata and smetimescausesquipment damage which may, in turn,
result in loss of production, scheduling conflicts, lost orders, and accounting

problems.

There arespecialized componentnd well-designed protection systertizat
can prevent thesaindesirable disturbaes reaching the sensitive electronic loads
Protective systems range from those providing minimal protection to those that

construct a new power sourseich as a uninterruptible power supply (UR&)

of

critical | oads, convermptoiweg ot hevhs canadnaryd bfeu taic

for mo s t equi pment , i nto Ael ectronic grade

This chapter discusses the protectmathodsagainst transients and surges in power

conversion systems required for electronic systems demmridgher reliability.
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Treatment willalso discusscharacteriation of surgesaffecting electronic circus

powered by low DC voltages derived from lawltage(1000V and lessAC powet

2.2 Power linedisturbances

In a single or threephase utility powesupply, commercial power companies
are expected to supply AC power at a nominal RMS voltage with a percentage
tolerance such ass%o with limited amounts of harmonics as per applicable standards.
However the practical utility grade power supply carries jmnamwanted RMS
voltage disturbances, harmonics, noise and transieigisie 2-1(a) andFigure2-1(b)
depict the RMS voltage disturbances and transients and nesgectively
Figure2-1(c) showstheideal wavefornof a 50 Hz, 230V RMS power supply aitsl

corresponding frequency spectrum.
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Figure 2-1: Examples of disturbances on a 230V RMS, 50 Hz utility AC power supply: (a) RMS
voltage fluctuations; (b) transients and noise superimposed on the waveform; (c) ideal waveform and
its frequency spectrufie]

2.2.1 RMS voltage fluctuations
Voltage surges are voltage increases which typically last from about 15
milliseconds to onénalf of a second. A surge that lasts more than two seconds is

typically referred to as aovervoltage.Voltage sags are undervoltagenddions,
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which also last from 1hkilliseconds to ondalf of a second. Voltage sag that lasts

for more than two seconds is typically referred to asratervoltage.

2.2.2 Transient surges
Surge voltages occurring in lewltage ac power circuits originate framvo
major sources, system switching transients and direct or indirect lightning effects on

the power systerfi0].

As depicted inFigure 2-1(b) voltage transients are sharp, very bspikesin
the supply waveform. Theseidden increases in voltagee commonly caused by the
on and off switching of heavy loads such as air conditioners, electric power tools,
machinery and elevators. Lightnitrgnsientscan cause even larger spikes. Although
they usually last less than 200 microsecotiussespikes positive or negative, in the
range from about 180% of the AC peak value to over 6ck be dargrous to
unprotected equipmerithesehigh magnitude sudden voltage variations can wipe out

stored data, alter data in progress, and ctaiakelectronic handare damage.

2.2.3 Electrical noise

Electrical noise is higiirequency interference which can vary in frequency from
7000Hz to over 50 MHz. Noise can be transmitted and picked up by a power cord
acting as an antenna or it can be carried through the power lieee Histurbances
can be radio frequency interference (RFI) from radio, TV, cellular and microwave
transmission, radar, arc welding and distant lightning. Noise can also be caused by
electromagnetic interference (EMI) produced by heaters, air conditioglecdric
typewriters coffee makers,and other thermostabntrolled or motooperated

devices.

Although generallynon-destructive electrical noise can sometimes pass through a
power supply as if it were a signal and wipe out stored data or causeoes aleta
output. Problems result when microelectronic circuitry is invaded by trankight,
frequency voltages ¢ qwhiclkeaan be greupeg into ank dfe d

two categories: normal mode or common mode (deschib8dction2.2.5.
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2.2.4 Harmonics

Harmonic distortions are usually caused by the use of nonlinear loads by the end
users of electricity. Nonlinear loads, a vast majority of which are loads with power
electronic devices, draw current in a ranusoidal manner. With the increased use
of sud devices in consumer loads, the presence of distortions in current and voltage
waveforms have become a frequent occurrence today. It is quite common to have a
flattenedtop sine wave with these nonlinear loads such as computer power supplies,
UPS rectifies or even energy saving lamps. The ultimate result is that the terminal
voltage at the consumer end will be a ssamusoidal waveform with great deabf

harmonics.

2.2.5 Modes of transients and noise

The noise and transients soursaperimposeon theutility voltage can come
in two different forms, namely common mode and differential m@i#erential
mode is sometimes referred to as normalde ortransversanode In tackling surge
protection in power electronic systems it is very important to déhl voth cases.

Figure2-2(a)illustratesthe two cases

14



Power

entry
Differential-mode
voltage source Electronic system
Po;fk

return
Common-mode
voltage sources

Ground or
reference A4

plane

== Primary Secondary

—

®

Figure2-2: (a) Differential and commomodes;(b) commonmode signal coupling towards secondary
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2.2.5.1 Differential Mode (Normal Mode or Transverse Mode)

As thename impliedifferential mode signals appear between the live wire
and the accompanying neutrvaire in thecase ofan AC supply input. Similarly for a
DC powerinput it appears betweehe positive or negative rail and its return current
path. These twbnes represent the normal path of power through the electric circuits,

which gives any normahode signal route into sensitive components.

2.2.5.2 Common Mode Signals
Commonmode signals are voltage differentials that appear between the
ground and either of thievo supply lines. Commemode (CM) transients are most

often the cause of disruption, because digital logic or analog signals are either directly
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or capacitivelytied to the safety ground as a zeaitage data reference point for

semiconductors. As a rdgutransient CM voltage differences as small a3/0can

cause that reference point to shift, moment a
Figure 2-2 (b) indicates the possibility of transferring common mode signals due to

interwinding capacitances i transformer with electrical isolatiadlfi.the transformer

winding processis focused on reducing interwinding capacitances, an isolation

transformerwill reduce noise and transients coupled towdhasload. However,
manufacturingisolation transformer with high commofmode isolation properties

can be expensive.

2.3 Power quality issues

2.3.1 Current state of atypical electronic load

After the invention of the transistor in 1947, followed by the development of
integrated circuit concepts in thmid-1950s an eyonential growth of integrated
circuits occur r éad [11]. dbdrets vawis the obbervatioa that,
over thehistory of computing hardwarg¢he number oftransistorson integrated
circuits doubles approximately every two yeakhile silicon (Si) and gallium
arsenide GaAg progressed on similar paths, newer compound semiconductor
materials such asilicon-germanium $iGe were also gradually introduced to cater

for high-frequency requirements of commercial electronic systems

With integratedcircuits gradually progressing towards SoC concepts with
massively increased transistor count, the feature size of the transistors was gradually
dropping towards less than @rh. For example, the company Intel announced a 22
nm microprocessor in 201[12]. Figure 2-3( a ) i ndicat esbaseche Moor eod
general progress of integrated circyiSs), while the DC rail voltages are dropping
towards suHl V levels. With the equivalent noise levels increasing within the
complex ICs, dropping of the logieoltage levels makes the scenariceven more
complex[13, 14] Figure 2-3(b) indicates the development of processors similar to
the Intel family, and their power supply requiremensgure 2-3(c) indicates the
scenario in terms of clock speed, power consumpaad most importantly the

equivalent impedance of the processor load. With the processor equivalent impedance
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dropping below ImY a thedDC rail voltagesoming downto sublV levels, a

transient surge voltage app@ear on the power supplyails could ceate disastrous

consequences.
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Figure2-3 Developments of integrated circuits and processor fam{lies) Mo obased mogrless w
of ICs; (b) development of processors and their power supply requirements; (c) processor speed, power
consumption, andquivalent impedance

In summary this situation creet a challenge to the maintenance of power
quality in order to maintairsignal integrityin complex processor based electronic
loads; chip designers, as well as the power supply desigaeesrequired tgay
adequate attention to ighsituation for reliable product design. Protectiagainst

transients and surges theref@ef paramountinterest.
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2.3.2 Development of DC Power Supplies

During the 1970s and early 1980s most DC supplies were linear types as
depicted inFigure 2-4(a). Thesesimple linear power supplies were based on a step
down transformer which had the advantage of suppressing high voltage differential or
common mode traients. Particularly dangerous commuonde transients were
easily suppressed by a reasonably adeBigned input transformewith galvanic

isolation between the windings amnith low interwinding capacitances.

Ancilliary
circuits
irf;)it Input )
rectifiers / Linear
> } { > Smoothing ”| regulator > Vout
Transformer capacitors
(a)
Ancilliary Output
circuits supervisory
Components with common (i.e current circuits
mode signal vulnerability limiting) (ie OVP)
[ Y 4
v v
AC RFI In oo High frequency Vour
put Power factor Switching . ? Output -
Filter rectifier > correction > element —#  (isolation) rectifiers v
transformer
4

Feedback and /o
control 4 isolation

(®)

Figure 2-4: Comparison of linear powesupplies and modern SMPS: (a) Simple linear power supply
with an isolation transformer; (b) modern-tifie-line switching power supply

Figure 2-4(b) showsthe situation of modern SMPS systedesigred based
on power semiconductors such as BJTs, MOSFETI&GBTs where higher VAated
units carry a power factor correction block as well. In these uhésessential
(regulatory condition of ground isolatigrior minimizing safety issuess maintained

only by the higkfrequency switching transformewhich becomes an integral part of
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the DGDC converter stagEl5, 16} It is important to note that the input bulk DC rail
is the result ofdirect rectification of 230V/50 Hz or 120V/60 Hz input souyrce
creating an unregulated DC rail of 320V DC or 165 VDC respalg. All circuit
blocks from the AC input up to the DOC converter stage of thmomplex modern
directoff-theline SMPS systemsre vulnerable talirectly coupled commomode
transients Hencewell-designed surge protection circuits are necesgaicularly
for the componentshownwithin the dotted lines dfigure2-4(b).

2.4 Surge protection and surge absorbent devices

Transient surges amgsually unpredictable and statistical in nature. It is not
possible to stop them totally huh planning engineering facilitiegvery effortmust
be made to minimize their effect$ransientdhateitherget inducedor enterdirectly
can cause disastrous effects on various end user circuits. Prot#atircuits against
transients is based dwo main principles: @) limiting the amplitude of the surge at
each component t@ safe valug and (b) diverting the surge currents through
protectionspecific componentszigure 2-5 shows what a circuiiesigner is expected
to consider, whermrotectng a systemagainsta surgesuperimposen 230V/50 Hz
supply input The voltagetransientshown in the figure, which might represent a
lightning strike, exists only for about 100s, compared to the 2@s period AC cycle.
In the design of the basjower conversiorsystem, designersften disregard the
possibility of these superimposed signals, and assume that the input utility source is a
sine waveas per specifications considered in the project. In general, the possibility of
surge damage is relateo the height of theurge and the duration of the surghs
indicated inFigure 2-5, if the transient amplitude is between 4@ V, the basic
circuit blocks are still considered to be saféhen the spike amplitude is within 600
900 V, degradation foperformance or temporary errors could be expected, while

values above this can cause permanent faults
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Figure2-5: Transient superimposed on the Atput waveform with its effects

2.4.1 Practical Devices Used in Surge Protection Circuits

In developing surge protection circuitBe designer has tensure that(1) surge
arrestor stagedo not alter the normal operation of thewer conversiomircuit, and
(2) components used for surge absorption, diversion or attenuation dtealdle
withstand the surge. Reliability of the surge protection systetsasmportant since

a very high level surge mighestroythe surge arrestmomponents

Diverting a transient can be accomplished with a volagmping device or with
a crowbar devicehat switch into a very low impedance mode to short circuit the
transient The designs of these two types, as well as their operation and application
are different[17]. In designing practical surge arrestor circuitisese nonlinear

devicesare combined with inductors, and capacitors.

A voltage clamping device hagariable impedance depending on the current
flowing through the device or on the voltage acrissterminals. These devices
exhibit a nonlinear impedance characterjstimt is < més | aw , lfptpel i cabl e
equation has a variablR. The variation of the impedance is monotonic; in other
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words, it does not contain discontinuities unlike a crowbar device, which exhibits a

turn-on action18].

The most commonsemiconductornonlinear devices used arenetal oxide
varistors (MO\%), thyristos and avalancheype backto-back zener diodes. Gas
discharge tubeéGDTSs) are also used in some syste®)Vs and avalanche type
backto-back zener diodes are voltagemping devices whereas thyast and gas
discharge tubeare classifieda8 cr owbar 0 devi ces.

2.4.1.1 Metal Oxide Varistors

MOVs are zinc-oxide (ZnO) based ceramic semiconductor devices with
highly nonlinear currentoltage characteristics similar to battkback zener diodes
[19]. They are typicallyformed into a disc shap&he structure of the body consists
of a matrix of conductive ZnO grains separated by grain boundaries propiding
junction semiconductor characteristicGach intergranular boundary displays a
rectifying acton and presents a specific voltage barrier. When these conduct, they
form a low ohmic path to absorb surge end@f)j.

Figure 2-6 (a) shows a typicaV-l characteristic of an MOV. In order to
illustrate the liree distinct regions of operatiaver a widerange of current, a lelpg
format is usedThe basicelectricalmodelfor thevaristor that could relate tll three
regions of operation is shown Figure 2-6(b) [21]. At low currents theV-l curve
approaches a linear ohmic relationship and shows a significant temperature
dependence. Under this condition the MOV is in a very high resistance mode
approaching about ¥ o r .hUndeh this near opetircuit condition, the
nonlinear resistanc¥ in Figure2-6(b) can be ignored, d&orr value in parallel will
dominate. The resulting equivalent applicable to the leakage region is shown in
Figure2-6(c). Rorr value isdependentn the temperature, but remains in the range of
10 t o 10 Gd&depdds onlthe freguency in an inversely proportional manner.
In the normal varistor operatiaregion or in the conduction modtne value of R
becomes many orders of magnitudes less thaa Rhe dfect of this is for the MOV
to absab much of the transient energy. The equivalent circuit applicable to normal
varistor operation is alsshown inFigure 2-6(c). At high currents, approaching the

maximum rating, the nonlinear resistance is in a low resistance rtiwate
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approximates a shiocircuit. This is represented By which is the bulk resistance

of the zinc oxide grains and would be in the rangel10 [2Y].
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Figure 2-6: Metal oxide varistor characteristic and equivalent circuits: (&) daracteristic; (b)
generalized equivalent circuit; (c) simplified cases uhelgkage and conductigal]

In the state of the art in MOV modellindifferent mathematical models are

used for the nonlinear resistange, which plays the major role in surge absorption
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by the varistof21, 22] Two different relationships thgiovernthe operation ofhis

nonlinear resistance are given by E2&4) and (2-2):

—_— (2-1)

fiwc 6 611 CQ 60Q 5 Q (2-2)

wherei is the current through andis the voltage across the varistor. The parameters
kand U (2d)fandparametes i 5 andd of Eq. (2-2) are unique to each

varistor type.

The powedlaw representation given in E@-1)whi ch r epresents th
nonlinear resistance i n i[19s2]1,@3lvwescha@asén v ar i st
to model the MOV in this workalmost all of the surge ergies, which is of interest
to the work done here, are transferred when the MOV operates in this region. The
parameter& a n dof Boq.(2-1) canbe experimentally found by cunfitting for any
available MOV as shown i@hapter 4k is dependent on thdevice geometry anithe
exponent) defines the degree of nonlinearity i
be controlled by selection of materials and the manufacturing prd¢ésgth U i mp | i e
a stronger clamping actiorfor zinc-oxide technologytypical U v alle unettse
range of 15 to 30.

Mathematically more complex, highly nonlindag representation given by
Eq.(2-2) represents th1OVoés nonl i near resistance from
to tens of kA[22]. As shown inChapter 6 modellng of the leakage region can be
ignored for the energies to be estimated in this wdhe significance of righband
side (RHS) coefficients of EqQ. (2-2) is provided in Sectiord.2.9 where the
characterization of a MOV based on the model of Z8) is studied A weakness of
this representation would be the difficulty in estimating the coefficients by a suitable
curvefit for an off-theshelf MOV. Varistor manufacturersuch asLittelfuse have
provided FICE (Simulation Program with Integrated Circuit Emphasis) based

models for some of thevaristors manufactured by thenm these modelghe
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nonlinearity of the MOV characteristic has beepresented bgxtended versions of
Eq(2-2), with up to six term§24].

High transient energy absorbent capapis achieved by increasing the size
of the disc. Typicaldiametersrange from 3 to 26hm. MOVs turn on in a few
nanoseconds and have high clamping voltages, ranging from approximately 30V to
1.5kV. Figure2-7 compares the behaviour af IOV with an ideal clamping device,
andwith aTVS zener diodeApplication guidelineon MOVsare given in25, 26]

Basic theory of operation of ZnO varistors can be fourjd9n27}

Subjecting an MOV to continuous abnormal voltage conditicaiher han
shortduration transienfsmay cause the MOV to go into thermal runaway, resulting
in overheating, smoke angbssiblefire. To prevent this condition, many modern
MOVs include an internal thermal fuse or a thermal cutoff device. Some even extend
this@apability with an internal indicator that
thermal protection is engag¢®8]. An overview comparison of thermally protected
MOVs (TPMOV) with traditional MOVs is provided if29]. These TPMOVs are

useful in occasionghere continuous AC line overvoltages could occur.

2.4.1.2 TVS diodes and thyristors

TVS diodes and TVS thyristors ar&d basic types op-n junction devices
available for transientsurge protection Both types are available as backback
devices(bidirectional devicespuitable for protection against positive or negative
surges appearing at power or signal entry inpliths. TVS diode is alamping device
which suppresses all voltages above its breakdown volthgeeas the TVS thyristor
is acrowbar device which switches on when overvoltages rise up to the-bveak

voltage[30].

Silicon rectifier technology, designed for transient suppression, has improved
the performance of regulattype zener diodeso provide TVS diodesThe major
advantagef these diodes is their very effective clamping, which comes closest to an

ideal constant voltage clanip7].

24



2 Protection region
8
.E //__R .
o Clamping voltage
(9]
o
R Working voltage
3
5}
<
&
=
o
> |-
Current Through the Device (I)
(a)
A
E Protection region
3
2
) Clamping voltage
:
2
S-q---mmmmmm e Working voltage
Q
<
&
£
S
>

v

Current Through the Device (I)
(b

Protection region

/

/
,{ \_‘7) Clamping voltage (Zener voltage)

______________ Working voltage

Voltage Across the Device (V)

v

Current Through the Device (I)
(©

Figure 2-7: Comparison ofclamping typetransient protection devices: (a) ideal case; (b)-aiide
varistor; (c)TVS zener diode
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Figure 2-8 provides an example of a commerci@dvVS diode device
manufactured byON Semiconductor[31]. As shown inFigure 2-8(a), the V-I
characteristic curve of the TVS diode is similar to that of a zener dibdie zener
diodes TVS diodes are specifically designed to clamp transient surge pratesy,
thanregulate a relatively stable voltaggke all clamping devices, it automatically
resets when the transient drops below the breakdown voltage, but absorbs much more
of thetransient energy internally than a similarly rated TVS thyristor de¥idarge
cross sectional area is employed for a TVS diode junction, allowing it to conduct high
transient currents. These diodes respond almost instantaneously to transient events.
Ther clamping voltage (which is the voltage measured across the device terminals
when the device is fired, and a peak pulse current is flowing through the device)

ranges from a few volts to a few hundred volts

A TVS diode can respond to transients fastemtother transient protection
components such as MOVs and GDTs. Clamping occurs in picosecdmeigast
response time of the TVS diodes means that any voltage overstsoshown in
Figure 2-8(d), is primarily due to lead inductancéi-directional TVS diodes
available from several manufacturers have symmetrical response in both positive and
negativeregions and offer similar clamping to both positive and negatirges
They come inaxial leaded and surface moyrdckagesDatasheet terminology for

silicon TVS devices and design calculations are discusgd8aJin

When individual excessive surges occur beyond the rating of the TVS diode,
it can fail like any othestressedsemiconductor componerftor the TVS diode, this
primarily involves peak pulse powdPHp) and/or peak pulse currenpg). The basic
form of failure mechanism is attributable to excessive heat in the aetijanxtion

of the silicon elemer[B83].

A TVS diode macranodel offemg greater accuracy than a standard diode
SPICE model is discussed|4].
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Figure 2-8: An example of a TVS diode: (a) device behaviour and data sheet parameters; (b) pulse
power absorptiorapability versus pulse width; (c) test pulse used; (d) & @pplication circuit and
voltage at protected loatlie to device capacitance and lead inductf3ite

TVS thyristors are solid state devices constructed with four alternating layers
of p-type and ntype materialThe advantage of this device is its lowgtate voltage

after triggering which provides much higher current capability for a relatively small
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chip size compared to a clamp devit&.S thyristorsare used extensively in surge

protection of communication agpmentfor the reasons given next

Because communication equipment with lasgale integrated (LSI) circuits
is very sensitive to surges, its surge protection devices are required to have a high
speed response and a high surge capability. These derecas@be required to have
low capacitance to reduce transmission losses inspgled wideband transmission
systems Conventional lightning surge protectovsth a GDT, resistors and ceramic
varistors cannotbe used in higispeed transmission systemschuse they cause
excessive transmission los§VS thyristors have been used for surge protection
because of their high penit area surge capabilityThis characteristic enables
reduction of device size and hence also its capacitance and transmiss|85]los

TVS thyristors are avalanche triggered components and protect sensitive loads
by switchingtoalowost at e of a few volts, thus providi
high current capabilityTransition to orstate is initiatecat the maximumbreakover
voltageof the device Once the TVS thyristors is in the-state, the current through
the device must be interrupted or drop below minimum holding current to restore to
nonconductionafter the transient has subsided. They are normally not fmsed
protection across D@ower or low impedance voltage sources because they may not
restore to noswonduction. A TVS diode would be a better choice for such

applications.

The surge current capability of a TVS thyristor is determined by structure as
well as size.Operating voltage levels begin at 12V and are available in several
increments up through several hundred volts. They do not wear out, but when
electrically overstressed faik ashortcircuit [36]. Figure2-9 provides an example of
a commercial dvice from ON Semiconductor, with a typical telecommunication

outsideplant protection circuif37].

28



+ Current

A Symbol | Parameter
y Ip1r Ipa Off State Leakage Current
™ Vo Vi, Vp, | Off State Blo cking Voltage
Ly S—— ¢ Vier Breakdown Voltage
H --
Iog ;iU < lgog Vio Breakover Voltage
- f f T > Iz Breakover Current
/—/ v +Voltage Iy Holding Current
IR \ Vo Vo2 Vew
~~_ lmm On State V oltage

@)
250 —
\ a ‘ t, =rise time to p eak value
230 ~ £ 100 Peak t;= decay time to half value
210 e value
c 190 \ v] |
e g |
s 1o N S s0Hr———— Half Value
] N v I :
150 ™ x [
N 3 | I
130 s o ' | ~—
\ IQ_ | | \\
110 N = | .
10 100 1000 10000 0 ot, t
Time (ps) Time (ps)
(b)
PPTC *
TP e
Outside GND Telecom
Plant 1 3—: Equipment
Ring ]
PPTC *

*Polymeric PTC (positive temperature coefficient) overcurrent
protection device

()
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2.4.1.3 Gas Discharge Tubes
Gas discharge tubes (GDTs, or simply gas tubes) are devices that employ an
internal inert gas that ionizes and conducts during a transient event. Because the

internal gas requires time to ionize, gas tubes can take several microseconds to turn
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of the transient front. A circuit protected by a gas tube arrestor will typically see

overshoot voltages ranging from a few hundred volts to several thousand volts.

The GDT uses srially designed electrodes fitted inside a tube filled with

one or more gases under pressure. They are rugged, relatively inexpandibave

a small shunt capacitance; therefore, they do not limit the bandwidth of high

frequency circuit@s much as o#r nonlinear componenf38]

GDTs have extremely high pulse ratings for their size. They are designed for

use over a broad voltage spectrum. Impulse striking (firing) voltages typically start at

500V, thesefiring voltages ar@oo high to protect microchipbutGDTscan be used

in conjunction with TVS diodes to provide effective midiio ampere low clamping

level for 5V signal lined39]. Theyare used in telecom network interface device

boxes and central office switching gears to provide protection figintning and

alternating current power cross faults on the telecom netj#0tk

Table2-1: Comparison of TVS devicd41]

Suppression element Advantages Disadvantages Expected Life
Very high current Very high firing voltage Limited
Gas tube handling capability Finite life cycle
Low capacitance Slow response times
Highinsulation resistance Nonrestoring under DC
MOV High currenthandling Gradual degradation Degrades
capability High clamping voltage
Broad current spectrum  High capacitance
Broad voltage spectrum
TVS diode Low clamping voltage Limited surge current rating Long
Does not degrade High capacitance for low
Broad voltage spectrum voltage types
Extremely fast response
time
TVS thyristor Does not degrade Non-restoring under DC Long

Fast response time
High currenthandling
capability

Narrow voltage range
Turn-off delay time

Table 2-1 compares the characteristics of the most widely used TVS devices.

Reference$4l, 42]provide more details.
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2.4.2 Levels of surge protection

As recommended by the IEEE3], surge protective devices (SPDsg)so
known as transient voltage suppressor systa$$9, should be coordinated in a
staged or cascaded approach. The starting point is at the service entvihce.
primary protection, e first surge diversion occurs at the service entraand,then
any residual voltage can be dealt with by a second TVSS at the power panel of the
computer room, or other critical loaas shown inFigure 2-10(a). This twastage
approach will reduce 20,00@lt induced lightning suges well under 330 volts peak
as recommended lije IEEE [44].

N |
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~ — SPD
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r\.
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Stage 2 protection

(branch location)
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at main panel (800V at Stage 1)
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25uS 50
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Figure 2-10: Facility-wide protection solution: a cascade (estdge)approach; §) Example otwo-

stage TVSSprotection. (b) Achievable performance levels with single andstage
protection[44].
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Stages applicable tdVSS protection may be divided into three categaries

(a) primary protection,lf) secondary protection, and poardlevel protection.

2.4.2.1 Primary Pr otection

Primary protectiorapplies tgpower lines and data lines exposed to an outdoor
environment, service entry, and AC distribution parfstage 1 inFigure 2-10(a)).
For a typical lightning impulse of 20,000V, the best achievable clamping would be
about 800V.Transient currents can range from tens to hundreds of kileesat the

service entrance.

2.4.2.2 Secondary Protection

Secondary protectioifstage 2 inFigure 2-10(a)) is for equipment inputs,
including power from londpranch circuits, internal datmes, PBX, wall sockets, and
lines that have primary protection at a significant distance from the equipyvigmt.
the application of both primary and secondary protection besthb®gsiotection
(less than 100 )is achieved.Transient voltagesit this stagecan exceed several
kilovolts with transient currents ranging from several hundred to several thousand

amperes

2.4.2.3 Board-level protection

Boardlevel protection is usually internal to the equipment; it is for protection
against residual transient from rier stages of protection, systegenerated
transients, and Electro Static Discharge (ESD). Transients at this level range from

tens of volts to several thousand volts with currents usually in the tens efamp

2.5 Surge protection standards and practices

Transients thagetinduceal on the equipment inputs could be due to several
different reasons,such as (a) inductive switching (b) lightning (c) electrostatic
dischargeand (d) electremagnetic pulses (EMIp. All these are very unpredictable
random occurneces. Electrostatic discharge may occur diee build-up of static
charge onthe human bodywith voltages as high as 20,000 V. These can generate
transients with rise times dast as 2kV/ns. Electromagnetic pulses due to nuclear

activities where gamma rays can be released could cause transients with rise times
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with 5 kV/ns, while lightning activityrelated transients can generate signals with rise
times around 60¥/ns[45].

Due to thestatistical nature of transient voltagesany useful guidelines are
provided by the standards and practices available for desigmansient activity can

begenerated bgxternal sources and internal sources.

2.5.1 External sources of transient activity

Powe companies have no control over transients induced by lightning or
high-power switching at substation level$zigure 2-11 illustrates the very high
current levels that correspond to laggeergy content of a typical lightning waveform.
Currents from a dect or indirect strike may enter conductors of a suspended cable or
enter a buried cable by ground currents. Either way, the surge will proplagatgh
the cablein the form of abidirectionaltravelling wavestartingfrom the point of
origin. Severityof impact to the end user is directly proportional to the proximity of
the lightning strike. If the facility is at a 10 to 20 pole distance from the strike, little
harm will occur, since the surge current will have been dissipated by the utility
ground sygeem. Such is not the case where the strike is much closer. In this case, the
residual current can migrate through the f
damage.Other externally generated transients result from switching in nearby
industrial complexes which can send transients back into the power line, causing
damage to equipment. EMPs are another rare case of external transient activity.
100
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Figure2-11: A typical lightning current waveforif6]
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2.5.2 Internal sources oftransient Activity
Internally-generated transients result from switching within the facility. Any
time the flow ofinductive currenis altered, such as indhsimple act of turning a
motor off, transient activiyan r esul t i n oaAnotheéricondmorc t i ve Ki C
example of this phemoenon is thevoltage transient generated by turning off a

fluorescent light with a magnetic choke

2.5.3 Transient energy
The energy of a transient waveform may be readily calculated for transients
that are internal to the circuit, such as those cause@ttbgtive switching. Transients

external to the circuit are more difficult to quantify.

The energy absorbed by the suppression element megldwgated as,

0 0o (2-3)

where,
E = energy in joules
U = instantaneousgoltageacross the suppression elementatts
‘(x instantaneous current through the suppression elemantperes
t =impulse duration
2.5.4 Transient Protection Standards

Committees such as ANSI, IEEE, and IEC have defined standards for

transient waveshapes basedtle threat environment.
European or IEC transient standards include:

1 IEC 610004-2 Electromagnetic compatibility (EMC): Testing and
measurement techniqueglectrostatic discharge (ESD)
1 IEC 610004-4 Electromagnetic compatibilityTesting andneasurement

techniques Electrical fast transient/burst immunity test

34



| IEC 610004-5 Electromagnetic compiatlity : Testing and measurement

techniques Surge immunity test
US transient standards include:

1 ANSI/IEEE C62.41:IEEE recommended practice on cheterization of
surges in lowvoltage (1000 V and less) AC power circuits
1 FCC Part 68 for telecommunication lines

1 UL 1449, and various military standards

IEC 610004-5 and ANSI/IEEE C62.41 areentral to the work done in this
project andheyaddress thenost severe transient conditions on both power and data
lines. These are transients caused by lightning strikesdrsvitching. Lightning
transients may result from a direct strike or induced voltages and currents due to an
indirect strike. Switchingransients may be the result of power system switching,
load changes in power distribution systeorsshortcircuit fault conditions.

The IEC 6100&4-5 standard defines a transient entry point and a set of
installation condition$46]. The transient idefined in terms of a generator producing

a given waveform and having a specified open circuit voltage and source impedance.

Measurements carried out by the IEEE over a number of years have
demonstrated, on a statistical basis, the likely frequencycotirrence, typical
amplitudes, and waveshapes to be expected in various locations as a result of artificial
and naturally occurring electrical phonomena. These findings are published in
IEEEC62.41.The work outlined in the IEC 610885 and the ANSI/IEEE2.41
standards provides the basis for design of AC powerline transient SPDs.

2.5.4.1 |IEEE C62.41:Location categories

In general terms, the surge stress to be expected depends on the location of the
equipment to be protected. When equipment is inside aifgilthe stress depends
on the distance from the electrical service entrance to the equipment location, the size

and length of connection wires, and the complexity of the branch cifslits
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The purpose of the standard IEEE C62.41 is to provide infawmatn the
surge environment and offer recommendations to interested parties involved in
developing test and application standards related to SPDs as well as

recommendations to equipment designers and {&ers

IEEE C62.41 identifies location categorieghin a building, described as Al,
A2, A3, B1, B2, and B3 for surge | ocations.
represent wiring run distances within a bui
represent surge severity.rpdwvéraftecnote¢chgnor y | ocat
60 ft. of wiring run from the main power service entrance, with frequent exposure to

comparatively lowenergy surges.

External surges wi l | be of a | esser three
due to the impedance protectioopded by the inductance of the building wiring in
AAO0 | ocations. | EEE specifies a | ow energy A
|l ocati ons. AB0O category |l ocations are withi.
entrance, with greater exposure tar@gfuent, high energy surges originating outside
the building. The ABO0O | ocation category sur
outages due to storms, and nor mal utility sw

with high surge energy is specified by IEEEbr t hese @ABO0O | ocations.

Al,0 A2,0 and A30 denote | ow, medi um, an
terms of the number and severity of surges,
being the most severe. A AB30 téxposueettor on, t her

surge energy, while a AA10 |l ocation would ha

Table2-2 shows possible annual surge magnitudes, frequency of occurrences,
and surge waveform as extracted from the IEEE C62.41 StanEignae 2-12
depcts the building locationas given in the standards IEEE C62.41 and UL 1449.
IEEE C62.41 details are available[By 47]. The standard UL 1449 is discussed in

the next section.
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Table2-2; IEEE C62.41 Location categories, frequency of occurrenceswage waveforms

777

|
|
|
I
|
|
I
|
|
|

Type 2 -

IEEE C62.41 Location categories

Category A — Branch and receptacle locations

Category B — Load side of the main overcurrent protection device
to distribution panels

Category C — Secondary side of the service transformer drop to the line
side of the main overcurrent protection device

Type3 -

2,000V, 4,000V, 6,000 V,
70 A 130A 200 A
IEEE Ringwave Ringwave Ringwave
LOCATION IEEE Surges Surges Surges
CATEGORY | EXPOSURE| (.63 Joules) | (2.34 Joules)| (5.4 Joules)
Al Low 0 0 0
A2 Medium 50 5 1
A3 High 1,000 300 90
2,000V, 4,000V, 6,000 V,
1,000 A 2,000A 3,000 A
Combination | Combination | Combination
Wave Surges| Wave Surges| Wave Surges
(9 Joules) (36 Joules) (81 Joules)
Bl Low 0 0 0
B2 Medium 50 5 1
B3 High 1,000 300 90
UL1449-Type 1 UL 1449-Type2 UL 1449-Type 3
A ! B ‘ C

UL1449 Location types

Type 1 - Permanently connected device installed before or after
the service disconnect overcurrent device and intended to be

installed with no external overcurrent protective device.

Permanently connected device installed after the
service disconnect overcurrent device.

Point of use SPDs that are installed with a minimum of
30 feet of conductor length from the service panel.

Figure2-12: Building location categories angpes for IEEE C62.41 and UL 1449

2.5.4.2 Surge voltage waveforms

The IEC 61004-5 standard specifies @mbination waveonsisting of wo

waveformswhich are shown inFigure 2-13. the 1.2/5Qus openRcircuit voltage

waveform and the 8/20s shoricircuit current waveformThese impulse waveforms
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are defined by their rise times and kahplitude duration. For example, an 8{&0
impulse current would have anu8 rise time from 10 percent of the peak current to
90 percent of the peak currefithe 20 us deay time is measured between half

amplitude points.

v I
1.0 1.0
0.5 0.5 </
> t | t
ﬂ < Tl Tl ‘ <
<«—50ps—>» <20 ps »
T1x1.67=12ps T1x125=8.0 us
@ ®

Figure2-13: IEC 610004-5 combination wave (a) Opagircuit voltage (b)Shortcircuit current

The combination waveshown inFigure 2-13 is also defined in ANSI/IEEE
C62.41 along with another standard waveform, which is the 100 kHz ring wave
shown inFigure2-14. The location categories to which these two standard s\aree

applicableareindicated inTable2-2.

Rise time 0.5 pus

la—— 10 us —»

—1 T T T T T T
0 5 10 15 20 25 30 35

Time (ps)
Figure2-14: The 100 kHzing wave

2.5.4.3 Underwriters Laboratories UL 1449
About two decades ago, Underwriters Laboratoried) established a
uniform TVSS rating system by creating UL Standard 1#4987. Although
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somewhat limited, it was the first step toward establishing benchmaxda@rtpare
transient voltage suppressor systaiv$S) products.The standard has been revised
twice in the past few years. UL 1449 2dition completely supersedgseceding
editions. This edition has becomenaAmerican National tandard(ANSI) andis
aligned with other North American surge standards inclutift: C62.4148]. The
term for surge protectors has been changed from TVSRutge protective device
(SPD in the 39 edition. UnderwritersLaboratories established specific test criteria to
determine the ability of &PD product to stop the travel of a transient voltage surge
into protected equipmerithe 3¢ edition gives three designations$®Ds depending
on where in the electricalistributionsystemthe device is connected description

of these designations is given iRigure 2-12. The correspondence of these

designations to C62.41 location categories can also be seen in this figure.

Clamping voltage tests under UL 1449 @dition were conducted at 500 A, 6
kV. The tests in the"8edtion are done at 3 kA, 6 kV, which delivers six times more
surge energy resulting in higher clamping voltagEse voltage available is in a

1.2x50us waveform and the current is available in &0Rs waveform.

The new title of UL 1449 in theBedition is, AUL Standard for Safety for
Surge Protective Devices, UL 1459In addition tolocation descriptions of Types 1
to 3, there is als@ Type 4 which applies to individual components used in all

location categoriedMore detailgpertaining to tis standaraan be found if49, 50]

2.6 Circuit concepts used for surge protection

In general practical circuits developed for surge prote@retased orthree
basicconcepts: 1) design theprotection circuit separately as atideon block to the
base cicuit; (2) attenuate the incoming transient using passive seoi@sectecigh-
impedancesor shuntthe surge currents via passive lawpedance circuitgwhich
act as filters for higlirequency components of the surg@); use notinear devices
such as GTs, MOVs, TVSdiodes or TVS thyristorto divert the surge currents and
absorb the transient energy.
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Figure2-15 shows a SPDwhich is designed to protect against both common
and differential mode transientsSThe combination of line filter and transient
suppressor components in this SPD makes it suitable for use in both C62.41 location
categories A and B. When designed for category B locations larger components will
have to be selected ftine transient sup@ssor componen{$]. InductorsL; andL>
and capacitor€; through C4 form the noise filter networkM: to Mz are MOVs
which will enter their firing or conduction mode when the transient exceeds the
threshold voltage limithus providing the first levelfgrotection For very short lived
high-voltage transients, the clamping action of the varistors, together with the voltage
dropped across the series inductance, $oftithe majority of the transient voltage

from the output.

For more extended stress cdiwhs, the current ir; and L2 will increase to
the point where the output capacit@sthroughC, are charged to a voltage at which
TVS diodesT> through T4 are brought into conduction. These diodes prevent the
output voltage from exceeding their rated clamp values for all stress currents up to the

failure point of the diodes.

L1
° T ® ® Y YYY g ® ®
R G % §%
M1
d
L2
® + > ® Y Y ——o— = >—e
Neutral 5 r 5
M2 | // M3  Jpu— %T?»
GND l

Figure 2-15; Line-to-line and lineto-ground transient overvoltage protectioncaoit with noise filter
(can be designed for C62.41 location categories A and B)

This SPD also prevents voltage transients generated within the driven
equipment from feeding back into the supply line. This can be an important
advantage when several pieadsequipment in a system are connected to the same
supply.
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A simplified 2-wire version of thisrersatileSPDdesignis considered in this
project The powerlaw model outlined in sectio@.4.1.1was used to model the
nonlinear resistances of the MOV emyad for the first level of protection and the
TVSD employed for the second level of protection. Simulations and prediction of
power and energy transfers to all its components are preser@ddymer 6 There is
no evidence in the literature to sugg#st such an analysis has been done, using

suitable models for the nonlinear surge protection components.

Several otheBPD circuit concepts are discussefbing].
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Chapter 3: Analytical and Numerical techniques for solving

transient equations

Although the TVSS that is investigated in the thesis is nonlinear, the analysis
of transient propagation in linear systems is important for this project for several
reasonsFirst, significant parts of the overalircuit we need to analyse are linear.
Second, the exact solutions available for the behaviour of linear systems through
standard techniques allow us to analyse the linear parts easily. Third, the validations
of the simulations for the linear parts ofraircuits can be performed using standard
techniques. Fourth, the nonlinear differential equations (DEs) that we need to
formulate in order to simulate the nonlinear systems become an extension of the

linear DEs for the linear portions of the overall syst

In this thesis, the Laplace transform method, which is a standard technique for
solving linear differential and integrodifferential equations, is used to analyse the
linear circuits relevant to the projedthese equations in electrical engineering can
arise from to the presence of reactive components such as capacitors and inductors.
Laplace transform method is, in many circumstances, simpler and more convenient to
use than thetherclassical methaglof sdving ordinary DEsAreas of this method
relevant to the study of this thesiave beeimncluded in AppendiE.

Power electronic circuits such as the ones Wk lve investigating consist of
nonlinear devices and therefore would give rise to nonlineardiffial equations. In
general nonlinearDEs cannot be solved analyticalhy a method such as Laplace
transformsThis limitation of the Laplace transforms highlighted inSection3.1

Until the 1960s, practical ways of solving nonlinear problems lueeb
graphical and experimental approaches. Since that tomputer simulation has
become a powerful tool in solving nonlinear problernms.order to predict power
dissipation and energy absorption in the Transient Voltage Surge Suppressors (TVSS),
this projectresoredto computer simulation of the circuits that contain th&he use
of numerical simulation successfully fohig¢ investigation of transient surge

propagation in a power electronics interflies madehis project a unique one.
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The majorportion of the emainder of his chapter lookat methods adopted
in numerical simulation of DEs. We will start our study with the straightforward
Eul erds method and proceed to mKuttae compl ex
methods[51]. Standard and speciaugposeOrdinary Differential Equation@DE)
solvers that areupplied withMATLAB, are discussed iBection3.4. Effective use of
these variable timstep solvers islso discussed heres ave will be usingthem

extensivelyfor our simulation studies.

Sedion 3.5 looks at circuit simulation software such as SPI@Htivatives
which are also suitable for transient propagation studies under certain conditeons;
discussiorcompares them to the simulation of relevant DEs thrdvdghLAB coding
that is employed in this project. Advantages of the method used in this thesis over

that of widely used simulation software are also outlimeck

3.1 Limitation of Laplace transform method

As mentioned earlier in sectidh4.1.]1 the circuits we argse in this thesis
contain nonlinear devices such as MOVs which can be represented by the power law

relationship of Eq(2-1), which is repeated here

rn‘) T’Q)
whereki s a constant dependent on the device ge
nonlinearity of the characteristic. For MOVs the value @f@an be in the range of 45
30 and evaluation of this parameter for several MOMShapter 4yielded values in

this rarge.

The techniques that have been developed for Laplace transforms will not be
able toanalysea circuit containing such highly nonlinear elements symbolically.
Although a numerical solution would be possible, it will be more straightforward to
solve the wate equations that describe the system directly using numeric techniques as

we have done in this thesis.
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32 Eul er s met hod

The simplest numerical method for the solution of initial value problems is
Eul er 0 s[G2Jme ordeota generate an update rulefoEul er 6 s met hod,

expandw © YO using the Taylor series.

.. QW Yo Qw Yo Qw & (3-1)

@wo Yo wo Yo, — X h6 oA Qo

For small values o¥6, the higher powersYo ¢, Y09,  é Eqi (81) will be
very small. This suggests tfiellowing Euler approximatiorfor 0 0 Y0 , which ignores

quadratic and higher order terms in Befl):

Vo (32)

wo Yo o .
Qo

Adopting the shorthand notationk Yoo o k whoo Yo k o

Eq.(3-2) can be written as

6 6 Yo =P (3-3)
Qo

The subscriph on Q ¢Q dindicates that the derivative is to be evaluated at
time® €Yo The Euler updating rulegiven below can be arrived at by substituting

for the derivative from thdifferential equatio(8-1):
® 6 Y8oom (3-4)

The initial conditionw O w is used to start the calculation and then the

updating rule given by E@3-4) is applied iteratively to go forward in time:
©» © Y8Oowh
©w ® YBow
®» ® Y8Oowh
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" slope F(y.t)

r/ Y

slope F(yp,tg) —

Yo

to t ) t

Figure3-1: Euler method: Approximation of the curied by a polygon whose first side is tangent to
the curve ab

The Euler method is illustrated ifigure 3-1. Geometrically it is an
approximation of the curve @6 0 by a polygon whose first side is tangent to the
curve ato . The method is called a firstder method, because in E§-2) we take
only the constant term and the term containing the first pow¥o.0fhe truncation
error per step is of orde¥d . The practical value of the Euler method is limited, but
since it is simple, it helps us to understand the more accurate methods that are

presented in this chapter.

3.2.1 Application of Euler method: LCR circuit driven by a charged
capacitor
In this section we Wil apply Eul erdés method to the
Figure3-2, which is driven by a charged capacitdhis circuit, which is identical to
the first loop of the LSS equivalent circuit, is solved using Laplace methods in
Appendix E.2 Here we will have ampportunity to compare simulation resuitom
the Eulermethod with tle solutionobtained bythe Laplace method=rom waveform
drawn with the Laplace solution, we see that thhe time constants for the loop
current are approximately Ogs and 70us. Weneed to choose our increméfiito
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be a small fraction of the smaller time constant to adequately sample the exponential

evolutions.
t=0
40/
+
R
Ve©/s R+Ls
——c i@ - @

IC =V{4 0) ] 1
Cs

@ (b)

Figure 3-2: (a) RLC circuit driven by a charged capacitor [aplace tansformed network for the
circuitin (a)

Forthe transformed network,

— 4O —, Y i0

W T o)
i O

p i 6Yi 600 ow T (3-5)

AssumingQt  "Qm 1, and &king the inverse Laplace transformigg. (3-5)

8 i 8o B0 T 6 (3-6)
@ ° Qo

Eq.(3-6) can be rewritten as

Q0 YQQ W T i
— T £Q —1 0 (3-7)
(9] VQO v O U

The RHS of Eq(3-7) is the forcing function of this DE and has the Dirac

deltsl O as a result of the discharging capacitor. For the purposes of this simulation
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this Dirac deltafunction can be replaced by tKeonecker deltd51] and the forcing

function can be represented as

| W TP (3-8)
o) == R
5 © Vo

where] 0 is constrained by the identity 1 0'Q0 p and the Kronecker delta is

identified as

w2 B (39)

p QQ "
In order to solve the secomdder DE Eq(3-7) numerically, we must recast it

into normal form: a system with two interacting DEs

Let

(ONO]
0 (3-10)
Qo

Then Eq.(3-7) will reduce to

Q0 Y, G T
0 o - (3-11)

Qo6 0 06 0

By using Egs. (3-4), (3-10) and (3-11) the following Euler update equations
can be written

o~ o~ g (3-12)
® p & YR

5 , o Y, W T
e op & VS - e — (3-13)
0] U O 0]

For the simulationwe have chosen the incremegtto be much smaller than
two time constants associated with the Laplace solution, which are approximately
0.4pus and 70 ps. The Matlab codeRLCsimulations_4 methods given in
AppendixA.1l tests the simulation ford values of0.125 us, where an explicit

approximation has been used for the daltection A comparison of the simulation
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with that of the Laplace solution is shown kigure 3-3(a). The error which is

prominent within the first microsecond is showrFigure 3-3(b).

(@
15 7 T T T T
: : : = m = [aplace

_ Euler simulation
< 10 |
k=
()
:
& 5
3
-

0 100 200 300 400 500

<

&

b=

&,

a AL e . : ]
4 ; ; ; j —O©— Euler Error
5 i i i i .

-1 0 1 2 3 4 5
Time (ps)

Figure 3-3:(a) Euler smulation of the loop current compared with the theoretical reg®)ItError
between the simulation and theoretical results

Although this simulation result looks satisfactory for thleort duration
transients we will be looking athe simulation resultsan be improved bybtaining

an impulse responsesoutlined in the following section.

3.2.2 A better way of obtaining an impulse response

An impulse response can be obtained by using initial conditions that arise
from the impulse inpuf53]. This approach allowshe zero time duration of the
impulse to be correctly modelled, rather than ustngs an input signal as in the

previous section.
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The following proof demonstrate this by considering thedifferential

equation(3-11) which has a delta function as an input signal:

Integratingeq(3-11) gives,

o Y . w T
W~ DO L DO = 1 009 (3-14)

This simplifies to

o g W06 £ W0o - (3-15)
Here we are interested in determining the valué®fato T, i.e., the initial
conditions that arise from the impulse input. Assume flah 0 Htoo T,
™ ‘D 1 The result is that the two integrals in Bg15) can be evaluated
from O to timet. Since we are interested in the initial conditiom at 1, this leaves

the two integrals to be evaluated fram 1to 0 1T Theresultis

WQO T (3-16)

andfrom Eq.(3-15)

. w T (3-17)

This shows that an impulse response can be obtained by using the initial condition
that arise fronthe impulse inpytand making the input itself equal to zero. A general
form of this proof applicable to any system that can be represented by the general

statespace representation is availabl¢58].

Now we will simulate the samdoop current of theRLC circuit of

section3.2.1 and see hovthis improved Euler simulation compares with the true
solution.Again the MATLAB codeRLCsimulations_ 4 methodsgiven in Appendix
A.2 tests tlis simulation foragi value of 0.125us with theswitch statement set 2.

A comparison of the simulation with that of the Laplace solution is shown in

Figure3-4(a) and theerror between these twis shown inFigure 3-4(b). We see that
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the maximum error which was minus 4 ampened-igure 3-3(b) has reduced ta
positivel amperdan Figure3-4(b).

15 T T T T
: G = = = [ aplace

g ‘ improved Euler simulation
= 10Ny T ]
[} .
: |
S5 G R
Q .
~ :

400 500

Discrepend (A)

Figure 3-4: (a) Euler simulation of the loop current compared with the theoretical result (b) Error
between the simulation and theoretical results

As it is a good programming practice to keep the differential equations
separged from the DE solver, we have implemented this next for the present Euler

method in the same MLAB code RLCsimulations_4 methods with the switch

statement set to 3. The same programming technique will be retained when we test
themore accurat€ourthrorder RungeKutta simulation in the next section.

3.3 RungeKutta (RK) approximation methods

As we have already seen in the previous sectios,Buler methodetains
only the linear term of the Taylor series expansion. Hencdpes not produce
accurate results unless the step sie is rather small. RungeKutta (RK)

approximation methods retain more terms in the Taylor expansion and this results in
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better accuracy for a given step si2éso in RK methods the functiofOw 6 o is
evaluated several times for valuestdfetweernd andd  and then the values gf
are obtained by adding linear combinationshef values of to w . The actual step is

taken using another linear combination of the function vdk®s

The order ofan RK method is the exponent of thergestpower oftime step
qgd that can be matched. For examplee seconébrder RK algorithm has a truncation
errord Yo since the Tayloseries forb ©® YO gets truncated at the quadratic

term.

Thesecondorder RK updating rule is given by
o .. (3-18)

where0 "Oandd "O¢ Y&80 8Here the RK forward step takes the average
of two estimates of the gradient: is the gradient at the present titme andy is

the estimated gradient after making an Euler stéfbaito the future.

We can construct thirdfourth- and fifth- order RK algorithms by extending
the Taylor series to higher orders. The classical RK method is tind-frder RK
(RK4) and is derived byetaining terms in the Taylor series polynomial upXo |,

which reduces the local truncation errofito Yo

The RK4 formula is:

Yo
@  ® =0 ¢ gv 0 (3-19)
0
where
0 "Owho | 0 "Ow -Yooho -Yo,
0 "Ow -Youoho -Yo, 0 "0 Yo oho Yo
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Again in line with good programming practices, we will keep the differential
equation separated from the RKODE solver.The coderk4fixed (Appendix A3)
that we will be using is a general purpose foumttler RungeKutta ODE solver that

uses a stepizeYothat is fixed by the uselRK4 solver is accessed by calling a

function of the form

[t_out, X out] = rk4dfixed(@ FUNt span YO0, flag, params);

where the arguments are given by

@FUN a handle to the ODHunction which
returns a vector of rates of change

tspan a vector of regularly spaced timalues that
determines the integration  stéire
(tspan(l) ), stoptime {span(end)) and the
time-step @t=tspan(2) -tspan(1) )

y0 is the initial condition from whic integration
proceeds
flag is a string that allows the ODE function

respond in different waysw e wWo n
using flag so we will treat it as a plac
holder

params is a vector containing a list of parameters f{
need to be communicated to the O

function
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3.3.1 Application of RK4 method: LCR circuit driven by a charged
capacitor
In order to check the improved accuracy of the classical RK method over the
Euler methods, we will simulate the same loop current of the RLC circuit of
section3.2.1and see how this simulation compares with the true solution. Again the

MATLAB code RLCsimulations_4 methods given in Appendix A3 tests this

simulation forthe samey value of 0.125us with theswitch statement set 4.

Equations(3-10) and (3-11) define the state equations for the LCR circuit
driven by a charged capacitor. We have encoded them into Ateall function
RLC_dot The impulse response resulting from the delta function i(384d.) has

been taken care of by the initial conditigiwenin Eq. (3-17).

The functionRLC_dottakes four arguments: the current tilm€scalar); the
current statex (a two-component columivector); a string constant namgéidg  (not
used here; required for compatibility with the suiteMfTLAB ODE solvers); andh
row vectorparams (not used here; usually contains the coefficients of the state
equations)In our case the coefficients have been supplied at the beginning of the
code.To solve the ODEwe specify the initial conditionand the timespanover
which the integration is to proceed, then pass these values, along with the name of the

function that contains the ODE definititm theRK4fixed solver.

A comparison of the simulation with that of the Laplace solution is shown in
Figure3-5(a) andthe error between these two is showrkrigure 3-5(b). We see that
the maximum error which wakamperein Figure 3-4(b) has reducethy more than
1000 timedo avalue less thafh mA in Figure3-5(b).

The classical RK method demonstrated above doesprostide an error
estimate. The variable step routines presented in the next section provides an error

esimate and can be more efficient.
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Figure 3-5: (a) RK4 simulation of the loop current compared with the theoretical result (b) Error
between the simation and theoretical results (in mA)

3.4 Variable step-size routines

Adaptive ODE solvers supplied with MLAB, such as the ones shown in
Table 3-1 [54], can continuouslyestimate the local error in the solution and, if
necessary, modify the tirstep toensure that a specified level of accuracy is

maintained.

Table3-1: Some of the ODE solvers supplied bypMAB [54]

Solver Implicit / Explicit Accuracy
. 4™ order, medium
ode45 Explicit accuracy
ode23 Explicit 2939 order, low accuracy
odel13 Explicit 13" order, very accurate
odel5s Implicit Anything from -5 order
- Low accuracy (but may b
0de23s Implicit more stable thaadel59
ode23th Implicit Low accuracy (but may b

more stable thaadel59
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Names of the ODE solvers provided bytas are of the formodenrxx,
wheredigits nn indicaes the order of the underlying meth@hd anonempty xx
indicaies some special characteristic of the mettéd]. If the error estimate is
obtainedby comparing formulas with different order, the digis indicate these
orders. For examplede23uses 2¢ and 3 order RK formulas for medium accuracy

andode45uses a % and %" order pair for higher accura¢ys].

We can demonstrate tloele45solution to the LCR circuit problem by making
a couple of changes to tiATLAB code written forthe RK4 solution (see code
RLCcircuit_  simulation_ ode45in Appendix A5). The time spans now a two
element vector giving the start and stop times for thegmation During the
simulation, he timestep will be selected automatically and changed dynamically by
the ode45integrator in order to keep the estimated error at every step below the

default settings of 0.1 % (relative error) and 1Ebsolute error).

Figure3-6(b) demonstrates that tleele45integratordynamicallychangeghe
time-stepduring the course of th&mulation of the LCR circuit loop current, which
is shown inFigure3-6(b) for the first 20 ps. Th¥ovalues used to pldtigure 3-6(b)
were extracted with the help of AviLABGs diff function. Automatic step size RK
algorithms such asode4j take larger steps where the solution is more slowly
changing. Sincede45uses higher order formulas, it usualhkés fewer integration

steps and gives a solution more rapi@y].
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Figure3-6: (a) ode45simulation of the loop current compared with the theoretical resulifmg-step
changed dynamically by trede45integrator during the simulation

3.4.1 ODE solversfor stiff problems
A problem is stiff if the solution being sought varies slowly, but there are
nearby solutions that vary rapidly, so the numerical method must take small steps to

obtain satisfactory resulfS2].

Although ode45is an efficient solver, ittan become unstable with stiff
systems. This instability will manifest itself by the solver taking shorter and shorter
time steps to compensate. The solution will either take a long time, or the time step

will be reduced to the point where machine precisiauses the routine to fEH].

A solver such asdel5scan be used if the problem is found to be stiff. A stiff
problem will consist of several processes, at leastof which will have a very small
time constant. If the problem is representedtliiyygeneral formo o  ""I, an
idea of the stiffness of the problem can be obtained byexkamination of the

eigenvalues of matrix f64].
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3.4.2 Improvements to the MATLAB code containing stiff ODE solvers
Let us assume that the problem at hand can be repedseyntthe following

set of DEs

®  "QohohodB o
Q6 aahohoB
Qo € é

w "Q ®h oho B ho

The above set of DHR turncan be represented by
Qo -

MATLAB ODE solvers which consist of implicit routines suchods15swill
solve the set of linear or nonlinear equations, @efiny'Ow at each time ste@and
for this it will require the Jacobian @ [54]. In this case the Jacobian ismby-n

matrix of partial derivatives:

TTQ TTQ L 17Q.
o E
Mmoo Tow Tw,
mQ 17°Q & TQn
b TH Te T Tl
11 “é “é é Il
qu B E ! “Ql’l
do Tw ToUw

If no information on the Jacobian is provided, the solver bellforced to
estimate theJlacobiannumerically. Thidifficulty can be overcome by using any one

of the following options.
1. Supply a routine which will return the Jacobian,supply theJacobianif

it is a constant.
This can be done by s etoddasesiguctireite O6Jacobi e

the matrix or fction name. Generally, this is the most computationally
efficient option[54].
The following example code illustrates thetting up of the6 J acobi and

options fora constant Jacobian
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J=[1, -2;
4, 6900];
Options=o0deset ( 6-BeloBalad sbe&lbaocndd,,J) ;

2. Supply a Jacobian pattern
By supplying a Jacobian pattern, the routine is able to avoid calls to the
rate of change function. A Jacobian pattern is a sparse matrix of zeros and

ones. The ones appear where the Jacobian is nonzero.

3.5 A comparison with available system simulation software

SPICE(Simulation Program with Integrated Circuit Emphgssa general
purposeanalog electronic circugimulator; for comparison and validation purposes,
the work in this thesis employed PSpice, which is a prominent commercial version of
SPICE available from Cadence Design Systems. PSpice models for centge
protection components are available from manufacturers and it becomes a useful
simulation package when matching components are used in TVSSs under
investigation. Almost identical results were obtained by such simulation compared

with MATLAB based simalations of this project, as depicted in Secta? 2

PSCAD/EMTDC is a popular power system simulation transient simulation
package; although the surge protection components such agoliage (under
1000V) MOVs and TVS diodes are not representedha model library of this
software, it has provision for the creation of a model for a nonlinear device with a
known characteristic, making it a candidate for simulations similar to the ones

undertaken in this project.

The advantages of tHdATLAB-based pproach followed in this project over

the software packages discussed above are

(@) The exposed DEs defining the system and their solution provide more

insight into the working of the system
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(b) Provides a good understanding of how circuit analysis tggésiand
mathematical techniques of solving a set of nonlinear DEs together make up a
good software tool for the simulation of nonlinear power electronic interfaces.

(c) The value of the approach is enhanced, since suitable models can be
quickly found foroff-the-shelf surge protection components by experiment,

when popular software based models are not readily available.

3.6 Chapter summary

This chapter has investigated the numerical simulation techniques available to
solve nonlinear DEs. Generally thengll not be any analytical solution for these
nonlinear DEs.Due to the presence ofonlinearelectronic components power
electronic interfaces such as SPDs, we will have to solve a set of nonlinear DEs in
order to investigate surge propagation through thé&ime following computer

simulationtechniques were discussed here.

T Eul er 6 s meadtamsonly, thelimdar ternhin the Taylor series
expansion. The step si2® needs to be rather small for accurate
results

1 RungeKutta (RK) approximation methodsvhich retains more terms
in the Taylor expansiortigher the order of the RK method better
would be the accuracy.

1 Variable stepsize routineswhich are provided byWATLAB. These
adaptive ODE solvers monitor the local error in the solution
continuously andif necessary, modify the tim&tep to ensure that a

specified level of accuracy is maintained.

Due to the stiff nature of the problems dealt within this project, we found
variable stegsize routines provided by MLAB, such a®del5s and the ode2@t be

the most suitable ones for the project

In Chapter 4we will characterize the nonlinear devices used in SPDs that are

to be investigated for surge propagation. This characterization will lead to suitable
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nonlinear models that would result in a esénonlinear DEs, which are to be solved

using some of the techniques outlined here.

Chapter is concluded with a discussion of popular circuit simulation software

packages and the advantages of the approach taken up by this thesis.
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Chapter 4. Surge-absorbent device characterization

4.1 Introduction

In Chapter 2we discussedour different types of practical devices used in
surge protection circuitsnetal oxide varistorsMOVs), gas discharge tube&DTSs),
transient voltage suppressor diodes (TVS diodes) and transient voltage suppressor
thyristors (TVS thyristors). Except GDTs the others are sxiite devicesln the
samechapter we also saw the use sme ofthese devices in categefy and
categoryB protection units.We will be investigating surge propagatiamsing a
categoryB protection unitsimilar to the oneshown inFigure 4-1, which is atwo-
wire version of a categot# protection unit with larger protection devices to handle
the larger transids anticipatedfor categoryB. This circuit uses a metal oxide
varistor for the first level of protection and a TVS diode for the second level of
protection. For a comprehensivenvestigaion of surge popagation through this
circuit, it is necessary thate characterize the nonlinear devices and obtain suitable
mathematical models to be used in our numerical simulations. The workrndtiree
development of the relevant models for the MOV and the TVS diode are presented in
this chapter.

MOV LINEFILTER TVSDIODE
4. YY), . . 4
Lt

Vi () o p— e Vout(t)

Figure4-1: A two-wire CategoryB protectionunit with two levels of protection
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4.2 MOV Characterization

MOV manufacturers such asttelfuseoffer different types of MOV products,

each one to suit a particular environment. A sample set of MOVs from their product

line is gven inTable4-1 [25].

Table4-1: Matching the right MOV with a particular application

VOLTAGE
V)

ENERGY
()

PACKAGING AND
OTHER
CONSIDERATIONS

PREFERRED SERIES

AC APPLICATIONS

voltage applications

130-1000 11-360 Throughkhole mounting | LA
Low/Medium AC powerf i Co | | |
line UltraMOV

130750 2701050 High-energy DA
applications HA, HB
Shock/Vibration NA
environment DB

DC APPLICATIONS

4-460 0.1-35 Throughkhole mounting | ZA
Automotive and low

For our initialcharacterizatiomxperimentswe selected the devic235L40C,
V271HA32

Each one of these deviciesrated to operate at a maximum system RMS voltage of

20V275

275 V.

and

4.2.1 Measuring setup

The measuring circuit diagram for obtaigi the V-I characteristicof the

MOV is shown inFigure4-2. The Nois&en LSS6110 lightning surge simulator was

used as an impulse
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Impulse

source )
MOV | CH1 | OSC
d
LSS R,

6110 |
/\/\/\/_ﬁi CH2 \

Figure4-2: Circuit diagram for the measurement of MOV voltage and currentmpulse source is a
lightning aurge simulator (LSS) and a feahannel oscilloscope was used for measurements

The NoiseKen simulatois a combination wave generator (CWG) or hybrid
generator thatan provide a 1.2/50us impulse voltage in an open circ\it.2 s
correspond to théront time and the 5Qus correspond to théme to halfvalue as
depicted Figure 4-3) and an 8/20us impulse current in a short circu(B us
correspond to théront timeand the 2Qus correspond to theéme to halfvalue as
depictedFigure 4-4). Both these waeforms conform to IEC publicatigr610064-5
[2] and 600661 [56] andthe IEEE publication C62.42 [57].

v Front time: T1= 1.67xT=1.2 ps + 30%
" Time to half-value: T2 = 50ps + 20%
0.5 I
i / >\
T2
0.3
0.0 _
< ¢
T
Tl

Figure4-3: Waveform of1.2/50us opercircuit voltage(waveformdefinition according to IEC 60060
1)
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1A
1.0 - Front time: T1 = 1.25xT=8 us £ 20%
09T Time to half-value: T2 = 20ps + 20%
0.5 —7
B T2
0.1 H
0.0 /} >
\/ t
T
_—
T1

Figure4-4: Waveform of 8/20us shortcircuit current (waveform definition according to IEC
600601)

The charging voltagef the impulse generat@an be adjusted in 100 V steps
from 0.1kV to 6.6kV.

The voltages were recorded with Tekironix TPS2024 oscilloscopat a
sampling rate o2 GS/s. Tektronix P5120kV 20X (frequency bandwidth 200 MHz)
and P6015A 4@V 1000X (frequency bandwidth 75 MH2)igh voltage probes were

used for voltage measurements.

Out of the MOVs characterizedthe types 275L40C and the 20V275 had
diameters of 20 m. The third type V271HA32 had a diameter of 32 mivih.three
types had a steaebtate maximum AC voltage of 275 V. A series of pulses with

different voltage amplitudes were applied to each one of the varistors.

4.2.2 Waveforms obtained and their analysis

Measurements described in the previous section fall into two distinct
categoriesjeakageregion and thenormal varistor operatiorregion as depicted in
Figure4-5.
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Leakage Normal Varistor Upturn
Region Operation Region

1000 /
//
& 100 g
<
10
1078 107 10 1072 100 102 10*
Current (A)

Figure4-5: Typical varistor characteristic showing different regions of operation

4.2.2.1 Leakage region analysis
All the tested varistors operatan the leakage region for low impulse
voltagesranging from100- 500 V. All of them turned on beyond 500 WA typical

varistor current waveform obtained in this region of operation is siowigure4-6.

i
wn

MOV Current (A)
o

o
n

O | == e e —

Time (us)
Figure4-6: Leakage region varistor current produced by a low voltage impulse
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In order to find an explanation forthe resonance in the above current
waveform we consider the MOV equivalent circuit in the leakage regfiomvn in
Figure 4-7(a) as well as the equivalent circuit of the impulse generator-6$8)
shown inFigure4-7(b).

2.7uH 1.1q 6uH
T W,
L S1 L1 R2 L2
Cl —_—___10uF R1 7q R3 1Mq

IC =100Vi 500V

Cn__ Rorr

IC = Initial Condition of the capacitor
R4 1Mq

(b) Equivalent circuit of the LSS-6110 impulse generator

() MOV leakage region (Noise Laboratory Co., Ltd., Japan)

Figure4-7: The equivalent circuits required to analyse the working of the circuit of F2gfob low
voltage impulses

The combined equivalent circuit Bfgure4-8 drawn for the measuring circuit
t he |.eThek age

following paragraphs discuss the valuesGaf and Lm used for the analysis of this

of Figure 4-2 disregardsRorr as it approaches £ov i n

circuit.

Typical capacitancevalue Cn for a 20V275 UltraMOV series varistor is
available from the datasheet as @F[58]. Since the bulk region of the varistor acts
as a dielectric, the devioapacitancelepends on its area and varies inversely with its
thicknessHence the capacitance of the varistor is a function of its voltage and energy
ratings The voltage rating is determined by device thickness, and the energy rating is
directly proportional to volumgs9].

LSS MOV foffostate

2.7pH 1.1q 6uH 1.5q 40nH
Y YY) ~ /\/\/\/ Y Y YN ~ /\/\/\/ Y'Y Y L

L1 R2 L2 Rs Lm

Cl —_—10pF R1 7q R3 1Mq Cm _____900pF
IC = 100V
... Loop1 L A Loop3 -
77

Figure 4-8: Combined equivalent of the measuriticcuit shown in Fig.8 for the leakage region of
the varistor
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Lm the lead inductance of the MOV, which is retplicitly given in the

datasheet, can be calculatesing the mechanical dimensiogs/en in Figure 4-9

which have been taken frotherespectivedatasheet

vanstor | 505 40c | 20v275
— model
T h 25.4 25.4
2a 0.76 (min) | 0.76 (min)
28— l— h 0.86(max) | 0.86(max)
d 6.5 (min) 9 (min)
8.5 (max) 11(max)

Note: Measurements in mm

Figure4-9: Mechanical dimensions oédial leadvaristors useb8, 60]

Lead inductancénm, which is theself inductance of a pair of parallelires,is
given by[61]

(41)

whereh, d anda are illustrated irFigure4-9. Multiplication by the symbol , which

denotes theelative permeability of free spa¢e”® p 1 H/m), gives the result itenries.

The lead inductances calculated, using the average valueamafa, gives 2.2 nH for the
20V275 varistor an@9.9nH for the 275L40C varistor.

A qualitative analysis of thmeasuringcircuit tells us that th loop3 current
is almost equal to loe@ currentdue to the high resistance "%f and theefore the
ringing seen in the loop 3 currentiminly due to the combined inductancelofand
Lm resonating withCm. This resonant frequency, which is sensitimainly to 0 , Lm

andCn is calculated a2.15MHz using equatior4-2) which is given below.

0V e (4-2)
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The observed value of approximately 3AMHz is fairly close to the
calculated figureof 2.15MHz. It must be noted that vergmall inductance and
capacitance values associated with the cables and setup have been ignored in this

calculation

As expected theate ofdecay in the ringing waveform is sensitive to byth
and’Y . This wasverified by simulating the circuit given Figure4-8 usinga SPICE

simulabr.

4.2.2.2 Normal varistor operation region observations
When the impulse voltage exceeds &)Ghe tested varistors tend to move
from theleakageregion to thenormal operatiorregion. Typical varistor currenand

voltage waveforms obtained in this region of operatiorshosvn inFigure4-10.

700 T T : T T T T T T T
: Vvov When Iy oy hoymax) | — — — 1

600

500

400
300

200

|
|

100 | 1[‘. *\ .
|

MOV current (x25)(A) / voltage (V)

_-I 00 1 1 1 1 1 1 1 1 1
-5 0 5 10 15 20 25 30 35 40 45

Time (ps)

Figure4-10: Measured voltage across and the current through a varistor in the normal operatian region
The LSS was set to deliversarge of kV.
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In Figure 4-10 measured voltage and current waveshapes for the varistor
275L40C are shown. The LSS was set to output a 700 V surge. It is observed that the
voltage peak occurs before the current peak. This tells us that the vdstoy
conduction is not purely resistive.

Waveshapes similar to the ones showrrigure 4-10 were obtained for the
other two types of tested varistors as well. The time delay between the voltage and
current peaks was observed in all measurements takenmortimal operation region
of the varistors. The difference in this delay for different samples of the same type of
varistor was found to be negligibl€&igure 4-11 shows the associated dynanmy/
curve for traces showon Figure4-10. If we are to simula the varistor in its normal
region of operation we will have to develop a varistor model capable of reproducing
themajorfeaturedisplayed by the curves Figure4-10 andFigure4-11.

20

15

Current (I)
)

350 400 450 500 550 600
Voltage (V)

Figure4-11: Associated dynamikV curve for traces shown irigure4-10
Figure 4-10 and Figure 4-11 clearly show that when the voltage exceeds a
certain threshold (around 620 V in this case), the current increases extremely fast.
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Although the current starts to decrease after reaching a maximum, this decrease
follows a different more gradual path with the disappearing surge valtddmes
phenomenon gives rise to a hysteresis loop in theharacteristic of a varistolf a

very acurate model of MO\Wdynamicsis needegdthenthis phenomenon will have to

be taken into accoufi22, 6264].

Most application notes anghtemational standards which discuss varistor
characteristics ignore thidysteresisphenomenon and presenh adealized |-V
characteristic which is a slight variation of the one showRigure 4-5, where the
upturn region is usually omitted and the axes interchanged as shdvigune 4-12
[21, 65] Some of the important definitions indicatedRigure 4-12 and Table 4-2
will be discussed in the following sections where we will characterize several

individual varistors.

IP
I
I
I
I
g L I
2 I
L I
5 |
© I
I
IN(de) :
I
I
Iym I
Ip |
Vin(de) Vpm 'N@e)y Vx Ve

Voltage (V)

Figure4-12: 1-V graph of a MOV illustratingymbols andiefinitions(seeTable4-2)
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Table4-2: Description of terms and letter symbols used in defining a varistor

Terms and descriptions Symbol
Clamping voltage.Peak voltage across the varistor measured under conditig
a specifiedpeak pulse current and specified waveform Ve
Rated DC voltage(varistor). Maximum continuous DC voltage which may v
m(dc)

applied.

DC standby current (varistor). Varistor current measured at rated volta

Vwvoc)

Nominal varistor voltage. Voltage across the varistor measured at a sped

pulsed dc currentinoc), Of specific durationlnpc) is specified by the varistg Vg

manufacturer.

Rated recurrent peak voltage (varistor). Maximum recurrent peak voltag

which may be applied for a specified duty cycle and waveform. Ve
Varistor voltage. Voltage across the varistor measured at a given cutgent, Vx

The most important property of a varistor is its nonlinedrcharacteristic in
the normal operation region. As indicated in referefit@s21, 23] this property can
be expressed by the wfion'O 0 w, where| | pis the coefficient of non
linearity. The following argument tells us thetcan be determined graphically if the
I-V characteristic of a varistor is drawn as a log .pRkgsume that MOV current
follows a poweslaw function ofMOV voltage:

0 0® (4-3)
Taking the logarithm of both sides of Eg-3)
fia@iioc |1 e (4-4)

Since Eq.(4-4) is comparable to the equation of a straight lihe, & & )
the normal operation region of the varistor should appear as a straight line in a log
plot of its characteristic. The coefficient of nonlineafitis given by the slope of this

line.
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423 Approxi mation of the dvefficient

Table 4-3 shows the voltage and current values obtainéor the
characterization of the above varistor by using the measuringpséescribed in
Sedion 4.2.1and thewave shapedescribed in Séon 4.2.2 In order to obtain these
values surgevoltagesfrom 100V to 2 kV (in 100V stepg were applied to the test
circuit. The varistor current was calculated by measuring the voltage across the high
wattage 1Y resistorconnected in series with the varistor. In the leakage region of
operation (0 V to 500 V) the currerst recorded a® V due to the negligibly small
values obtained

Table4-3: Voltage and current readings obtained to characterize a 275L40C varistor

Vmvov(V) | Imov(A) || Vmov(V) | Imov(A) || Vmov(V) | Imov(A) | Vmov(V) | Ivov(A)
98 0.0 584 14 664 60.8 704 136.0
197 0.0 620 10.2 668 76.8 708 152.0
300 0.0 632 22.2 692 91.2 712 166.0
400 0.0 636 34.8 688 105.6 716 184.0
500 0.0 656 48.8 696 120.8 724 196.0

Figure 4-13 shows the linear antbg-log I-V plots done using the values
recorded inTable4-3.

It follows from Eq. (4-4) that the coefficient of nonlinearity) can be
determined from the lolyV plot by using the following equation:
l'gllg 1199 (45)
L TaC 1 TaC T T dgw

where ¥/, I2) and {1, I1) are two suitably chosen points on the Mg plot. The

chosen points are shown kiigure4-13 for thelog-log plot of varistor 275L40C. The
calculated value offworks out to be 23.94. Depending on the points chosen for the
above calculation of] we ®e a deviation o£10%. The values ob obtained forall

the testedaristor typesaresummarized imable4-4.
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Table4-4: Calculated values ddwith percentage uncertainties

Device Type Exponegn
MOV 275L40C 23.94+ 10%
MOV 20V275 20.18 + 8%
MOV V271HA32 16.9 £10%
Linear plot
180 { .
/
—_ 1
< 120 / 1
8 /!
5 {
O 60F / 4
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/
0 ) | | ) ( 1
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Voltage (V)
Log-log plot
180 F . . . . . o —
120 el
L) ¥
60 B (Vz’ 2 P .
a 7/
= |
: /
© \'%
( L) \
14 | 1 1 | £ 1
100 200 300 400 500 600 700 800
Voltage (V)

Figure4-13: Linear and logog I-V plots for the varistor 275L40C
4.2.4 Accurate measurement of leakage region currents
As we know now lte measuring setp shown inFigure 4-2 is not able to
provide accurate measurements of the small cur(efitsiA) resultingfrom voltages
applicable for the leakage region of the varistdhis range of voltages can be

approximately up tdhew value, which is specified as 473V for the 275L40C
varistor[60].

The measuring setp shown inFigure 4-14 can be used to characterize the
leakage region of the varistdere the impulse generator has been replaced by a
Glassman HV regulated DC power supy5R120as the sourceThis supply is
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capable of Oi 5 kV continuous output voltage and120 mA output current. A
Fluke 19 digital voltmeter was used for measuring the voltages. As the varistors have
low average power dissipatiorf& must be chosen to limit the current to a safe value.
For example, for a tilefuse CllIl 20 mm varistor the average power dissipation
should not exceed 1W

+
DC source DVM
) +
MOV /
/ -
AA
- DVM +

Figure4-14: Circuit for measuring MOV voltage and current in the leakage region of operation.

4.2.5 A varistor |-V characteristic for leakage and normal regions of
operation
The varistor voltage and current valuesTable 4-5 were obtained by using

the measuring set ups showrFigure4-2 andFigure4-14 separately irorder obtain

a completd-V characteristic to cover both the leakage as well as the normal region of

opemtion.The device under test (DUT) was a 275L40C varistor.
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Table 4-5: Voltage and current readings obtained to characterize the leakage and normal regions of

operation of a 275L40C varistor

Source Vmov Imov Source Vmov Imov

DC 100.3 1.5E07 || DC 461 4.1603
DC 199.4 1.1E06 | DC 462 4. 7603
DC 300.3 8.8E06 | DC 464 5.3603
DC 397 4.1E05 || Impulse 600 2
DC 446 7.2E04 | Impulse 640 21
DC 452 1.9E03 || Impulse 660 46
DC 457 3.0E03 || Impulse 680 72
DC 458 3.5E03 | Impulse 700 104

The varistor voltage at 1ImA DC test current is specified as variable from
389V to 473V in the datashel@0]. The data inrable4-5 confirms this.Figure4-15

shows the linear and IdgV plots done using the values recorded able4-5.

(a) Linear plot
100 i T T T T T +
© DC source /
80t ¥+  Impulse source {
< 7
g 60 !
5 a0 ¥
© !
20 »
4
0 |
100 200 300 400 500 600 700
Voltage (V)
(b) Log-Log plot
O DCsource ¥
R 10° t + Impulse source ,"
< ,
b=
O " ' J
§ off" model 2 , ’
o . o
10- B —{a‘ - [P ]}
__e-"" k— "on" model —
Oy == - - I I I I I
100 200 300 400 500 600 700
Voltage (V)

Figure4-15: |-V plots that show theebkage and normal regions of operation for a 275L40C varistor
(a)linear plot (b) loglog plot

The log plot inFigure 4-15 is approximately piecewise linear and could be

modelled by using a power law expressisoch as the one given in Eg-3), for
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each of the linear portionk.et t he | eakage region indicated
figure be representedliyw and t he nor mal region indicated

the figure be represented byw

4.2.6 Development of a mathematical model for the varistor
In order to get an estimation of the parameters he fAof f o6 and Aono m
we will use the MTLAB commandoolyfit(x,y,n ) to return the coefficients of our

single degree polynomial in descending ordére single degree polynomial in our
case would be

1 ia ) 1 06g 1 10C (4-6)
Hencepolyfit would return the values fdd (slope)and logK (intercept) for the

straight line given by E¢{4-6).

In order to illustrate the development of a combined model for the leakage and
normal region®f operation for a varistor, thdata points offable4-5 are used again
in the log-log plot of Figure 4-16. The positioning of the straight line segmeimts
Figure4-16, represented b¥YD 0 w and’O U w , wasdone with thefollowing

values obtaiad from appropriate curve fittingisingpolyfit  for the tested 275L40C

varistor(see Appendix B.1 for MrLAB code)

O wdcomTm hy &ttpo (Aof f gparametdns |
O o®dmtTmpmnm hf c¢c@& cwe ( fionod pareondtels
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Figure4-16. Development of a combined model for the leakage and normal regions of operations for a
varistor

The curve for the combinedmodel O v w 0w is shown in
Figure 4-16 (see Appendix B.2 for MrLAB code)along with its two straight line
component segment#n the following section we will verify the validity of this
model.

4.2.7 Verification of the model for the varistor by simulation and
validation
The following circuit (Figure 4-17) was chosen to verify the mathematical
model developed for the varistor in the previous sectiorhis circuit a set of DC
voltages ranging from 20 to 1200 V is applied to the input and the resulting varisto
current and voltage are simulated along with the load curfemtexperimental
validation is subsequently performed by taking maximum values resulting from

surging the circuit using an LSS.
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Figure4-17: The circuit usedor an initial veification of the model developed ftine varistor.

Now we will formulate an equation for the input curréniand get MTLAB
code to solve foti by finding the roots of this equatio@nce i is known the
remaining unknowns can be found by the equations listed b&owach value o¥;,
within the range of interest

By applyingKi r c hof f 6 skVi)owethawvege | aw (

@ OY O 0Y & o (4-7)

The varistor currenitw represented bthe model developed in the previous section is

given by :

O 0D 06 (4-8)

HenceO can be defined as a functionwofand therefore

0 0o Re O (@9

Substitution of Eq(4-9) in Eq.(4-7) results in,

O Qw O 'Y w Oy (4-10)

Rearranging Eq4-9) gives

VY Y OTY Qo oY T (4-11)
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We see that the only unknown in E§11) is li. For each input voltage valudis
equation is solvedb find the corresponding value bf This is done by finding the
range of values the equation would tdke a given span of values fbr Since the
required value ofi is given by the roots of the equation, it can be foundbbsting
the value ofl; at the zero crossing point of the equation cur¥hkis is illustrated in
Figure4-18 for a sample input voltage of 800 V.AvLAB commandzero that uses
the bisection iteration method was used in the calculatidnaofd the code used is
listed in Appendix8.3.

The simulations done with the help tfe abovesolution are shown in

Figure 4-19, where the circuit resistances were se¥to pmandyY pEm As
expected, when the iIinput voltage exceeds
the input curent is carried by the MOMn order to validate these simulations and

check the suitability of the developed varistor model, an experimental validation was
performed by surging the circuit withe LSS. The data collectddr this validation

are given in Table 4-6 (the shaded cell values were calculataedyl thepoints are

plotted inFigure4-19. It can be clearly seen that the simulation and the experimental
results compare well. We are n@anvinced that we caexperiment with this model

to investigatetransient propagation through surge protection circuitry, which is the
primary task of this research project.
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(4-11)

LHS of Eq
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Figure4-18: lllustration to show thedving of Eq.(4-11)to find the value ofy, for Vi = 800V
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Figure4-19: Simulation results for the circuitf Figure4-17 along with experimental validatiamsing
an LSS (a) Vivs. V. (b) Vivs.Imand (c)Vi vs. I
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Table4-6: Experimental data obtained from testing the circuit of Fig. 5.17.

Vi (V) Ty (V) T (/T@ W v (V) s (m% {415 (TFA4)+| .
95 Very small 95
200 Very small 200
300 Very small 300
400 Very small 400
500 Very small 500
610 2 2 610 610 15
670 22 22 660 660 215
730 49 49 680 680 48.5
760 79 79 690 690 78.5
810 111 111 700 700 110.5
860 152 152 710 710 151.5
900 188 188 713 713 187.5
938 222 222 718 718 221.5

Note: * Very small valuesndicated acordinglyare not accurately measurable

Shaded values were calculated

4.2.8 Study of varistor conductance power and energy during a surge
propagation
Once the varistor voltage 0 and currenfQd variations with respect to time
are known, it is possible to study tbenductancepowerand energy variations due to

the following relationships.

#1 1 AOAODS Ao Two (4-12)
01 xADo o J® (4-13)
%l AO@U 00Q0 ®wo JVQO (4-14)
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Figure 4-20: Characterization of the varist@onductancepower dissipation and energy absorption
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during the propagation of a transient

In Section4.2.2.2 we saw the varistor voltage and current waveshapes during
the propagation of a typical transient through it. These variations can be used to study

the varistorconductancepower and energy variations as illustrate&igure4-20.

Detailed observationsf the conductance plotHigure 4-20) indicate that the

conductance follows the pattern of the MOV current, due to the small drop in the
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MOV voltage.When the conduction is at its peak, the resistance of the MOV drops to

a very low value which is close toY7.

Figure4-20 alsoshows the instantaneous power variations for the varistor and
this curvetoo tends to follow the shape of the varistor curragginsince the varistor
voltages stays almost constant during conducfiéw last plot inFigure 4-20 gives
an idea as to the total energy absorbed by the varistor at the end of the transient.
Obtaining this curve by experiment is important for thigjgct as we will be using it
for validating the simulated energy pldtgat we will be investigatingh Chapter?.

Among others, the tedy of energy absorption by simulatias important in

predictingdevicefailure.

4.2.9 Study of an MOVO s i n d charactenizatiobn that uses a
logarithmic-term model
As mentioned in Sectio2.4.1.1 the SPICEbased industrial model of an
MOV is based ora logarithmieterm modelfor the nonlinear resistance, whichas
extension of the model giveby EqQ. (2-2). In order to understand the industrial
characterizationye will study thecharacterization of the MO this sectionusing
this logarithmiectermmodel

T 6 6171¢CQ 60 5 Q (4-15)
where'(s the current through the varistor and the voltage across the varistor.

We will now use the following interpolation parameters given for the
S20K250varistor[22] to study the implication of each of the terms in Eq1%) in
shaping the&/-I charateristic of the MOV.

Table4-7: Parameters used for the basic varistor model

Coefficient Varistor S20K250
B 2.6830619
B, 0.0261918
Bs 10.0006173
B4 0.0045183
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First, let us first consider the effect of the coeffici@itby settingB>= Bs= Bs=0.
Then, from Eq(4-15), we have

TG &6 chyomgpw (4-16)

Taking antilog, we get

O pT® T Y& p @ (4-17)

We see that the contributiaf this term is a constamnbltage offseindependent of
current. If we changed , first to 2.5830619 and then to 2.7830619, the respective
values forb will be 482 V and 606 V. Careful examination of the plots around the
cutin points tells us that these voltage values correspond to the voltage across the
device when the current ipproximately 1 A.The dfect of varyingd on thel-V

characteristic of the MO shown inFigure4-21.
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Figure4-21: The effect of changing the coefficieit, on thel-V characteristic of the MOV
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Next, let us first consider the effect of the coefficiBaon the characteristic.
If we setBi1= Bs= B4=0, then, from Eq(4-15), we have
iTTo s6i1ica iico (4-18)
Taking antilog, we get

0 Q o QU 0 8 o 8 (4-19)
Here we have a powdasw relationship between the MOV current and the voltage,
similar to the relationship givehy Eq. (4-3). Our coefficient of nonlinearity in

Eq. (4-3) is similar to theeciprocal ofo .

The effect of varying only on thel-V characteristic of the MOV is shown
in Figure4-21.
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Figure4-22: The effect of changing the coefficieht, on thel-V characteristic of the MOV
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We found that the coefficielk does change the fAoffo model
easily seen by studying a kbog plot of thel-V characteristic, butas no effect on the
shape of the fAono modeAswearamostly interesiedim i ¢ of t h

dissipated energies inindividualcpponent s during the Aono ti me

coefficient will not play anysefulrole inthe presenstudy.

Now let us consider the effect of the last coefficinbnthe characteristidf

we letB:= B>= B3=0, then, from Eq(4-15), we have

T 60 (4-20)
Taking antilog and using the log identityl @1 T @ 1 T @ wecan show that
b5 pm ® (4-21)

The complex term shown above also contributes to the degree of nonlinearity of the
| -V characteristicin a way similar to thé term, as shown inFigure 4-23. The

changes in the degree of nonlinearity can be finer in the ca@se of
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Figure4-23: The effect of changing the coefficieit, on thel-V characteristic of the MOV
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This study of the varistor model given by E@-15) shows us thathe
coefficientsd , 6 and 6 together an achieve a good curve fit for theV
characteristic of the varistovWe have already seen that a similar curve dit be
obtained by the coefficietand the exponent, if we use the &rnate model given
by Eqg. (4-3). In the numerical simulation work that we undertake for our
investigation of surge propagationChapter 6the simpler model given by E¢-3)
is preferredas our interest is focusedainly on the energy distribution within the

power electronics interface.

We also found thatthe industrial characterizatiostudied here does not
account for the hysteresis effatiscussed in Sectiofh.2.2.2 despiteits complexity.
A paralletbranch model Wwere each branatontains a nonlinear resistancased on
the model studied here proposed iff22], to account fothe hysteresisffect.

4.3 TVS diode characterization

Manufacturers such asttlefuseoffer a broadrangeof TVS diodes, including
high peakpulse current and peak pulse power options up t&kAGnd 30kwW
respectively. A sample set of TVS diodes from their product line is givEabte4-8.
They are available in both udirectional (unipolar) or bidirectional(bi-polar) diode

circuit configurations.

For our experiments of characterization and model development, we selected
the devices 1.5KE170CA and 1.5KE400CA from the 1.5KE series, which are
bidirectional. This series includes matching unidirectional deviess well.

Figure 4-24 illustrates a typicalli V characteristic for a bidirectional TVS diode.
Since the peak pulse power range is constant for all devices in the 1.5KE series, the
devices with higher breakdown voltag&ss) havelower peak pulse currelftrp) at

the clamping voltagé/).
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Table4-8: Some characteristics oimples from a TVS diode product selection t466&

Series Name Reverse Standoff | Peak Pulse Power | Peak Pulse Current
Voltage (VRr) Range (Rp) (Iep 8x20uS)
Surface Mouni StandardApplications (4066000W)
SMAJ 5.0-440V 400W NA
SMCJ 5.0-440V 1500w NA
Axial leadedi Standard Applications (468000W)
1.5KE 5.8495V 1500w NA
5KP 5.0-250 5000W NA
Axial leadedi High Power
30KPA 28.0288V 30000W NA
AK10 58430V NA 10000A
Automotive Applications
SLD 10-24V 2200W based of NA
1us/150ms pulse
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Figure4-24: Typical I-V curve characteristics for a bidirectional TVS di¢6€]

90




Terms and descriptions for the important symbols showrigare 4-24 are

given below:

VR Stand-off Voltage 1 Maximum voltage that can be applied to the TVS
without significant conduction

Ver  Breakdown Voltagemeasured at a specified DC test current typically 1ImA

lpp Peak Pulse Currenti Identifies the maximum current the TVS diode can
withstandwithout damage.

Ve Clamping Voltage - This is the peak voltage that will appear across the TVS
diode when subjected tospecifiedpp (peak impulse current)

IR Reverse Leakage Current Current measured &k.

The measuring circuit diagram we used for obtainind tieharacteristics of
the TVS diode is identical to the one showrfFigure4-2. The Noiseken LS$110
lightning surge simulator was again used as an impulse soAirseries of pulses

with differert voltage amplitudes were applied to each one oTtf® diodegested.
4.3.1 Waveforms obtained and their analysis

The 1.5KE400CA TVS diodemoves from a high impedance state to normal
operation when the impulse voltageceed$00V because its breakdown voltdgs
above420V. Typical current and voltage waveforms obtained for this device in the
region of normal operation are showrFigure4-25.
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Figure4-25: Voltage across and the current through a TVS diode operatadimpalse input
The waveforms shown ifigure 4-25 were obtained by setting the LSS to
output an impulse of 900V. It is clearly seen thatdpeed of respons# conduction
in this TVS diode is far superior that ofthe varistor tested earlieFigure4-10). In
the case of the TVS diode, the current maximizes in approximatejys2 cdompared
to 7.5us for the varistor. In spite of this difference, both devices are fast enough to

respond to real world transient evefitg].

The dynamicl-V curve assaated with the waveforms ofFigure 4-25 is
shown inFigure 4-26. Unlike in the case of the varistors investigated, deenot

observea significant hysteresis effect
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Figure 4-26: Associated dynamid-V curve for traces shown ifrigure 4-25 for the TVS diode
1.5KE400CA

4.3.2 A TVS diode (1.5KE170CA) I-V characteristic for leakage and
normal regions of operation
The voltage and current valuesTable 4-9 were obtained byesting a TVS
diode using the measuring set ups shown earlig¢fignre 4-2 and Figure 4-14. A
1.5KE170CA TVS diode was used as tlevice under tesDUT).

We note thathte leakage curreff® v P2 @ p T specified in the

datashe€ft68] is very close to corresponding datapoints recorddabie4-9.
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Table 4-9: Voltage and current readings obtained to characterize the leakage and normal regions of
operation of a 1.5KE170CA TVS diode

Source V1vsp Itvsp Source Vrvsp ltvsp
DC 100.3 0.92=06 DC 169.6 35.71506
DC 106.2 2.12206 DC 169.6 44,1606
DC 110.6 2.94506 DC 169.7 73.34506
DC 138.5 8.67E-06 DC 170 84.05E06
DC 1694 17.2406 Impulse(200V) 194 2.00
DC 1695 | 26.9%F06 | Impulse(300V) | 208 23.10

Figure 4-27 shows the linear and legg I-V plots done using the values
recorded inTable4-9. The nearly straighline segments of the lelgg plot suggests
piecewisamodellingsimilar to the varistor modeling done in Sectidn®.5and4.2.6
Again,t he fAoff o0 model and the fAono model s hown
by0d @ and0 w respectively. Calculation of the constakis Kz,| , and is

illustrated in the following section.

Linear plot
25 T T T +
0L O DC source ’ |
—_ + Impulse source ’
:t: 151 ! .
5 ’
5 101 Y] .
@) i Y |
3 ’
—-— -
O - !t ﬁ g - e o -& i el i) e— - | -
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Voltage (V)
Log-Log plot
O DC source PR
_10° k| * Impulse source ,'I' ]
NI ’
| 4
[0
= "off" model >|| P ’
@)
10+ .a__---—‘ i
o =Cr g-=-=-"-" , k— "on" model —>
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Voltage (V)
Figure 4-27: Linear and log M plots that show the leakage and normal regions of operation for a
1.5KE170CA TVS diode.
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4.3.3 Complete mathematical malel for the TVS diode

In order to develomc o mbi ned model for the

TVS diode, the data points ®able4-9 are used again in the plot Bigure4-28. The

curve fitting exercisearried outhere is very similar to the orone for the varistor

where theslope of the linear segments wiasnd with the use df1ATLAB 6 polyfit

command.
10° ;
fm =KV f
1 ‘
i N . ®y L
10 KZV |
—— KV K,V |
100 F S
DC source f
~ 10° Impulse source ‘
<*vr ]
5 i
g 10-2 """"""""""""""""""""""""""""""""" o
10%F e . -
10° : |
10° < *
100 200
Voltage (V)
Figure4-288 Devel opment of a combined model for
The positioning of the straight line segmemts=igure 4-28, represented by
O Lw andO UL w , was done with the following values obtained from

appropriate curve fitting usingplyfit  for the tested 1.5KE170CA TVS diode.

O vdcpxm™ hy vdLOpP  (
0 WYPpPm 3N QBT (
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The curve for the combined modé& U w 0 @ wasalsodeveloped
earlier for the varistor and wasown inFigure4-16. HenceMATLAB codesimilar to

codegiven in Appendix B.Zanbe usedn this instance as well.

4.4 Comparison of transient suppressor models

The models that we developed for the 275L40C varistor and the 1.5KE170CA
TVS diode are displaed sideby-side inFigure4-29 for comparison. Two important
parameters, the degred oonlinearity U and the leakage current can be easily

compared using these plots.
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4 . o o o o -
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' . . . . . .
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Figure4-29: Varistor and TVS diodé-V characteristics drawn on ldgg graph for comparison of the
degrees of nonlinearity

I't can be seen that the Aond model al pha
diode than that of the varistor F o r hi gher Aond mod-el al pha
currentslope of the curvebecomes very steep and approaches an almost constant
voltage.Hi g h niodehafphas are desirable for clamping applications that require

operation over a wide range of currefig].
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Leakage current can be an area of misconception when comparing a varistor
and aTVS diode. For example, we séem Figure4-29, that the T\& diode leakage
current is about 10 times higher at M@han the varistorThe leakage current of a

TVS diode can be reduced by specifying a higher voltage dgvite
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Chapter 5: Investigation of surge propagation in linear

systems

As mentioned in thebeginning of Chapter 3 significant parts of the
overall circuit to be analyzel are linear In order to perform experimental
validations for the investigations of transient propagation, a lightning surge
simulator (LSS)ill be usedas the source of the transient. #&enin Sec.4.2.2.1
the LSS equivalent circuit is a linear circuit wRhL, andC elementsin addition,
important surge protection dev&esuch as varistors an@ransient Voltage
SuppressorTVS) diodes also haverear circuitelementsn their mathematical
models As a resultinvestigation oftransient propagation througklatedlinear
circuitry would certainlybe the wayorward here inprepamg for the inclusion of

thenonlineardevices inChapter @o compleée our study

Amongstandard methods available for the analysisasfsient response in
linear circuits Laplace transformsstands out over other available methods.
Investigations heraises Laplace method® studysurge propagation throughe
linear circuits of interestto this project The solutions obtained by the use of
Laplace methods for the output responses of the LSS equivalent einltulie
verified with the experimentally obtained waveforms. Numerical simulatitin w

also be used here foakdation.

In sections5.2 and 5.3 numerical simulations are usedto study the
behaviar of a Metal Oxide Varistor MIOV) driven by the LSSwith the help of
limited linear models for the MOV. These simulationsl be validatedusing
LTspice which is &PICE(Simulation Program with Integrated Circuit Emphgasis

basectircuit simulationapplication

5.1 Analysis of LSS responses using Laplace methods

Let us consider théNoiseken LSS 611@quivalent circuit shown in
Figure 5-1: We will be usingthis LSS for experimental validation of our

investigations throughout this research.
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Figure 5-1: The LSS equivalent circuit for finding the 1.2/50 us op@nouit voltage (Noise
Laboratory Co., Ltd., Japan)

Here we need to solve for the oparcuit voltage and the shecircuit
current.In producing these waveforms the LSS behaves as a combination wave
(hybrid) generator. The opemrcuit voltage should match the 1.2/5Qs
waveform and the shedircuit curent should match the 8/2% waveform both
specified by the IEC &ID0-4-5 standard.

5.1.1 Laplace Solution for 1.2/50us open-circuit voltage and its

validations

The capacitoC; of the LSS Figure5-1) canbe charged to any value from
100V to 6.6kV in 100V steps. When switcls;, a Mercury Relay Discharge
Switch, is closed, the capacit@i discharge through the wawshaping circuit to
produce the required op@ircuit voltage acrosBs. In order to solve this-Bbop
LSS circuit for the opercircuit voltage we will assume that the loop currents are
‘QandQ In order to match the given standards, thedel parametergiven in

Table5-1 arespecified by the manufacturer

Table5-1: Parameters for the Noiseken L-6$10

Parameter Value Parameter Value
C 10 uF Ri 7Y
L, 2.7pH R. 1.1Y
L, 6 uH Rs 1MY

The Laplacetransformed network representationFofjure 5-1 is given in

Figure5-2.
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Figure5-2: Transformed network for the circuit Figure5-1
The loop equations for thercuit shown inFigure5-2 are given by
[
® %9 201 vyoi oi = (51)
l Il O
Y 0P Oi Y Y id Oi m (5-2)
Rearrangindeg. (5-1) and Eq.(5-2),
W
oi Y b & oi Y = (53)
1O l
oi Y Oi Y Y Y i m (5-4)
Usi ng Cr aoselve®0sO r ul e
p
Y LU T3 T
O . Y n (5-5)
Y 1V T3 Y
Y Y Y Y iDd

The fact that the determinant@matrix 0 is denoted by Sis used in Eq(5-5).

Simplifying Eq. (5-5),
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y Tug
Oi (5-6)
Y 0 £ Y oY oY o ib oy
[0
Furthersimplifying
5y ¢
Ol e (57)
ioY tuvo pY Y Y 1v oY
After expanding the denominator and rearrangihge let
®w 0'Yw,
o 006,
® 6YD Y Y Y06,
® Y Y Y&Y O 6'Y,and
o Y 'Y Y
thenEg. (5-7) reduces to
o
"Oi A 7, 7, 5 (5'8)
wi 0w i o

When the MATLAB Symbolic Toolbox commandaplace is used to

find the inverse Laplace transform of E&:8), we get

Q
Qo O : , , (5-9)
o ow| Cw| w

wherebp OT 1TO®I di i @

The LSS output voltage is giveay0 0 Y Q0. The code written in
MATLAB to find 0 is givenin Appendix C.1. This code also includes data
generated by the SPICE simulatiomhich is used her¢o validate the Laplace
solution. The resulting plat for aninitial capacitor voltage of 1 k\aregiven in
Figure 5-3. The SPICEmplementation of the circuit iffigure 5-1, used for the
validatingsimulation is given in Appendix C.2.
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Figure 5-3: Laplace solution for the@pencircuit voltage of the LSS validated with a SPICE
simulation

We also found that the Laplace solution can be matched very well by

numerical simulations using both Euler and RK4 methods.

In additionthe Laplace solution of the shamtcuit currentwas validated
with the experimental result from the LSBhe Tektronix TPS2024 oscilloscope
which was used to display the experimental wavefooagstures the data by
saving each of its input channeis a commaseparated value¢CSV) file. All
CSV files gener@d by a single display event can be combined into a single CSV
file and this filewas imported by MATLAB using the commandcsvread to
produce thevalidation curve Figure 5-4 shows the result®btainedfor the
Laplace solution and the experimental result taedtwo curves matchell during
both rising and decaying parts of the surge.
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Figure 5-4: Laplace solution for the opemircuit voltage of the LSS validated with the
experimental result from the LSS

In studyingthe above waveform generatedthe circuitof Figure5-1, we
foundit to be sensitive to the component val@®sL1andR; in the first loop
providedRswas largeThe very short riséime was sensitive to the valuelof In
order tounderstand the decaying part of the op#ouit voltage we haveplotted
the curvesagainin Figure 65, but ths time with voltage indicated by a log scale.
The straight lineseenfor the decaying voltage suggeshat only a singletime-
constant circuits dominant during tis periodin spite of the circuit havinghree
reactive component8y changing the values of the reactive components it was
found that the dominant time constant for the decaying portion is decided by the

first loop componentaluesof C: andR; (R:C: time constant = 7(1s).
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Figure5-5: Semilog plots for the curves shown kigure5-4

Here we seethat the experimental curve dewtfrom the straight line
(Laplace solution)after aboutl00 ps. It was found that this deviation isot
sensitive to any of the components in the LSS equivalent circuit and is thought to
be due to some small stray reactive component values coming to play in the
coupling circuit of the LSS. Further analysis of this variation was ignored with the
expectabn that this would not cause any significant chantge our future
analysis.Modification of the equivalent circuit in order to eliminate this variation

would be a useful exercise in a future research.

5.1.2 Comparison of Laplace solutions with numerical simulion
For reasons indicated Bection3.1, we need to develop robust numerical
simulation techniques to investigate transient propagation through nonlinear

circuit elements.

For the LSS circuit shown ifigure 5-1 and Figure 5-2, the following
networkequations can be formulated as a system of coupleebfulst equations
which govern the dynamic behaviour of the network.
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€. (5-10)

Qo
T 000 O Hw 1 0 (5-11)
Q0
Q—Q Q00 (5-12)
Qo

whered Yj0,® pj06,® 'Yjd,andQ Y Y YjD

Again the impulse response that results from the delta function input in
Eq.(5-11) can be taken care of by using the initial condition that arises from the
impulse input, and making the input itself equal to zero. Hence the initial

conditonswould b&Qmm  mQr @ m j0,andQm T

Stateequations(5-10)(5-12) were included in aMATLAB program to be
used by the Euler method and by the more accukdtiexed andodel5sDE
solvers discussed @hapter 3The MaTLAB codeLSS OCV_Euler RK4sed to
simulate the openircuit voltage is made available in Appendix C.3. Once the
values ofQis obtained opewircuit voltage can be determined by finding the
voltage drop across the resistor. A comparison of the RK4 based simulation

with the Laplace solution of the opagircuit voltage is given ifrigure5-6(a).

The MATLAB based simulations were run omandows XP based Dell PC
which had 3 GB of RAMFor the simulation of the extremely fast rising open
circuit voltage,rk4fixed simulation t@mk as much as 17 minutes to simulate a
100 us waveform. The simpler less accurate Euler mettadied out the same
taskin 20 seconds. Both methods worked satisfactorily for a step gizef{ 10
ps. The variable step AMLAB ODE solverodel5swhich is suitable to handle

Astiffo problems produced satisfactory resu

The LSS shortircuit current was also simulated usirigiixed solver.
When we shortircuit the output of the LSS in order to determine the sticctit
current ve will be short circuiting the resist®. Hence we could find2 provided
we substituteY  ttat the beginning of all calculationfhe same MTLAB code

can be used simply by setting the valueRefto zero.The simulation worked
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satisfactorily with stp sizes ranging from 100 ns to 10 pscomparison of the
rkdfixed based simulation with the Laplace solution of the shincuit current

is given inFigure5-6(b).
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Figure 5-6: rkdfixed solverbased validations of Laplace solutiomgh qi=10 ps(a) LSS opern
circuit voltage(b) shortcircuit current

5.1.3 Laplace lution for 8/20 ps shortcircuit current validat ed with
experimental data from the LSS
Here we will validate the Laplace solution for the stoartuit current of
the LSS with the experimentals@dt from the LSSThe resulting shoitircuit
current for an initial capacitor voltage of 1 kV shownin Figure 5-7(a) along

with its validation obtained experimentally from the LSS.
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(a) Short-circuit current
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(b) Error curve
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Figure 5-7: (a) Laplace solution for the shecircuit current ofthe LSS validated with the

experimental result from the LS$b) Error between the Laplace solution and its
validation.

Figure 5-7(b) shows the absolute error between the Laplace solution and
the experimental validatioWe foundthe area of maximurarra to be sensitive
in particular to the values d@; and Ry and the shottircuit current curve of
Figure5-8 was obtained with the changed valoé®  o81t &and0  ¢8rti (.

We see that the maximum error value has been reduced by4&Boin this case
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Figure5-8: (a) Laplace solutiomandits validationof Figure5-7(a) changedor better comparison

by minorchangs toLSS circuit values(b) Maximum error has reduced by about 40%

compared td-igure5-7(b).

5.2 Investigation of surge propagationthrough an MOV in the

off state

a 2-wire version of acategory B protection unit similar to the one shown in

One of thegoak in this project is tanvestigae surge propagatiothrough

Figure 4-1. Such a unit will havdarger protection devices to handlee larger

transients anticipated for category B. At the front end of this circuit M@V to

provide thefirst level of protectiorf5]. We have already seen @hapter 4hat an

MOV

i n t he f anoddledbga parelyeinear@ircuitb e

In order to build thecompleteequivalent circuit for this investigation we

need to consider thBIOV equivalent circuit for its leakage regiamhich was

presentedn Figure4-7(a) as well as the equivalent circuit of the Noisek&S5

impulse generatomgiven in Figure 4-7(b). The conbined circuit shown in

Figure 5-9 disregardsRorr of the MOV as it approaches i i n t he

region.

109

eaka



LSS MOV roffostate
2.7uH 1.1q 6uH 1q 40nH

W\/ Y Y Y ° fVLWfY\_
L
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C, ——10uF @ 7q i, (1) Ry & 1mq 13(t) Cry Z=—900pF
Vef 0+) =KV
SPITEE ® SEPETEE ® e

Figure5-9: MOV fAof f 0 st at eCoinbined eguivaldgrcutyhe LSS (

In order to analyz& the current throgh the MOV intsfiof f 6 st at e,
consider the loop currents Bfgure5-9. The state equations for the above circuit

can be formulated aselow by usingfive state variablesthree currents and the

time derivatives of the currentQandQ, which are’Qand’Q respectively A

complete working to arrive at Eq&-13) - (5-17) is shownin AppendixC.4.

QQ

il o (5-13)
Qo

QQ L . e . . @ T

=" S O O dm v ———— (5-14)
Qo L

22 %0 oo @ (5-15)
Qo

QQ

QO (5-16)
Q0

Q0 .

o MM OO UM QQQQ (5-17)

where® Yj0 ,® pj06,0 Yjd,Q 'Y Y Yjd,Q Yj0,
MQ Y YO ,Q VYjb ,andQ pj0 O .
The initial conditions for solving the above circusire. Qm T,

O o m j0,Qn Qn Qmn 1 wherew T is the initial

voltage on the capacitor .

The simulation plot fofQ the MOV current n t he fehownin st at e

Figure 5-10(a). It shows a highfrequencyoscillation at the start which decays

rapidly. This simulationfor the component values shownHigure5-9, presented
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a fAstiff o pamesldlse mt @ik ddvereiedllas the above state
equations represent several processes of which one has a very small time constant.
Whenode45 is used the MTLAB application goes into a busy mode and fails to
produce the required results within reasonable tifhe. difficulty wasovercome

by usingode15s which is a stiff ODE solver provided ByATLAB. Whenodel5s

is used, the Dell desktop PC mentioned earliergtetas the simulation within 1s.

Thecode used SS_MOV_three_loopsdel5s.nis given in AppendiC.5.

As mentioned inSection 4.2.2.1 the ringing is due to the MOV
capacitance resonating with the MOV lead inductance and the induétanote
the LSSequivalent circuit. A gquantitative analysis tells us that most of this current
flows through the external curremeasuring resistanc&/ and the LSS
resistanced’ and’Y ; hence these resistances are primarily responsible for the

decay in the resonae®f the MOV current.
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5.3 Investigation of surge propagation in assumedixed states of
the MOV

In Section4.2.2 we closely looked at the two main regions of operation of
an MOV- viz. the leakage region and the normal operation region. Here we will
study the propagation of a surge throughMOV assuming that it operates at
fixed pointin its performanceharacteristic. Although it is unlikelp operate in
such a situation, it would help us understand the behaviour of an MOV under
stress using a linear modé&he three operating points that wensiderare shown
in the I-V characteristic ofFigure 5-11 which we developed for the varistor
275L40C inSection4.2.5 They correspond to points in theakage region34
MY), the knee (300 Y) and the normal operation region(7 Y) of the
characteristic. Si nce fdshepreséhted/liysa fixes nl i near
resistanceY at eachof these points, the overall circuit analysedhown in

Figure5-12, remains a linear circuit at eaoheof these operating points.

112



£ MOV resistance = 34 MQ i
100 | % MOV resistance = 300 Q 7Q P 1
MOV resistance =7 I
]
80 -
|
]
- ]
< 60f [ i
‘g ]
5 ]
@) 1
40 I .
]
I
I
20 - 34 MQ 300 Q ! .
]
\ N/
7
0 [ ] _;h’_ ] ol wm = '* ]
100 200 300 400 500 600 700
Voltage (V)

Figure5-11: Thel-V characteristic for the 275L40C varistor with a selection of operating points.

LSS MOV states
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Figure5-12: Fixed MOV states driven biyansients from the LSS

In order to numerically simulate the above circuit and to study the current
through the fixed states of the MOV, we have considered the four loop cuasents
shown inFigure5-12. The state equations for the above cireditich are given
below use six stae variablesiwo of the loop equations being secesrder DEs,
were converted to normal forfa systemwith two interacting firstorder DES).

The four loop currents and the time derivatives of the currédendQare the
state variablesThe completederivation ofthe stateequatiors Eqs.(5-18) - (5-23)

is includedin AppendixC-6.
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QaQ . (5-18)

06 @
Q0 L a . . W T A

— dQ O O o @ ——27 O (5-19)
Qo 0

Q—Q GQ '0Q 0Q (5-20)
Qo

QO , (5-21)
Qo O

Q0 . .

s R 0 0m 0000 M0 (5-22)
Q—Q ™M ™ (5-23)
Qo

where® Yj0 ,® pj06,® Yjd,Q Y Y Yj0,Q 'Yj0,
M Q Yjh ,Q pj0d 6 ,andQ pj6 Y .

The initial conditions for the simulation are Qm 1 ,
On o m jo,Qn Qn Qn  Qn 1 wherew T s the
initial voltage of the LSS capacitor or the amplitude of the surge voltage generated
by the LSS.

In generalODE solves haveto solve the set of differential equations
governing the problenfor each time step during the simulatioAs per our
discussion in sectioB.4.2 if the Jacobian matrix of the differential equations is
not provided theefficiency and theaccuracy of the simulatiosuffers. For the
three cases studied, the accuracy of the simulationsresrected to the fst 7 to
36 €s, since the ODE solver had to calcul at
equations, for each iteration of the simulatidhen theJacobianmatrix was
provided,long duration simulations were possibdecomplete listing of the code

usal to simulae the’Y  x Ll instance LSS MOV _four_loops_Rmohmgan is
given in AppendixC.7.

Figure 5-13 shows the simulations for the three cases mentioned. The
simulation result fothe leakage region’Y o - L) is familiar to us from the
114



discussion inSection4.2.2.1 The ringing is due to a resonating effetd , 0

ando , and it dies down due the resonating current flowing throvighnd'yY .

At the knee of the-V characteristic Y o T iff), significant current
flows through te lowered MOV resistancesmaller ringing current flows$or a
shorter period of timeFigure 5-13(c) shows the simulation for the poinY (
X LI which well into the normal operation region of th¥ curve of the MOV.
No ringing is seerin this case.This tells us that theole played by the lead
inductance and theapacitance of the MOV is negligible when the device is
operating in its normal region of operation. Hence we will be able to omit one or
both of these components from the MOV equivalentcuit during our

investigations of surge propagationGhapter 6

All numerically simulated plots dfigure5-13 were validated with SPICE
based simulations using LTspice. It cdre observed that the numerical

simulations match very well with the valiitans.
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5.4 Chapter summary

This chapter has investigated transient propagation through several purely
linear circuits which are closely related to the nonlinear surge protection circuit
that we intend investigating in this researilie started these investigations by
analysing the BS output waveforms usingaplace transformsnd validating
them using experimental data as well as numerical and SPICE simulations.
Although the Laplace methad very useful in providing accurate results for these
linear circuits we will not pursue witlthis method due to its limitations in
handlingcircuits containing nonlineadevicemodelssuch as a powdaw based
model of an MOV.

The numerical simulations that we usedthis chapteras the primary
method as well as for validatigpurposes hakelped us ina number ofvays and
will simplify our effort in our investigations of nonlinear circuits presented

in Chapter 6

Following points highlight the ways in which we were able use
alternaive tools available in MTLAB or improve the MTLAB coding of our

circuits for fast and accurate simulations.

1  With the use of the WrLAB ODE solves odel5sand ode23twe
were able tesimulate circuits such as the one given in Seciiéh
where an off state model of an MOV was driven by the LSS. Due to
t hef igtmature of the pODBdolveeaode t he
45 could not handle this problem.
1 By supplying the Jacobian matrix to thaTLAB ODE solver we
were able to simulate the circuit given in Secttod where a given
fixed state of the MOV was then by the LSS. When the Jacobian
was not included in the coding, only short duration simulations were

possible.

With these improvements to oMATLAB based numerical simulations we
are confident to move aiw Chapter 6 where we will study the surge propagation
through nonlinear surge protection circuitry. In this chapter we also saw the
successful use of a SPICE simulator for simulating linear electric circuits. These
SPICE simulations were useful in validating our mweal simulations. While
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continuing our numerical simulations to study the behaviour of nonlinear
protection circuitry to th@ccurrence of transients, we will also make an effort to
study these circuits or similar alternate circuits using available SRiG&els

from the surge protection device manufacturers sutlittefuse
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Chapter 6: Investigation of surge propagationthrough a
TVSS system

6.1 Introduction

In Chapter 4ve developed suitable mathematical modefsthe metal oxide
varistor (MOV) and thdransient voltage suppression (TVS) diode. Teeeloped
MOV model was validated successfully by using a variable DC source. The required
numerical simulation techniques weested on related linear circuits Chapter 5
and the rsults were validatedising SPICE simulationsThese tested numerical
simulation techniques will be made use of this chapterto study the surge
propagation through a claggB protection unitwith two different nonlinear surge

protection component¥he study will be limited to class B operation.

In Chapter 2we looked at both categor& and category B protection units
which are essentiallyjSurge Protection Devices (SPDs) dransient Voltage
Suppressor Systems (TV§SThey usually make up thedintend of modern power
supplies As discussed i€hapter 2four different types of nonlinear devices are used
in these circuitsGas discharge tube&DTs), andthree different types colid-state
devices Metal oxide varistors (MOVs)Transient voltag suppression (TVS) diodes
and TVS thyristorsThe mathematical modeldevelopedor the MOV andthe TVS
diodewill be valuable for developing the simulations that are to be performtus
chapterasthese componentaake up the 2evel protection in @&lass A/B protection

unit.

The conplete TVSS circuit that we will be investigating here was shown in
Figure4-1 and the same is presented has&igure6-1 for convenienceThis circuit
uses a MOV for the first level of protection and a TVS diode for the second level of
protectionin order to investigate the propagation of ehiigng surge through this
circuit, it will be driven by thdightning surge simulator (LSyoiseken LSS 6110,
whose equiglent circuit was presented and examime&ection5.1 The MOV, the

line filter and the TVS diode will be addad stepsto make up thavhole class B
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protection unit during our surge propagation investigatidine resulting circuit at
each step will benumerically simulated andalidaied highlighting the power
dissipation and energy absorption of each componeatwill start our study in the
next section by connecting an MOV, which usually provide the first level of

protection in a class A/B protector

MOV LINE FILTER TVS DIODE
v YL . . o
Ly

vir () C — — % Vout ()

Figure6-1: A 2-wire CategoryB protectionunit with two levels of protection

6.2 Investigation of surge propagation through @ MOV (1% stage of
the TVSS)

The circuit under test in this cashown inFigure6-2 is simply a stanealone
MOV connected to théightning surge simulatorLSS) output through a very low

valued resistor; the resistof is required to calculate the current through the MOV.

Rs
Source w
MQV |/
LSS (275L40C) /
6110 g

Figure6-2: LSS driving the first stage of a categorypitection unit
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6.2.1 Simulation using the powerlaw model of an MOV

In order to develop theet of differential equations required to numerically
simulate the above circuit we need to consider the equivalent ciRaptacing the
LSS and theMOV with their equivalent circuis gives us the overall circuit shown in

Figure6-3.

LSS MOV
2.7pH 1.1q 6uH 1q 40nH @

L1

C1 — 10pF R1
IC = Vc(0+)

1Mq Cm —— 900pF NLR1

Figure6-3: Overall equivalent circuit for the set up showrFigure6-2

We will consider four loop currentiQORQA 1 "R for the loops shown in
Figure 6-3. In addition we will have to consider the nodal voltageacross the
nonlinear resistana@ 0 "Yas wewill be usingthe following mathematical model for

theM O V Ghanlinear resistangavhichwas developed in Chapter 5

Q 00 00U (6-1)

The set of state equations formulated for the above circuit is givenTrext.
loop currentsSCHOPA T "R, the nodal voltag® and the derivatives of the loop
currentsQA 1T "Bwere selected to be the state variablgse complete derivation of

the stateequations Eqg6-2) - (6-7) is included in AppendiD-1.

00
— (6-2)
Q0

QQ - - -

= 00 &0 6d 600 &0 (6-3)
Qo

QQ .

=" HQ Q0 Q0 (6-4)
Qo
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Q_Q 0 (6_5)

Qo

'QT "~ T e, D ", D o, ’”, v, e~ T \

o QQ wmM QT QQQQ "QQu (6-6)
Qo

QU . o o

— Q0 Qv QU (6-7)

Qo0

where® Yj0 ,o pi0é,o Yjd,Q 'Y 'Y YjO,Q Yj0,
MY YjO,Q Yjd ,Q pj0 6 ,andQ pjo .

The initial conditions for the simulation ai@ Tt 1, Q1 w 1mjo,
Qn Qm Qm 0 m T As before, the value given f& 1t results due
to the initialvoltagew 11 of the capacitod . A complete listing of the code used
for the simulationLSS_MOWith _nonlinearR .m is given in AppendixD.2. The
values of 0 W copmT , | T&TPpOoUL odnNTTPT and
] ¢ & o odap the model of thenonlinear resistance of the MOWere obtained
from Sectiord.2.6where a 274L40C MOV was considered.

In order to study the propagation of the surge through the M@have
presented theimulatedcurrent through the MOV along with the voltage across the
device in Figure 6-4(a). We see that the simulations compare well with the
validations with respect to both shape and magnitadspite of the simulation
current peaking slightly before the valita current.In Figure 6-4(b) and (c) we
have shown the power variation and energy absorption of the MOV during the period
of surge propagationSimulation of the energy absorption in particular is very
important as it would be able to predict the ineiyifailure of the device once the
specified threshold is exceedddyain we see that the curves compare well although
we see a difference aB%in Figure6-4(c) between the simulation and the validation
of the total energy absorbed by the MOV was ato noted that making therm
VIV) i did not have any impact on the curves Ffure 6-4. This is not
surprising as this term is responsible only for modelling of effects in the leakage
region of the MOV. Ignoring this term in the model is justifisthce the primary
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goal of this project is to estimate the total energy absorption of each component of the

protector unit, during the propagationtoe§h-voltage transients such as lightning.
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E 1200 T T T T T T T T T
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g o
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Time (us)
®)
70 T T T T T T T T T
P (Simulation)
60 mov i
sl Pmov(Vahdatlon) |

Power (kW)
w N
o o

N
o
T
1

—
o
T
1

bt bk P Il L L

40 50 60 70 80 90
Time(ps)

o

o
—
o
N
o
w
o

©

o
©o
T
1

E_  (Simulation)
mov

Emov(Validation)

Energy (J)
o o
£ )}

o
N
T
1

0 L Il Il Il Il Il Il Il Il
10 20 30 40 50 60 70 80 90

Time(ps)

(=]

Figure 6-4: Numerical simulation and validations for the first stage (MOV) of a TVSS (a) MOV
current and voltage (b) Power variation for the MOVEngrgy absorption the MOV
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> Flow of time

MOV current (A)
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MOV voltage (V)

Figure 6-5: The phase plotMOV current vs. MOV voltage) for the simulation and vatida plots
shown inFigure6-4(a)

In order to understand the discrepancies between the simulations and the
validations we will now look at the phase plots (MOV Current vs. MOV Voltage) for
the simulation and validation curves &igure 6-4(a). These aregresented in
Figure6-5 and it can be sedhatthe currentdecrease in the validation curiglows
a different more gradual path than the current incrpasieas per ourdiscusgon in
Section4.2.2.2 This phenomenon gives rise to a hysteresis loop in the phase plot of a
varistor. The poweflaw model that we havadoptedfor the nonlinear resistance of
the MOV does not take into account the hysteresis effectbemck as anticipated
the phase plofor the simulatiorcurvehas the same upward and downward paths for
the current within the hysteresis loop of the experimental plot. In spite of this
discrepancyin the phase plotsve were able to reduce the error in the total energy
absorption to 9% byslightly varying the parametersvalues ofv AT |A to
0 c8 Twoep T 8 andy p @ o o Bigure 6-5 and Figure 6-6 highlight
this improvement to the simulatioiithe simulation phase plot is now well centred

within the hysteresis loop of the valtd& phase plot.
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Figure6-6: The phase platf the improved simulation compared with init&inulation and validation
plots showrearlierin Figure6-5.
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Figure 6-7: Improved numerical simulations and validations for the (a) MOV current and voltage
(b) Energy absorption in the MOV
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6.2.2 SPICE based simulation using a manufacturer supplied model of an

MOV and comparison.

As mentioned inChapter 2 the varistor manufacturers such lagtelfuse
provide SPICE based models for some of their varistor famiiksough we were
unable to find anySPICE basednodel for the 275L40C varistofrom the Glii
varistor seriesl.ittelfusedoes provide a SPICE based model for the 20V275 varistor
which belong to th&JltraMOV series[24]. We will now use this model in a PSpice
simulation of the circuit shown iRigure 6-2 with the MOV model 20V275 in place
instead of the 275L40C.

Let us consider the schematic diagram givenFigure 6-8, which is a
representation oFigure 6-2. The PSfe source file for the simulation is created
using this schematic diagram and is given in Appendi Dhe voltage source
T 6 is introduced solely fothe purpose o$imulating the current through it, which is

also the currerftowing through the M.

LSS
VX=0V
@ 2w @ 110G e @D 1q @| )
~ YN
' AAN—Y N AVAYAY |I
R2 R4
1 MOV
Cl——100F RIS R3 < 1Mq (20v275)
IC = 1KV
@
4

Figure6-8: Schematic representationfeifjure6-2 used to develop the SPICE source file.

The MOV voltage and the current obtained from the PSpice simulation were
compared withMATLAB based numerical simulation and also with experimental
results. Tle MATLAB based numerical simulation was performed using the ptamer
based model for the varistor 20V275. An initial estimate of pdawr model
parametergesulted in the followingp PT X wTp T and| ¢ ® o Taqd

the same were used in the simulation that generated the pkatgiod6-9.
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Figure 6-9: SPICE andVIATLAB simulations compared with the validations for the first stage (MOV)
of a TVSS (a) MOV current and (b) MOV voltage

We were able to minimize dralmost eliminate the discrepancy between the
PSpice andMATLAB simulations by marginally changing from 20.5306 to 20.4006.

The resulting plots are shownkiigure6-10.

It must be noted that the PSpice modet the MOV given by the
manufacture(seen in the PSpice source file in Appendix3[pis much more complex
mathematicallythan the powelaw model that we have used for the Matlab
simulation In spite of this complexity, it too has failed to account for the hysteresis

effect shown by MOVs, whictvas discussed in Sectidr?.2.2
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All simulations in the following sections will be done usikipTLAB ODE
solvers and suitable powkw models for the two nonlinear devices used; viz., the
MOV and the TVS diode.

120 (a) ImOV(PSpice Simulation)
100 - - ImOV(MATLAB Simulation) |
o PN I (Validation) |
<
g 60 }
O 40r }
20 }
0 -
0 10 20 30 40 50 60 70 80 90
Time (us)
700 T T T T T T T T T
(b)
600 |-
500 |-
& 400 -
&
8 300 e,
200 | Vmov(PSplce Simulation) \,A“ 7
100 - - - Vmov(l\/IATLAB Simulation) ]
obed Vmov(Vahdatlon) |
0 10 20 30 40 50 60 70 80 90
Time (ps)

Figure 6-10: SPICE andVIATLAB simulations ofFigure 6-9 made to coincide by changihg from

20.5306 to 20.4006 (a) MOV current and (b) MOV voltage

6.3 Investigation of surge propagation through two stages of the
TVSS (MOV and LC line-filter)

Now that we have simulated the propagation of a transient through the first

stage of a TVSS with sufficient accuracy, we will take this approach a step further to
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numerically simulatéhe propagation of a transient througiVSSconsisting of two

stagesan MOV and a lindilter. This setup is shown iRigure6-11, whered ando
make up the lindilter and the small resistancé is included for the purpose of

current measurement.

2-stages of a TVSS

1y 0.22Y 5.8uH

Source

LSS —0.22F

Figure6-11: LSS driving the first two stages of a categorgmBtection unit

We will now consider the complete equivalent cirdoit the setup shown in
Figure 6-11, in order to develop theset of differential equations required to
numerically simulatehe propagation o HV transient throught. The complete
equialent circuit resulting from replacing the LSS and the MOV by their equivalent
circuitsis shown inFigure6-12. The small lead inductance of the MOV, which plays
an insignificant role in the normal operation of th®V in its normal region of
operationhas been lefbut of thissimulation.

Line filter

0.22q 5.8uH

2.7pH 1.1q 6pH

Rf Lf

Cf ___220nF

Figure6-12: Overall equivalent circuit for the setup showrFigure6-11.

We will consideffive loop current$h 'Oh'Ch'QA T "Rfor the loops shown in
Figure 6-12. In addition we will have to consider the nodal voltageacross the
nonlinear resistancé 0 'Y as we will continue to usahe samepowerlaw based

mat hemati cal mo d e | for t he wevh@ded inthe nl i ne a
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previous sectionFor the current and voltage variables shownFigure 6-12, this

mathematical model can beepresented by

QP 0.0y (6-8)

The first powerlaw term0 0  has been ignored here due to the reasons
mentioned in the previous sectioe will now present theet of state equations
formulated for thesimulation of theabove circuitThe loop currentCh'Ch'QA T "B
the nodal voltag® and the derivatives of the loop currei@®d 1 ‘Qwere selected to
be the stateariables.The complete derivation of the state equati¢e®) - (6-15) is
included inAppendixD-4.

Q0

— 0 (6-9)
Qo

’Q TQ 5 _ -

= 60 & dd o0 6w (6-10)
Qo

Q0 .

= 00 Q0 Q0 (6-11)
Q0

Q0 ., .

0, @@ QM 000Q W Wi (6-12)
29 40 9 o (6-13)
Qo

Q0

— 0 (6-14)
Qo

’Q ';'Q B B _

o0, Q@ 0o o a4 Q (6-15)

where® Yj0 ,0 pioé,0 Yj0,Q Y Y Y j0,Q Yj0,
QY)Y Y ,Q pi6 Y Y ,Q pj06 ,Q pj06,a pjd and
a Yjo0.

130



The initial conditions for the simulation a@mn 1 QT w 1 |0,
Qn Qmn 0 m Qm  Qmn 1 As before, the value given f&®
results due to the initial voltage 1  of the capacitod . A complete listing of

the code used for the simulati®®S MOMneFilter .mis given in AppendixD.5.
The values ofd c8 tTwemn 8 and p @ o ofdgr the model of the

nonlinear resistance of th875L40C MOV are taken from the improved model

discussed irsection6.2

We will use the simulation to study the propagation of the transient through
different components of the TVS8hich will include a study ofthe total energ
absorbed by each of the componenmith respect to time. This type of study would be
helpful in deermining themost vulnerableeomponert of the system for failure in

the event of &igh energy transient.

First we will examine the behavior of the MOV during therge propagain.
The simulated/oltage across the device along with the current throughM®V is
presented inFigure 6-13(a) and Figure 6-13(b) respectively We see that the
simulations compare well with the validations with respect to both shape and
magnitude in spite of thenging in thesimulatiors notbeingdamped as much as the
validations In Figure6-13 (b) and (cwe have shown the power variation and energy
absorption of the MOV during the period of surge propagatiée.see that most of
the energy absorption peaks around th@sSthark.Very good agreemeint observed
between the simulation and validation for the total eneaggorbed by the MOMn
spite of the mismatch in the amplitudes of the ringing peaks in the instantaneous
power curves oFigure6-13(b). Thisis encouraging, especially since we have added

two new conponents to the circuit under test.
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600

400

200

200

150

100

50

100

- VmoV (MATLAB simulation)
V_  (validation)
mov

-~
-y
-
-~

0 10 20 30 40 50 60 70 8 90
Time (ps)
‘ (®) | = = =1 (MATLAB simulation)
- , ‘ mov |
1 I (validation)
mov

v sl
0 10 20 30 40 50 60 70 80 90
Time (us)
n (©) = = =P (MATLAB simulation)
| ' ‘ mov _
1 P (Validation)
mov

60 70 80 90
i - = = FE (MATLAB simulation) |7
mov
r E_ (Validation) 7
mov
0 10 20 30 40 50 60 70 80 90
Time(us)

Figure 6-13: Numerical simulation and validations for tidOV of the TVSS (a) MOV voltage
(b) MOV current €) Power variatiorin the MOV (d) Energy absorption in the MOV
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Now we will study how the same surge propagates through the capgaaitior
the line filter. The simulatedroltage acrosthe capacitoand thecurrent throughhis
component is presented iRigure 6-14(a) and (b) respectivelyalong with the
experimenthcurvesfor a surge of 1 kVAgain we see that the simulations compare
reasonably well with the validations with respect to both shape and magnitude in
spite of the ringing in the simulations not being damped as much as the validations. In
Figure6-14 (c) and ¢l) we have shown the power variation and energy absorption in
the capacitod during the period of surge propagatidpproximately a5% error is
observed between the simulation and validation for the energy absorbed by the

capacitor We see thathe resonance frequenc®( pj¢* 06 p T B ()Unthe
simulationof capacitor curreniatch with the resonance frequency of the line filter
componentsb and0 , whereas the experimental curves exhibit a frequency
approximately 5% higheWe believe that parasitic capacitances and inductances
present in the experimental setup due to connecting cables and proximity of

components are responsible for this small deviation in frequency.

The maximum energy absorption in the capacitor takes plagu®xamately
after 4us from the occurrence of theansientand we see that the maximum energy
shown by the simulation at this point is about 20% higher than the experimental result.
This energywhich is aboutt0O0OmJ, is much smaller than the energy alsat by the
MOV, which is in the range of 1 J.

Finally to complete our study of this circuit, we will look law the surge
propagates through the inductorof the line filterin Figure 6-15. Again we see
similar waveshapes although the peaks of ripgimthe simulation tend to be higher
than in the validating curves. The maximum energy absorption in the indactdre
noted inFigure 6-15(d) andtakes place approximately 2.5 after the occurrence of
the surge. Although the maximum energy levelsthe simulation and validation
differ by about 25% the amount of energy absorbed in this case is even smaller and is

in the range 015-20 mJ.

The work done up to this point is summarized in a provisionally accepted
journal paperwhichis given in Appendt F.
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Figure 6-14: Numerical simulation and validations for the capacitoof the TVSS (a) capacitor
current(b) capacitoroltage (b) Power variation in the capacitor (c) Energy absorption in the capacitor
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Figure6-15. Numerical simulation and validations for timeluctord of the TVSS (a) Inductor current
(b) Inductor voltage (b) Power variation in the inductor (c) Energy absorption in the inductor
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6.4 Investigation of surge propagation through a complete vire
categay A/B TVSS

Having successfully investigated a tstage TVSS consisting of both linear
and nonlinear components in the last section, we will now take this investigation a
step further by adding a second nonlinear elem&nfVS diode This providesa
secand level of protection, thereby making a superior protector having two nonlinear
and two linear componen{she two resistors, small in value, are added only for

current measuring purposes)si®wn inFigure6-16.

3-stage TVSS

1q 0.22q 5.8puH

Source
LSS — 0.22F % TVSD
6110
L 4 L 4 L J
MOV used: 275L40C TVSD used: 2 x 1.5KE350CA

Figure 6-16: LSS driving a complet8-stage category A/B protection unithe protection unit is
shown in the shaded area.

In order to appreciate the investigation of surge propagation through the
circuit shown inFigure 6-16, it is important that we understand how this circuit
operates wheever a HV surge arrives at its input terminals. While the operation is
similar to the operation of the-Bire version of this circuit discussed briefly in
Section2.6, it must be mentioned that the nonlinear surge protective devices used
must be properlycoordinated for effective functioning of the overall circuit in the
case of a HV surgef properly coordinated the MOV will always conduct before the
TVS diode.

In this 2 protectivelevel TVSS, the first level of protection is provided by the
MOV, becaise of its relativelyigh transient energy absorption capability most of the
surge energy is absorbed by this component in the case of a HV transient. As we saw
in the previous section, the sudden rush of current through the MOY rigeeto a

ringing vdtage and current in the liffdter elementsd) andd . As a result, a HV
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surge can develop damagingly high voltage peaks across thediftacitor that may

be |l et through to the fApr ot edevebmolecta,qui p mer
the TVS diode comes into play, by conducting whenetre voltage acrosé

attempts to go beyonthe clamping voltageof the TVS diode This situation will

prevail for all stress currents up to the failure point of the TVSD. If this level is

reached, the TVIS will fail to a short circuit, clearing the protection fuse that would

be present in a commercial or industrial sd&jiplf the transient energy is very large

and of short duration like in the caseaofextra high voltagéightning transient, there

canbe an open circuit due to the silicon chip itself explodigg].

For the reasons indicated above, for this\&l protector to function correctly,
the breakdownvoltage of the TVSD must be higher than fiveng voltage of the
MOV. In the design we havconsidered here tH&5L40C MOV has a clamping
voltage just over 600 V ande used two 1.5KE350CA type TVS diodes in series to
get abreakdownvoltage around the 700 V mark.

Let us now develofhe equivalent circuit for theetupgiven inFigure6-16in
order to develop thset of differential equations required to numerically simulate the
propagation of & HV transient through it. The equivalent circuit resulting from
replacing the MOV and the TVS diode by their nonlinear resistance models is shown
in Figure6-17. The first two loops belonging to the equivalent circuit of the LSS are
not explicitly shown here since they result in the same two state equations as

developed in the earlier cases.

MOV LINE FILTER TVS DIODE

N DR @

Rs Rf L
LSS Cm _____ 900pF NLR1 Ct ———0.22yF NLR2
(2 loops)
Loops ] Loopd . Loops . Loops

Figure6-17: MOV and TVS diode models used to redraw¢heuit of Figure6-16

In order to formulate the set of state equations required to simulate the above
circuit, we will considersix loop current$Ch"Ch"'Ch"QAQA T & The first two loop
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currentsQA T "Qare flowing within the LSS equivalent circuit and are not explicitly
shown inFigure 6-17. In addition we will consider the nodal voltage AT &
across the nonlineaesistancet 0 YA T (R0 'Y We will usethe powerlaw based
mathematical moddbr the MOV and TVSDnonlinear resistanseFor the current
and voltage variablesf Figure 6-17, thesemodek can berepresented b{q. (6-16)

for the MOV and by Eq(6-17) for the TVS diode.

R R Qo (6-16)

9 TQDUI o (6-17)

We will now present theet of state equations formulated for the simulation
of the circuit ofFigure6-17. The loop currentOh" Ch'QA T "8 the nodal voltaged
AT #\, and the derivatives of the loop currei®d T Qwere selected to be the state
variables. Theomplete derivation of the state equati¢®d.8) - (6-25)is included in
AppendixD-6.

QQ

0 (6-18)
Qo

(ol o NN . -

=T 0 O o dm cw (6-19)
Q0

20 g0 o (6-20)
Qo

Q. .

To O Q0 QOUQQ W U (6-21)
2% 00 0 (622)
Qo

QQ

Q0 . (6-23)
Q0
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Q0 . . » i .
oy @ 0an o dw 0 (6-24)

20 40 (6-25)
Qo

where® Yj0 ,® pioé,0 Yj0,Q Y Y Y j0,Q 'Yj0,
M OYPYY Y ,Q pj6 Y Y ,Q pi6 ,Q pj06 ,a pj0do

& pj6 ande YjOD.

The initial conditions for the simulation a@m 1 QT w 1 |0,
Qn Qm 0 m Qm Qm 0 m 1 As before, the value given for
Q1 results due to the initial voltage 1  of the capacitod . A complete

listing of the code used for the simulatib8S TVSSnis given in AppendipD.7. The

values ofv c8 twemn 8 and|y p & o ofap the i o mMbdel of the

nonlinear resistance of th@75L40C MOV are taken from the improved model

discussed irSection6.2 The values off 18 t@oyp m andy VL@TOUY

for the fAond model of the series combi
obtainedas discussed ineBtions4.3.2and4.3.3 The Aoff o0 model s
the TVS diode have not been considered here due to the nature of the HV input

transients.

We will use the simulation to study the propagation of the transient through
various levels of the TVSS andompare the simulations with results obtained

experimentally.

Again most of the energy delivered by the HV transient to this circuit will be
absorbed by the MOV, which provides the first level of protection. The simulated
voltage across th®IOV and the ctrent throughit are presented ifigure 6-18(a)
and Figure 6-18(b) respectivelyWe see that the simulations compare well with the
validations with respect to both shape and magnitude. The ringing that was present, in
the absence of the TVS dioflggure 6-13 has almost disappeared. Figure 6-18(b)
andFigure6-18(c) we have shown the power variation and energy absorption of the
MOV during the period of surge propagation. Again theigoisd agreement between
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the simulation and validation fore total energy absorbed by the MOV, the
percentage error being approximat&Bpo.

Next we will look at how the same surge propagates through the TVS diode.
An observation of the voltage and current curves for this device will clearly explain
how this deice operates and provides a second level of protection for downstream
electronics that would be connected to a TV3Be simulations and experimental
validations for the voltage across the diode and the current through this component
are presented iRigure 6-19(a) and (b) respectively for a surge of 1 lAgain we see
that the simulations compare well with the validations with respect to both shape and
magnitude in spite of a minor mismatch in the current curves. It must be noted that
the TVS diode voltag gets clipped as soon as the filter capacitor tries to charge
beyond the breakdown voltage of the TVS diodes. Further evidence to this fact can be
seen if we compare the TVS voltage curve with thefiiiber capacitor voltage curve
shown inFigure 6-14(a), where it rises to almost 9001000 V. Both the simulation
and the validation show the same time instant (around the 3 ps mark) for the point of

switchingoft he TVS diode from its fAoffod state to I

In Figure 6-19(c) and () we have showrthe power variation and energy
absorption in the TVS diodduring the period of surge propagatidpproximately a
20% error is observed between the simulation and validation for the energy absorbed
by the TVS diode. This energy, which is less than 10Qisndhuch smaller than the
energy absorbed by the MOV, which is in the range of 1 J.
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Figure 6-18 Numerical simulation and validations for the MOV of the TVSS (a) MOV voltage
(b) MOV current (b) Power variation for the MOV (c) Energy absorption i@/
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Figure 6-19: Numerical simulation and validations for the TVS diode of the TVSS (a) TVS diode
voltage (b)TVS diode currenfc) Power variation in the TVS diode (d) Energy absorption in the TVS
diode
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Chapter 7. Conclusionsand Recommendatios

The computer simulations developed in this research Uding.AB are a
unique endeavour in investigating transient propagation throyogiwar electronics
interface class Btransient voltage surge suppressor (TYSEhe flexibility made
available in sing mathematical models developed for nonlinear devices is an
advantage in using this method to study the energy distribution among individual
components within the interface. Writing state equations to describe the overall
system and then using speciatizODE solvers to solve for all the chosen variables

provides insight to the working of the system under stress conditions.

The idea behind the project was to develop a mathematical approach suitable
for computer simulation to study the transient propgagawithin a power electronic
interface. Thismethod is useful for predicting incipient failure of individual
components through power and energy studies.

7.1 General onclusions

This thesis descriloethe development and application of a novel computer
simulation technique to investigate transient surge propagation in a transient voltage
surge suppressor (TVSS) unit. Initially the nonlindavices within the TVSS were
studied and suitable mathematicalodels were developed. The overall circuit
containing a combination of linear and nonlinear dev@s describedby state
equationsthat were evaluated usingrdinary differential equation (ODE) solvers
available in MATLAB. By using the simulations to wsly the power and energy
patterns in individual components, incipient failure due to high voltage (HV)
transients can be predicted.

7.1.1 Nonlinear device modelling

The metal oxide varistor (MOV) and the transient voltage suppressor (TVS)
diode, bothof which ae strongly nonlinear,were used in the TVSS desigiBoth
deviceswere modelledisingthe powerlaw relationship between voltage and current

Initially a two-term poweflaw expression was used to describe each device, although
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the term describing the lealagurrentwasdropped due to the significantamount
of power dissipatediuring this phase. The coefficient of nonlinearilyand the
constank for each device were found by curve fitting.

7.1.2 Describing theproblem with state equationsand solving
The overd equivalent circuit to be analysed was constructed by combining
the equivalent circuit of theghtning surge simulator (LSSyith different stages of
the TVSS. The state equations were written for the combined circuit using suitable
current and voltageariables. The set of state equations, consisting of linear and
nonlinear terms, was solved using specialized Matlab ODE salvers i gned f or fAsti

problems The solversodel5s and ode23th were able tosolve all the circuit

configurations including thena with two nonlinear devices.

7.1.3 Validati on of the numerical simulations

All computer simulatiomesultswere validated experimentally with the use of
the LSS model 6110 by Noiseken laboratories, Japan. This LSS delivers a
combination wave tgperform surge immunity testing of ategory B protectors
conforming to IEC publication 610085 and to ANSI/IEEE 62.31 standardhe
equivalent circuit supplied by the manufacturer was used to simulate the prescribed
outputs of the LSS. These results were validateagusctual outputs of the LSS and

the comparisons were presenteimapter 5

The results on simulations on the TVSS were performedhree tdifferent
stages(a) MOV (b) MOV and line filter (c) MOVline filter and TVS diodeResults
were presented i@hapter 6In each case the current and voltage waveforms for the
MOV compared well with the validations with regard to shape and peak Vidiee.
percentage error for the total energy absorbed by the MOWypésally less than
13%. The propagation througtne line filter capacitor and the inductor were
investigated for case (byvhich comprised the MOV and the line filteagain the
voltage and current waveshapes compared. Wbk peak energy absorption by the
capacitor differed by approximately 20% altdgh this energy level was 10 times
smaller than the energy dissipation in the MOV. The peak energy absorption by the
inductor differed by approximately 25%, but then again the energy level was even
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smaller 50 times smaller than the energy dissipatiorhenMOV. In the final part of

the simulationsve had the completeategoryB TVSS consisting of the MOV, the

line filter and the TVS diode. The voltage and current waveshapes compared well.
Herewe have a very good match for the time of switwhfor both he TVS diode

and the MOV the simulatios and validatios showing the same instants of switching
The percentage error for the total energy absorbed by the TVS diode was
approximately 20%. The level of this energy was 10 times smaller than the total

energy absorbed by the MOV.

7.2 Recommendations

Computer simulations performed this thesisusing numeal methods for
surge propagation studies of a TVSS is by no means complete in its development.
Consideration of different surge propagation conditiomsprovement of the
equivalent circuits used and extending the investigation to study surge propagation

downstream electronics could be done to consolidate the work prebenged

7.2.1 Surge propagation conditions

At the time of occurrence of a transient surge, the equipment to be protected
could be powered anonpowered; in other words, connecteddiscomected from
the alternating current (AC) power supply line. In this work we have assumed that the

TVSS under investigation was not powered. Although the maximum voltage that will

be added to the transient would be approximately 326 ¥ (T ¢ 6 ), this coutl be
significant when the transient peak is around 1 RVsimple application ofthe
superposition theorem, where the effects due to the surge and the supply line are
analysed separately and added, will not work in this inst@ecausehe overall

circuit is nonlinear. Laboratory-SS unitsusually provide the facilityfor surging
equipment under test (EUT) feithercondition. In the casef powered testinghe

surge would be superimposed on the line irfpdtto the LSSto give the required

test output The work presented here can be continued with investigations of surge

propagation under powered conditions.
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7.2.2 Equivalent circuits used

The equivalent circuits adapted for both the LSS and the TVSS could be
improved. As we saw irChapter 5 there were mino differences between the
simulations and validations of LSS outtiortcircuit current Complete Bmination
of this difference could bring our final simulations closer to the validations. Also i
our construction of the equivalent circuit of the TVSS for simulation purpbse
passive componengich as resistance, inductance and capacitaace includedas
ideal elements without considering their realistic models. A more accurate simulation
could resilt if such models along with cable and circuit parasitic element values of
the experimental setup were also included iretii@valentircuit of the test setup

Also the mathematical models used for the nonlinear electronic components
can be improved fobetter accuracy; inclusion of other complex models suggested
such aghe MOV model which could account for its hysteresis effect should improve
accuracy. Some manufacturers provide SPICE based models for some of their
nonlinear surge absorbingcomponerg a study of their adoptability to these
simulationsshould beinvestigated. Also as an alternative for comparison, SPICE
based software such as PSpice could be used with user developed models as well as

manufacturer supplied models.

7.2.3 Investigation of surge propagation in downstream electronics

A TVSS such as the one investigated for surge propagation in this project
usually sits at the front end of a modern power conversion interface such as a
switched mode power supply (SMPS) or an uninterruptible psweply (UPS). As
such, there is a considerable amount of downstream electronics between a TVSS and
a sensitive electronic loaithat needs to be investigated for HV surge propagation
study, if we are to protect the expensive and sensitive electronic Tdaglshallenge
of such an investigation using the methodologies considered in this project would be
interesting as more nonlinear electronic devices will have to be accurately modelled

and more complex networks analysed.
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Appendices

Appendix A: MATLAB code used forChapter 3

A.1 Euler simulation of LCR circuit driven by a charged capacitor

i MATLAB code used to produdegure3-3

(Name of file: RLC_simulations_4_methods.m)

0,

function RLC_ simulations 4 methods

% Solve for RLC current using Euler. "switch" command set to
% METHOD 1.

% Assume capacitor is fully charged at time zero.

R=7,
C=10e -6;
L=27e -6;
Vc0 = 100;

a =RI/L; b = 1/(L*C);

w = sqrt(a”2/4 - b);
i_theory = @(t) VcO/L * sinh(w*t)/w .* exp( - axt/2);
t = linspace(0, 0.5e - 3, 1000);

0,

(¢4

% DE definition for RLC circuit
function xdot = RLC_dot(t, x, flag, params)
[x1 x2] = deal(x(1), x(2));
x1 dot=x2 ;
Xx2_dot= -a*x2 - b*x1;
xdot = [x1_dot; x2_dot]; % return column vector

end

% Euler solution of DEs: | = current; J = dl/dt
Nsteps = 4000;

[I, J] = deal(zeros(Nsteps,1));

dt=0.125e -6;

time = [0: Nsteps - 1]*dt;

% choose integration method

% 1 = Euler; 2 = improved Euler; 3 = Euler with RLC_dot; 4 = RK4
METHOD =1

switch METHOD
% old Euler method: use explicit approximation for delta - function
case 1
I(1) = 0;
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J(1) =0;
forn =1 : Nsteps -1
I(n+1) = I(n) + J(n)*dt;

J(n+1) = J(n) + ( -a*J(n) - b*I(n) + VcO/(L*dt)*(n==1)) * dt;
end
% new Euler: integrate delta - function to give initial condition for
% J
case 2
I(1) =0;
J(1) = VcOlL;
forn=1: Nsteps -1
I(n+1) = I(n) + J(n)*dt;
J(n+1) = J(n) + ( -a*J(n) - b*I(n)) * dt;
end

% new Euler using RLC_dot function
case 3
X = zeros(2, Nsteps);
X(:,1) = [0; VcOlL];
for n = 1 : Nsteps -1
X(:, n+1) = X(;, n) + RLC_dot([], X(:, n), ", [D*dt;

end
I=X(1,), 3=X(2,);

% RK4 with fixed timesteps
case 4
X0(:,1) = [0; VcO/L]; flag = "; params =[];
[t_out, X out] = rkdfixed(@RLC_dot, time, X0, f
| = X_out(:,1); J = X_out(:,2);
end

i_theory_s = @(time) VcO/L * sinh(w*time)/w .* exp(

err_curve = [' - i_theory_s(time);

fignum = 3;

figure(fignum); clf;

subplot(211)
plot(t*1e6, i_theory(t),' -- ', 'linewidth’, 3);
zoom on; grid on; hold on;
plot(time*1e6, I, ' - r', 'linewidth’, 1);

legend('Laplace’,'Euler simulation');
xlabel('Time (us)"); ylabel('Loop current (A)");
title('(a)")

axis ([ -55000 15])

subplot(212)

plot(time*1e6, err_curve, 'o - k', 'linewidth’, 1);grid on;

axis([ -15 -51));
legend('Euler Error','Location’,'SouthEast');
xlabel('Time (us)"); ylabel('Discrepency (A)");
title('(b)")
end
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A.2 Improved Euler simulation (using initial conditions that arise from
the impulse input) of LCR circuit driven by a charged capacitor
I MATLAB code used to produd¢egure3-4

(Name of file: RLC_simulations_4 _methods.m)

0,

(6]

function RLC_Euler_4 methods

% Solve for RLC current using improved Euler. "switch" command set
% to METHOD 2.

% Assume capacitor is fully charged at time zero.

R=7,
C=10e -6;
L=27e -6;
VcO = 100;

a=R/L; b= 1/(L*C);
w = sqrt(a”2/4 - b);

i_theory = @(t) VcO/L * sinh(w*t)/w Fexp( - art/2);

t = linspace(0, 0.5e - 3, 1000);

0,
% DE definition for RLC circuit
function xdot = RLC_dot(t, x, flag, params)
[x1 x2] = deal(x(1), x(2));
x1_dot = x2;
x2_dot= -a*x2 - b*x1;
xdot = [x1_dot; x2_dot]; % return column vector

end

% Euler solution of DEs: | = current; J = dl/dt
Nsteps = 4000;

[I, J] = deal(zeros(Nsteps,1));

dt=0.125e -6;

time = [0: Nsteps - 1]*dt;

% choose integration method

% 1 = Euler; 2 = improved Euler; 3 = Euler with RLC_dot; 4 = RK4
METHOD =2

switch METHOD

% old Euler method: use explicit approximation for delta - function
case 1l
I(1) =0;
J(2) =0;
forn =1 : Nsteps -1
I(n+1) = I(n) + J(n)*dt;
J(n+1) = J(n) + ( -a*J(n) - Db*I(n) + VcO/(L*dt)*(n==1)) *
dt;
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end

% new Euler: integrate delta - function to give initial condition for
J
case 2
I(1) =0;
J(1) = VcOolL;
for n = 1 : Nsteps -1
I(n+1) = I(n) + J(n)*dt;
J(n+1) = J(n) + ( -a*J(n) - b*I(n)) * dt;
end

% new Euler using RLC_dot function
case 3
X = zeros(2, Nsteps);
X(:,1) = [0; VcOiL];
forn =1 : Nsteps -1
X(:, n+1) = X(;, n) + RLC_dot([], X(:, n), ", [D*dt;

end
I=X(1,),;J=X(2,);

% RK4 with fixed timesteps
case 4
X0(:,1) = [0; VcO/L]; flag = "; params =];
[t_out, X out] = rkdfixed(@RLC_dot, time, XO, f lag, params);
I = X_out(:,1); J = X_out(:,2);
end

i_theory_s = @(time) VcO/L * sinh(w*time)/w .* exp( - a*time/2);
err_curve =I' - i_theory_s(time);

fignum = 3;
figure(fignum); clf;

subplot(211)
plot(t*1e6, i_theory(t),’ -- ', 'linewidth’, 2);
zoom on; grid on; hold on;
plot(time*1e6, I, ' - r', 'linewidth’, 1);
legend('Laplace’,'improved Euler simulation");
xlabel('Time (us)"); ylabel('Loop current (A)");
title('(a)")
axis ([ -55000 15])

subplot(212)
plot(time*1e6, err_curve, '0 - k', 'linewidth’, 1);grid on;
axis([ -110 -0.21.2)]);
legend('improved Euler Error','Location’,'best’);
xlabel('Time (us)"); ylabel('Discrepency (A));
title('(b)")
end
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A.3  rkafixed: General-purpose 4"-order Runge-Kutta ODE used by

simulation listed in Appendix A.4
(Name of file: rk4fixed.m)

function [t_out, y_out] = rk4fixed(FUN, tspan, yO0, flag, params)

% rk4fixed is a 4th - order Runge - Kutta integration routine with fixed
% time - steps. Requires 4 function evaluations per step.

% 4th - order RK methods have a local error estimate of O(h”5).

%

% FUN - String containing function name of differential egn
% tspan - Vector of fixed time - points for integration
% y0 - Initial values (column - vector)

% flag - (notused: required for compatability with ODEA45)
% params - Vector of parameters to be passed to FUN
%

% t out - Returned integration time points (column - vector)
% y out - Returned solution, one row - vector per t_out value

%

% rk4fixed calls th e differential egn FUN as follows:

% ydot = FUN(t, y, flag, params)

% t - Present time value (scalar)

% y - Presenty -value (scalar or column - vector)

% flag - String constant (usually empty: ")

% params - Vector of input paramet ers

%  ydot - Computed derivative (column - vector)

% Marc Compere <CompereM@asme.org> 06 - Oct-1999, 19 - May- 2001
% ASR: 21 - Mar- 2004 Tuned for PHYS315 use
% ASR: 26 - Mar- 2007 Tidied up time - increments

% Initialization

Npts = length(tspan);

t out=  zeros(Npts, 1);
y_out = zeros(Npts, length(y0));

dt = tspan(2) - tspan(l);
t_out(1) = tspan(1);
y_out(1,:) =y0."; % use row - vector for output
y =y0(); % use column - vector for calculations
half_dt = dt/2;
fori=2: Npts
t_now = tspan(i - 1);

t_half =t_now + half_dt;
t full =t _now + dt;

K1 = feval(FUN, t_now, y, flag, params);

K2 = feval(FUN, t_half, y + half_dt*K1, flag, params);
K3 = feval(FUN, t_half, y + half_dt*K2, flag, params);
K4 = feval(FUN, t_full, y + dt*K3, flag, params);

y =y + dU6*(K1 + 2%K2 + 2*K3 + K4);
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t_out(i) = tspan(i);
y_out(i,)) =y.%
end

return

160



A.4  RK4 simulation of LCR circuit driven by a charged capacitor
I MATLAB code used to produdegure3-5

(Name of file: RLC_simulations_4 _methods.m)

function RLC_simulations_4 methods

% Solve for RLC current using rk4fixed general - purpose ODE solver.
"switch" command set t o0 METHOD 4.

% Assume capacitor is fully charged at time zero.

R=7,
C=10e -6;
L=27e -6;
Vc0 = 100;

a=R/L; b= 1/(L*C);
w = sqrt(a”2/4 - b);

i_theory = @(t) VcO/L * sinh(w*t)/w .* exp( - a*t/2);

t = linspace(0, 0.5e - 3, 1000);

0,

(&

% DE definition for RLC circuit
function xdot = RLC_dot(t, x, flag, params)
[xX1 x2] = deal(x(1), x(2));

x1 dot =x2;
x2_dot= -a*x2 - b*x1;
xdot = [x1_dot; x2_dot]; % return column vector

end

% Euler solution of DEs: | = current; J = dl/dt
Nsteps = 4000;

[I, J] = deal(zeros(Nsteps,1));

dt=0.125e -6;

time = [0: Nsteps - 1]*dt;
% choose integration method
% 1 = Euler; 2 = improve d Euler; 3 = Euler with RLC_dot; 4 = RK4
METHOD = 4;
switch METHOD
% old Euler method: use explicit approximation for delta - function
case 1l
I(1) =0;
J(1) =0;
forn =1 : Nsteps -1

I(n+1) = I(n) + J(n)*dt;
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J(n+1) =J(n) +( -a*J(n) - b*I(n) + VcO/(L*dt)*(n==1)) *

dt;
end
% new Euler: integrate delta - function to give initial condition for
J
case 2
I(1) = 0;
J(1) = VcOlL;
forn =1 : Nsteps -1
I(n+1) = I(n) + J(n)*dt;
J(n+1) = J(n) + ( -a*J(n) - b*I(n)) *dt;
end

% new Euler using RLC_dot function
case 3
X = zeros(2, Nsteps);
X(:,1) = [0; VcO/L];
forn =1 : Nsteps -1
X(:, n+1) = X(:, n) + RLC_dot([], X(:, n), ", [I)

end
I=X(1,), 3=X(2,);

% RK4 with fixed timesteps
case 4
X0(:,1) = [0; VcO/L]; flag = "; params = [];
[t_out, X out] = rk4dfixed(@RLC_dot, time, X0, flag, params);
I = X out(;,1); J = X_out(:,2);

end
i_ theory_s = @(time) VcO/L * sinh(w*time)/w .* exp( - a*time/2);
err_curve = I' - i_theory_s(time);
fignum = 3;
figure(fignum); clf;
subplot(211)
plot(t*1e6, i_theory(t),' -- "linewidth', 3);
zoom on; grid on; hold on;
plot(time*1e6, |,' -r', 'linewidth’, 1);

legend('Laplace solution','RK4 simulation’,'Location’,'Best');
xlabel('Time (us)'); ylabel('Loop current (A));

title('(a)")

axis ([ -55000 15])

subplot(212)
plot(time*1e6, err_curve*le3," o- k', 'linewidth', 1);grid on;
axis([ -055 -22));
legend('RK4 Error','Location’,'Best');
xlabel('Time (us)"); ylabel('Discrepency (mA)');
title('(b)")
end
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A.5 ode45simulation of LCR circuit driven by a charged capacitor
i MATLAB code used to produdegure3-6

(Name of file: RLC_circuit_simulation_ode45.m)

0,

(¢4

function RLC_circuit_simulation_ode45
% Solve for RLC current using ode45 variable - step ODE solver.
% Assume capacitor is fully charged at time zero.

R=7,
C=10e -6;
L=27e -6;
VcO0 = 100;

a = RI/L; b = 1/(L*C);

w = sqrt(a”2/4 - b);
i_theory = @(t) VcO/L * sinh(w*t)/w .* exp( - axt/2);
t = linspace(0, 0.1e - 3, 1000);

0,

(¢4

% DE definition for RLC circuit
function xdot = RLC_dot(t, x, flag, params)
[x1 x2] = deal(x(1), x(2));

x1_dot = x2;
Xx2_dot= -a*x2 - b*x1;
xdot = [x1_dot; x2_dot]; % return column vector

end

% ode45 solution of DEs: | = current; J = dl/dt
time = [0 100e - 6];

METHOD = 1,
switch METHOD

% ode45 with variable timesteps
case 1

X0(:,1) = [0; VcO/L]; flag = "; params = [];

% [t_out, X out] = rkdfixed(@RLC_dot, time, X0, flag, params);
[t_out, X_out] = oded5(@RLC_dot, time, X0, flag, params);
time=t_out;
I = X_out(:,1); J = X_out(:,2);

end

fignum = 1;
figure(fignum); clf;

subplot(211)
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plot(t*1e6, i_theory(t),' - ', 'linewidth’, 3);

zoom on; grid on; hold on;

plot(time*1e6, I, 'r', 'linewidth’, 1);

legend('Laplace solution','ode45
simulation’,'Location’,'Southeast');

xlabel('Time (us)"); ylabel('Loop current (A)");

title('(a)")

axis ([ -120015))

subplot(212)

plot(time(1:end - 1)*1e6, diff(time)*1e6, 'o - k', 'linewidth’,
1);grid on;

axis([ -120 -0.10.5)]);

legend('Time - step','Location’,'Southeast’);

xlabel('Time (us)'); ylabel('Ti me step t (us)");

title('(b)")

end
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Appendix B: MATLAB code used in the compilation o€hapter 4

B.1 Calculation of the slope () and intercept (Il og k)
Afono models for the varistor 275L40C
% Calculation of the slope(alpha) and intercept(log k) of the "off"

model

% and the "on" model using "polyfit"

Res_on=[ 397 4.1E - 05
446 7.2E -04
452 1.9E -03
457 3.0E -03
458 3.5E -03

600 2
640 21
660 46
680 72
700 104 ;

I_on =Res_on (:,2);
V_on = Res_on (;,1);

% extract slope of log - log graph for "on" model
pf_on = polyfit(log(V_on), log(l_on), 1)

alpha_on = pf_on(1 )

k_on = exp(pf_on(2))

Res_off =[100.3 1.5E -07
199.4 1.1E  -06
300.3 8.8E -06
397 41E  -05

I_off = Res_off (:,2);
V_off = Res_off (;,1);

% extract slope of log - log graph for "off" model
pf_off = polyfit(log(V_off), log(l_off), 1)

alpha_off = pf_off(1)

k_off = exp(pf_off(2))
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B.2 Development of the combined model for the MOV 275L40C
i MATLAB code used tproduceFigure4-16
% Development of a combined model for the leakage and normal r egions

of
% operations for a 275L40C varistor

function MOV _curve_fit

data =
100.3 15E -07
199.4 11E -06
300.3 8.8E -06
397 4.1E -05
397 4.1E -05
446 7.2E -04
452 1.9E -03
457 3.0E -03
458 3.5E -03

600 2

640 21
660 46
680 72

700 104 1;
|_mov = data(:;,2); V_mov = data(:,1);
figure(1); clf;
V_lo = [100 750]; |_lo = 9.3231*10" - 16*V_10./4.0413;
V_hi = [300 750]; |_hi = 3.5040*10" - 73*V_hi."26.2396;
V_fit = linspace(100, 750, 100);

I_fit = 9.3231*10" - 16*V_fit."4.0413
+ 3.5040*10" - 73*V_{it."26.2396;

plot(V_lo, I_lo,"' - k', 'linewidth’, 2, 'color', 0.7*[1 1 1]);
hold on;

plot(V_hi, I_hi,"' - k', 'linewidth’, 2, 'color', 0.7*[0 1 0]);

plot(V_fit, I_fit, " - k', 'linewidth’, 2, ‘color’, 1*[1 0 0]);

legend('K_1VA?''K_2VA?''K_1VA?11 +
K_2v/r?72''Location’,'NorthWest");

I, V] = deal(I_mov, V_mov);
plot(V(1:9),1(1:9),'0',V(10:14),1(10:14),'+k', linewidth’, 2.5);
zoom on; grid on; hold on;
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set(gca,'xtick’',100:100:800);
set(gca, 'xscale', 'log', 'yscale', 'log";

xlabel('Voltage (V)";
ylabel('Current (A)");

end
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B.3 Verification of the combined model developed for the MOV

275L40C
I MATLAB code used to produd¢egure4-18 andFigure4-19

function MOV_maodel_verification

% il - inputcurrent;i2 - MOV current; v1 - input voltage; v2 -
output

% voltage

vl set =[20:10: 1000];

graph_flag = 0;
[i1,i2, vl, v2] = MOV_suppressor(vl_set, graph_flag);

% Experimental readings

results = [
95 95010 O
200 2000.20 O
300 300030 O
400 400040 O
500 5000.50 O

610 6100.61 2
670 6600.66 22
730 6800.68 49
760 6900.69 79
810 7000.70 111
860 7100.71 152
900 7130.72 188
938 7180.72 222

l;

vl res =results(;,1); v2_res = results (;,2);
i2_res = results(:,4);i3_res = results(:,3);

figure(1); clf;
subplot(311);

plot(vl_set, v2," -- "/linewidth',2); zoom on; hold on;
plot(vl_res,v2_res,'xK','linewidth',2);
legend('Simulation’,'Validation','Location’,'NorthWest'")
xlabel('Input voltage (V));

ylabel('Load voltage (V)");

text(400, 800, '(a)")

subplot(312);

plot(vl_set, i2,' - ¢','linewidth',2); zoom on; hold on;
plot(vl_res,i2_res,'xk','linewidth',2);

xlabel('Input voltage (V)";

ylabel('MOV current (A)"Y;

text(500, 300, ‘(b)");

168



legend('Simulation’,'Validation','Location’,'NorthWest');
subplot(313);

plot(vl_set, il -i2,"  -- r''linewidth',2);zoom on; hold on;
plot(vl_res,i3_res,'xb’,'linewidth’,2);

xlabel('Input voltage (V));

ylabel('Load current (A)");
legend('Simulation’,'Validation','Location’,'NorthWest')

text(500, 0.8, ‘(c)")

function [i1, i2, v1, v2] = MOV _suppressor(vl_set, graph_flag)

% Solve loop equations for MOV - only surge suppressor
% Given input voltage v1 (scalar or vector), compute corresponding
values

% of i1 (input current), i2 (MOV current), and v2 (output voltage).

if nargin ==
vl set=680; % input line voltage
graph_flag = 1;

end

% circuit values
[r1 rL] = deal(1, 1000); % line resistance; load resistance (ohms)

il _span = linspace(0.01, 600, 3000)’;

% MOV fit parameters and V -- > | function

% (the low - voltage currents are wrong!!)

[k1, alpha] = deal(2.4611*10" -15.4, 4.0413);
[k2, beta] = deal(1.4628*10" - 72.65, 26.2396);

i MOV = @(v) k1*v.Malpha + k2*v."beta;

forj=1:length(vl_set)

vl =vl_set());

% attempt to solve for input current il

egqn_MOV =@(i) (i * (r1 +rL) - vl)/rL - i_MOV(v1 - i*rd);
% look for zero - crossings of eqn_MOV

eqg = egn_MOV(il_span);

zc = find(eq(1:end -1) .* eq(2:end) < 0);

Num_roots = length(zc);

if Num_roots ==

warning(" \n MOV solver returned %d roots for v1 = %d
volts', Num_roots, v1);
[i13j),i2(j),v2(j)] = deal(NaN);

else
i1(j) = fzero(egn_MOV, [i1_span(zc) i1_span(zc+1)));
i2()) =i_MOV(vi - i1(j)*r1);
v2(j) = (i1G) - 12())) * rL;

end

if graph_flag
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end

figure(2); clf;

end

vl =vl_set;

end
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plot(i1_span, eq); hold on;
plot(i1, O, 'ro");

zoom on; grid on;
xlabel('i1 span (amps)");
drawnow;

hold off;



Appendix C: Development of stateequations and the MATLAB code

used forthe work presented inChapter 5

C.1 Laplace solution for the opencircuit voltage of the LSS validated
with a SPICE simulation
i Matlab code used to produEeyure5-3

function LSS_open_circuit_voltage_analysis

% LSS equivalent circuit

% Laplace solution for the open - circuit voltage of the LSS validated
with a SPICE simulation (SPICE data included)

% Capacitor initial charge = 100V

L1=2.7e -6;
C =10e -6;
R1=7;

R2 =1.1;
L2=6e -6;
R3 = le6;

A =R1+R2+R3 ;
B=R1"2;

format short e

a0 = 1000*C*R1

b3 = L1*L2*C

b2 = C*R1*L2 + A*L1*C

bl = A*C*R1 + L2 - C*B

b0=A

p = [b3 b2 bl bO]

r = roots(p)

t = linspace (0,200e - 6,10001);

f = @(a) a0*exp(a*t)/(3*b3*a"2+2*h2*a+bl);

% setup current | in output loop
| = zeros(size(t));

forj=1:3
I =1+ f(r(j));
Voc = I*1e6;
end
% SPICE data is read from a comma - separated values (CSV) file

M = csvread('LSS_OCV_2loops_spice.csv', 1,1); %reads data from the
% csv formatted file starting at row 1 and column 1
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time_spice = M(;,2); % takes all rows of column three
Voc_spice = M(;,3); % takes all rows of column four

figure(1);clf;
plot (t*1e6,Voc,linewidth', 2);hold on;
plot(time_spice*1e6, Voc_spice, 'xr','linewidth’, 1);
legend('Laplace’,'Spice");
axis ([ -10 200 0 1000])

xlabel('Time (us)"); ylabel('Voltage (V)";

end
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C.2

SPICE input file to trace the opencircuit voltage of the LSS
(The results obtained were included in the MTLAB code to validatethe

Laplace solutioni Appendix C.1)
** LSS - Opencircuit Voltage **

** Circuit Description **

C1 10 10UF IC=1000V ; Capacitance of 10 pF with
initial voltage of 1000 volts

L11227UH ; Inductor of 2.7 micro - henries
R1207 ; Resistance of 7 ohms
R2231.1 ; Resistance of 1.1 ohms

L2 34 6UH ; Inductor of 6 micro - henries
R340 1MEG ; Resistance of 1 meg -ohm

** Qutput Requests **

* Transient analysis from 0 to 100 us with a 1 us time
increment and using initial conditions (UIC)

.TRAN 1US 100US UIC

* Plot the result of the transient analysis with the voltage
at node 4

.PLOT TRAN V(4)
.PROBE V(4)
.END . End of circuit file
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C.3 Laplace solution for the opencircuit voltage of the LSS validated
with numerical simulations based on Euler and RK4 method
- MATLAB codelLSS_OCV_Euler_RKk#ed to producEigure5-6(a)

function LSS_OCV__ Euler_and_RK4

% Solve for open - circuit voltage of the two loop LSS
% equivalent circuit using Euler and RK4 methods.

% Assume the capacitor is fully charged at time zero

R1=7;
C=10e -6;
L1=2.7e -6;
R2 =1.1;

L2 =6e -6;
R3 = 1e6;

Vc0 = 1000;

a=R1/L1; b = 1/(L1*C);

¢ = R1/L2; d = (R1+R2+R3)/L2;
tic

A = R1+R2+R3;

B =R1"2;

format short e

a0 = 1000*C*R1

b3 = L1*L2*C

b2 = C*R1*L2 + A*L1*C

bl =A*C*R1 + L2 - C*B
bOo=A

p = [b3 b2 bl bO]

r = roots(p)

t = linspace (0,100e - 6,10001);

f = @(h) a0*exp(h*t)/(3*b3*h"2+2*b2*h+b1);

% setup current | in output loop
| = zeros(size(t));

forj=1:3
=1+ 1(r();
Voc = I*1e6;
end
%
fignum = 3;
figure(fignum); clf;
plot(t*1e6, Voc, 'linewidth’, 1);
zoom on; hold on;
toc
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(&4

% DE definition for LSS circuit
function xdot = RLC_dot(t, x, flag, params)
[X1 x2 x3] = deal(x(1), x(2), x(3));
x1_dot = x2;
x2 _dot= -a*x2 - (b-a*c)*x1 - (a*d)*x3;
x3_dot=c*x1 - d*x3;

xdot = [x1_dot; x2_dot; x3_do t]; % return column vector

end

% Euler solution of DEs: | = current; J = dl/dt

Nsteps = 1e6;

[11, J, 12] = deal(zeros(Nsteps,1));

dt=1e -11;

time = [0: Nsteps - 1]*dt;

% choose integration method

% 1 = Euler; 2 = improved Euler; 3 = Euler with RLC_dot; 4 = RK4
METHOD = 2;

tic

switch METHOD

% Euler with fixed timesteps

case 1
11(1) = 0;
J(1) = VcO/L1; % integrate delta - function to give initial
condition
12(1) = 0;
for n = 1 : Nsteps -1
11(n+1) = 11(n) + J(n)*dt;
J(n+1) = J(n) + ( -axJin) - (b-a*c)*I1(n) -
dt;
12(n+1) = 12(n)+(c*I1(n) - d*12(n))*dt;
end

% RK4 with fixed timesteps

case 2
X0(:,1) =[0; VcO/L1; 0]; flag = "; para ms = [];
[t_out, X out] = rk4dfixed(@RLC_dot, time, X0, flag, params);
time=t_out;
11 = X_out(:,1); J = X_out(:,2);12 = X_out(:,3);
end
figure(fignum);
plot(time*1e6, 12*1e6, ' -- r', 'linewidth’, 2);

axis ([ -2100 0 1000));
legend('Laplace solution','Simulation with rk4fixed solver";
xlabel('Time (us)"); ylabel('Voltage (V)");

toc

end

a*d*12(n)) *
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C.4 Development of state equationg5-13) - (5-17)f or t he MOV Aof f
state driven by the LSS

LSS MOV foffostate
2.7uH 1.1q 6uH 1q 40nH
— Y VW—" YYO—r— W\ .
1 R2 2 RS m
c, ——10uF R iy(t) Ry 7q i) R; & 1Mq i3(t) Cm ———900pF
Ve (0) =1KV 2
w0 T T

Figure C.41: MOV dof f dyteetL8S (Eomuirred equvalent circuit)

In order to solve this-Bop circuit we will assume that the loop currents are
‘Q "Q and’Q The Laplace transformed network representatiorrigtire C.41 is

given inFigure C.4 2.

SLl R2 + SL2 RS
1 - ] .
N | I | | | I |
V{ 0+)

) R T D Sk + 1

~ 1 3 1§ s)
1(s) () SGn

Cys

\d \ 4

Figure C.4 2: Transfomed network for the circuit ikigure C.41

The loop equations for the circuit showrFigure C.4 2 are given by

w T
i 0Y i Oi  YOi e (C.41)
I O |
YOi Y Y 'Y {0 Oi YOi m (C.42)
Y Y i0 % 0i YOI ™ (C.43)

Let us first consider the first loop E@.4-1). Multiplying Eq(C.41) byi 0

(06 (W pOi W Oi 86 m (C.44)
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Taking the inverse Laplace transform of EQ.4-4)

QQ . 9o . . .9 . A (C.45)
EUO HC)YO Q Yoﬁc‘) ow m § o

Dividing Eq.(C.45)by 0 0 , we get
QQ YOJQ p . YOQ & w R (C.46)
® 500088 sao o 00

In order to solve this secoradder DE numerically, we recast it into normal form: a
system with two interacting firgirder DEs. Let

aQ
Qo
Then
(9]0] Y . p YOQ w m ~
S ~ ,Q ~ "Q e o (C 4’8)
Qo 0 06 0 Qo 0 g

Now let us consider the secelwbp Eq.(C.4-2). Taking the inverse Laplace transform of
Eqg.(C.4-2), we get

'aQ
Y Y Y 0 — OY QY =n (C.49)
Qo
Dividing by 0 and rearranging
Qo Y. Y YooY Y (C.410)

T~ ~ ’\_!Q ,‘—"Q
Q0 U §] §]

Substituting Eq(C.4-10) in Eq.(C.4-8), we get

‘a0 Y. p .. Y'Y Y_ Y Y Y,
Qo0 0 0O 0O 0 §] L (C.411)
W T 5
5 g
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Rearranging EqC.4-11)

QaQ Y, p Y oYY Y Y _  YY,
S~ N~ Q v N Q TR Q N Q
Qo U LO DU LU LU
W T o
5 g

Now let us consider the thildop Eq.(C.4-3). Multiplying Eq.(C.4-3) byi 0
Oi p IY YO i 00 Vil 6 T

Taking the inverse Laplace transform of EQ.4-13), we get

QQ, |, QQ Ny B ‘Q Y8 [910]
D U O 90 (0] o oY L8

Dividing Eq.(C.414)by 0 0

(C.412)

(C.413)

(C.414)

(C.415)

In order to solve the secomader DE(C.4-15) numerically, we recast it into normal

form: Let

SON
Qo

Then Eq(C.4-15) can be written as

(9]0] Y oY p .
— m Q ——10Q

, ; Q —Q —1
Qo0 §] L O

Y Y Y. Y Y Y
0 0
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Rearranging EqC.4-17) gives
[o]¢} Y Y . YY, YY Y Y
) = Q ——10Q —
Qo ) UU U
Y P (C.418)

Now the equationfC.4-7), (C.4-10), (C.4-12), (C.4-16) and(C.4-18) make up
the set of state equations required to simukatpire C.41 (same agrigure 5-9).
These five equations can be written as state equaf®h3) - (5-17) provided we
make the following substitutions:
O Yib,o pid6,d Yib,Q Y Y Y j0,Q Yji,
QY Y j0,Q Yj0b ,andQ pjb O .

The impulse response that results from the delta function input KCEHL2)
can be taken care of by using the initial condition that arises from the impulse input,
and making the input itself equal to zero. Hence the initial conditions would be

Qn nOn o n j0o,on Qn Qn n
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C5 Numeri cal s i mu | state cuorent imaf MOV Yakdatédo f f O
with a SPICE based simulation
i Matlab code used to produEegyure5-10

function LSS_MOV _three _loops_ODE15S
% Solve for third loop current thru t he "off" state of the MOV.

R1=7;

C=10e -6;
L1=2.7e -6;
R2 =1.1;
L2=6e -6;

R3 =1e6
Rs=1,;

Lm =40e -9;
Cm =900e -12;
VcO0 = 100;

a=R1/L1, b=1/(L1*C)

¢ =R1/L2,d = (R1+R2+R3)/L2
e = R3/L2, f = (R3+Rs)/Lm

g = R3/Lm, h = 1/(Lm*Cm)

fignum = 1;

0,

(64

% SPICE data is read from a comma - separated values (CSV) file

M = csvread('LSS_MOV_3loops_spice.csV', 1,1); %reads data from
% the csv formatted file starting at row 1 and column 1

time_spice = M(;,2); % ta kes all rows of column three
I13_spice = M(;,3); % takes all rows of column four

0,

(¢4

% DE definition for RLC circuit
function xdot = RLC_dot(t, x, flag, params)

[X1 x2 x3 x4 x5] = deal(x(1), x(2), x(3), x(4), x(5 );
x1 dot =x2;

X2 _dot= -a*x2 - (b-a*c)*x1 - a*d*x3 + a*e*x4,

x3_dot = c*x1 - d*x3 +e*x4;

x4_dot = x5;

x5 dot= - f*5 + c*g*x1 - g*d*x3 + (e*g - h)*x4;

xdot = [x1_dot; x2_dot; x3_dot; x4_dot; x5_dot]; % return
% column vector
end
time = [0 le -5];
tic
% odel5s with variable timesteps
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XO(:

,1) =[0; VcO/L1; 0; 0; 0]; flag = "; params = [];

options = odeset('RelTol', 1e -3);

[t_out, X out] = odel5s(@RLC_dot, [time(1) time(end)], X0, options);

11 = X_out(:,1); 3 = X_out(:,2); 12 = X_out(:,3); 13 =
= X_out(:,5);
figure(fignum);
subplot(211)
plot(time*1e6, 13, " - r', 'linewidth’, 2);hold on;
plot(time_spice*1e6, I13_spice, ' - k', 'linewidth’, 1);
legend(‘odel5s based simulation','SPICE based simulation’);
axis ([0 1 0 -0.130.4))
title('(a)")
xlabel('Time (us)’); ylabel('MOV "off" state current (A)");
subplot(212)
plot(diff(time)*1e6,'+ - kY;
xlabel('Index number’); ylabel('Time step (us)’);
title('(b)")
toc
end

X _out(:,4); K
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C.6 Development of state equation§s-18) - (5-23) for the assumed fixed
states of the MOV driven by the LSS

LSS MOV states
2.7pH 1.1q 6UH 40nH
Ly
J— [T} 1(t) e i40) 300q/
m 34Mq
Ve, (0) =1KV
Loopl oond

Figure C.6 1: Fixed MOV states driven by transients from the LSS

In order to solve this-4bop circuit we will assume that the loop currents are
‘Q"Q "QandQ The Laplace transformed network representatioRigdire C.6 1 is
given inFigure C.6 2.

sly R, +slL, Rs + sl

| — | —
N L 1 L 1 L 1
Vg O+
s
1
Cis

Figure C.6 2: Transformed nétwork for the circuit Iﬁ'gjure C61

1
L

W T
oy 2 ooi voir 2T (C.61)

Il O l
YOi Y 'Y Y ib 0i YOI = (C.62)
Y vy 1o Looi voi 200 o« (C.63)

Il O Il O
vy L2 oi Looi = (C.64)
Il O Il O

Let us first consider the first loop EG.6-1). Multiplying Eq(C.6-1) byi 0

{06 ' poOi i 'Y 0i 6w m (C.65)
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Taking the inverse Laplace transform of EQ.6-5)

QQ. ., 9Q . . .09 ,, A (C.66)
EUO HC)YO Q Yoﬁc‘) ow 1T § O
Dividing Eq.(C.6-6) by 0 0 , we get

QQ YOQ p . YOQ @ m R (C.67)
® 500088 sao o 00

In order to solve this secoradder DE numerically, we recast it into normal form: a
system with two interacting firgirder DEs. Let

[SLO (C.68)
Qo

Then
aga Y., p YOQ o T .
S~ A ~ ,Q #"Q N o~ 2 - =~ (C6-9)
Qo 0 00 0 Qo 0 80

Now let us consider the secolwbp Eq.(C.6-2). Taking the inverse Laplace transform of
Eqg.(C.6-2), we get

'aQ
QY Y Y D -— QY QY =« (C.610)
Qo
Dividing by 0 and rearranging
Qo Y. Y YooY Y (C.611)

T~ ~ ’\_!Q ,‘—"Q
Q0 U §] §]

Substituting Eq(C.6-11) in Eq.(C.6-9), we get

‘a0 Y. p .. Y'Y Y_ Y Y Y,
Qo0 0 0O 0O 0 §] L (C.612)
W T 5
5 g

Rearranging EqC.6-12)
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agQ Y., pY Y'Y Y Y Y'Y,
S~ ~ Q N v N Q TR Q TR Q
Qo 0 uo UV 0V OV
o 5 (C.613)
58
Now let us consider the thildop Eq.(C.6-3). Multiplying it byi O
Vip iY Y& (06 OiiW Oi m (C.614)
Taking the inverse Laplace transform of EQ.6-14), we get
QQ, , qQQ VPR aQ -
3% o8 0 6 5o T (C.615)
Dividing Eq.(C.6-15)by 0 ©
QQ Y Y QQ p ~ aQQ p 0
(9] 0 Qo 0 06 0 Qo 0 o n (C.616)

In order to solve the secomader DE, Eq(C.6-16) numerically, we recast it into
normal form: Let

€ . (C.617)

Then Eq(C.6-16) can be written as

QaQ Y oY p . Y Y, Y Y Y Y,
) — Q ——Q — +Q —Q ——10Q
Qo0 0 O O O 0 §] L
p (C.6-18)

Rearranging EqC.6-18) gives
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0]

00 06 0 6

&6 poOi Oi m (C.6-20)
Taking the inverse Laplace transform of E§.6-14), we get

v 8 aQ a9 0
6 oo T (C.621)

Dividing Eq.(C.6-21)by"Y 0

Q- p o P . (C.622)
Q0 Y6 2 Ve 2

Now the equationgC.6-8), (C.6-11), (C.6-13), (C.617), (C.6-19) and
(C.6-22) make up the set of six state equations required to simulate the working of
Figure C.6 1 (same adrigure 5-12). These six equations can be written as state

equations(5-18) - (5-23) provided we make the following substitutions:

® Yj0 , 0 p06, 0 Yj0 ,Q Y Y YjO ,Q Yj0 ,
MQQ Y0 ,Q pjd 6 ,andQ pj b Y .

The impulse response that results from the delta function input KCEHL3)
can be taken care of by using the initial condition that arises from the impuls$e inpu
and making the input itself equal to zero. Hence the initial conditions would be
Qn 7w, Qn o 1t j0, Qn Qn Qn Qn 1, where
@ T s the initial voltage of the LSS capacitor or the amplitude of the surge

voltage generated by the LSS.
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C.7 Numerical simulation of an assumed fixed state of an

validated with a SPICE based simulation
I MATLAB code used to produdegure5-13(c)

function LSS _MOV_four_loops_ Rm_7o0hms

% Solve for the third loop current (out of 4) thru Rm.
%
% ODE15s (with jacobian). Works well with RelTol = 1e

% Change Rm =300 ohms and Rm = 34 Mohms for the other two
simulations;
% respective SPICE data has t 0 be imported for validation

R1=7;
C=10e -6;
L1=2.7e -6;
R2 =1.1;

L2 =6e -6;
R3 = 1e6;

Rs =0;

Lm =40e -9;
Cm =900e -12;
Rm=7;

Vc0 = 1000;

a=R1/L1; b= 1/(L1*C);

¢ = R1/L2; d = (R1+R2+R3)/L2;
e = R3/L2; f = (R3+Rs)/Lm;
g=R3/Lm; h= 1/(Lm*Cm);
k = 1/(Cm*Rm);

fignum = 1;

0,

(&

% SPICE data is read from a comma - separated values (CSV) file

M = csvread('LSS_MOV_4loops_spice.csV', 1,1); %reads data from the

csv
% formatted file starting atrow 1 a nd column 1

time_spice = M(;,2); % takes all rows of column three
I13_spice = M(;,3); % takes all rows of column four

0,

(&4

% DE definition for RLC circuit
function xdot = RLC_dot(t, x, flag, params)
[X1 x2 x3 x4 x5 x6] = deal(x(1), x(2), x(3), x(4), x(5),
X(6));

x1 dot = x2;
X2 _dot= -a*x2 - (b-a*c)*x1 - a*d*x3 + a*e*x4;
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x3_dot = c*x1 - d*x3 +e*x4;

x4 _dot = x5;
x5 _dot= - f*x5 + c*g*x1 - g*d*x3 + (e*g -h)*x4 +h  *x6;
x6_dot = k*x4 - k*x6;

xdot = [x1_dot; x2_dot; x3_dot; x4_dot; x5_dot; x6_dot]; %
return column vector
end

time =[0 0.2e - 4];

% set initial conditions
X0(:,1) = [0; Vc0/L1; 0; 0; O; Q; flag = "; params = [];

% define Jacobian matrix
J=[0 10 O 00
(a*c -b) -a -a*d a*e 0O

c 0 -d e 00

0 00 O 10

ctg O -g*d(e*xg -h) -fh

0 00 k 0 - k];

options = odeset('RelTol', 1le - 4 'Stats','on’,'Jac’,J);
tic
[t_out, X out] = odel5s(@RLC_dot, [time(1) time(end)], X0,

options);
toc

time =t_out;
11 = X_out(:,1); J1 = X_out(:;,2); 12 = X_out(:,3); I3 =
X_out(:,4); J3 = X_out(:,5); 14 = X_out(:,6);

figure(fignum);
plot(time*1e6, 13, ' -- r', 'linewidth’, 2);hold on;
plot(time_spice*1e6, I3_spice, ' - k', 'linewidth’, 1);
legend(‘odel5s based simulation','SPICE based simulation");
title('(c)")
xlabel('Time (us)"); ylabel('Loop 3 / MOV current (A)");
figure(2);
plot(time(1:end - 1)*1e6,diff(time)*1e6,’ - +k");
title('Diff(time) Vs Index - (ode23tb - with Jac: Rm =500 ohms;

RelTol=1e -4))
xlabel('Time (us)"); ylabel('Time difference (us)";

end

[By changing Rm to 300 and 34 MY in the code, the other two simulations can be
performed to producEigure5-13 (a) and (b)respectively; the respective SPIQ&ta

has to be imported for validatipn
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Appendix D: Development of state equations and the MLAB code

used forthe work presented inChapter 6

D.1 Development of state equation($-2) - (6-7) for an MOV driven by
the LSS

The complete equivalent circuit for this situation was givefigure6-3 and is
repeated here for convenience=&gure D.11.

LSS MOV
2.7uH 1.1q 6uH 1q 40nH @

L1 Rs Lm

Cl " 10pF R1 1Mq Cm —_ —900pF NLR1
IC = Vi1 (0+)
. Loop1 . Loop2 .. Loop3 . Loop4
/77

Figure D.21: Overall equivalent circuit foan MOV driven by an LSS

In order to solve this-4bop circuit we will assume that the loop currents' @& "Q
andQ

Considering loop 1 and writing the KVL equation,

(ONO)
O T 00 2 meb—YTQ 0 n (D.1-1)
0 Qo

whereg O is the Heaviside function ando. T 'O 0 is the initial voltage of the
capacitort .

Differentiating Eq(D.1-1), we get

@ T 1 O %"9 up%fz Y, %% %% n (D.1-2)
Rearranging EqD.1-2)
QR oM L, P Y IO (D.1-3)
(@] ) 0O 0 Qo Qo
Consideringheauxiliary:
€x ., (D.1-4)

Qo
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Now Eq.(D.1-3) can be written as

QY. P Y QQ (D.1-5)

Qo O 06 ~ 0 Qo
where the exposed-function has been eliminated by making the initial condition
O o m j0.
Let us consider loo@ now; taking KVL results in

'aQ
QY Y Y 0 — QY QY m (D.1-6)
Qo0
Dividing by 0 and rearranging

a0 Yy Y Y Y Y
o~ 2 ~ IQ -~ _ "Q ~ IQ (D 1-7)
Qo0 U U §]

By substituting Eq(D.1-7) in Eg.(D.1-5), we get

(9]0] Y . Y Y Y Y Y Y
Qo U DO U U L §]
Rearranging EqD.1-8)
Yy P Y g XY Y Y Yy (D.1-9)
Qo 0] LO LU LU LU

Moving on to loop3, let us take KVL again

Y Y Q0 2o e 0006 YO £ a0
V' 5% 5 0 B 0O m (D.1-10)

Differentiating Eq.(D.1-10), we get

aQQ v oy QQ, p Q vy aQ p ‘Q

Qo ®° 3 Qo 8 - (B.1-11)
Rearranging EqD.1-11),

QQ Y Y QQ p ‘0 Y QQ p ~

® 0 Qo006 -0 Qoo (b.1-12)
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Introducing auxiliay,

SO (D.1-13)
Qo

Converting Eq(D.1-12)into a firstorder DE, we get

aQ Y oY Y QQ
0 p 0 p

o ‘ P o YR P (D.1-14)
Qo 0 00 0 Qo 0 ¢

The currentQis the current through the nonlinear resistance of the MOV model and
is assumed to be governed by Ej1) which is repeated here as EQ.1-15).

Q 00 0 (D.1-15)

By substituting Eqg(D.1-15)and(D.1-7) in Eq.(D.1-14), we get

g Y Y L S P T S P p

S~ -~ N~ T~ Q ,‘—IQ ,‘_"Q ™ 7 "Q
Qo0 L L U §] §] L O
p (D.1-16)
——— 0 U 00
U O
Rearranging EqD.1-16)
(9]0] Y Y . ¥YY_ . Y'Y Y Y
- ,‘ Q — e Q
Qo0 L LU LU
'Y p . p o oo (Dl—l?)
= 0L LU
00 O O 0 O

Let us consider the nodal voltagenow; since this is the voltage across the capacitor
6 hx EAOA

0

Py vn A
gz~ R Lo (D.1-18)

Differentiating Eq(D.1-18), we get

e
Q0 & (D.1-19)
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Substituting Eq(D.1-15) in Eq.(D.1-19)
% 2ovo wo (D.1-20)
0 6
Now the equation§D.1-4), (D.1-9), (D.1-7), (D.1-13), (D.1-17) and (D.1-20)
make up the set of six state equations corresponding to the state vafabés, Q,
"Qand0 . This set of six state equations were successfully used to simulate the
working of Figure D.11 (same agigure6-3). These six equations can be written as

state equationf6-2) - (6-7) provided we make the following substitutions:
O Yib , ® pid6, ® Yjb ,Q Y Y YO ,Q Yj0 ,
MY YjO,Q Yjd ,Q pid 6 ,and’Q pjo .

The initial conditions for this simulation ai@ 1 1, Q 1t w 1T jO,

Qn Qm Qm 0 m T wherewy T s the initial voltage of the LSS

capacito or the amplitude of the surge voltage generated by the LSS.
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D.2 Numerical simulation and validations of an MOV (F! stage of an
TVSS/SPD) driven by an LSS
i MATLAB code (LSS_MOV_with_nonlinearR.m usedto produce figures from

Figure6-4 to Figure6-7.

0,

(¢

function LSS_MOV_ODE15S

% Comparison of simulated MOV current and voltage

% (with Lm & Cm & nonlinear R) with those obtained using the LSS.

% MOV used; 275L40C : MOV model used; Power - law based model
% ODE solver used: odel5s (with routine to return jacobian).

R1=7;

C=10e -6;
L1=27e -6;
R2 =1.1;

L2 =6e -6;

R3 = 1e6;

Rs =1,;
Lm=40e -9;
Cm =900e -12;

Vc0 = 1000;

a=R1/L1; b =1/(L1*C);

¢ =R1/L2; d = (R1+R2+R3)/L2;
e =R3/L2; f = (R3+Rs)/Lm;

g = R3/Lm; h = 1/(Lm*Cm));
k=1/Cm;

% values from polynomial fit
[k1, alpha] = deal(0, 4.0413);

[k2, beta] = deal(3.4628*10" - 72.65, 26.2396);

% changed to obtain a reduced error in energy absorbed by the MOV
% [k2, beta] = deal(2.4496*10" - 50.15, 18.3338);

fignum = 1;

% DE definition for RLC circuit
function xdot = RLC_dot(t, x, flag, params)...
[X1 x2 x3 x4 x5 x6] = deal(x(1), x(2), x(3), x(4), x(5), x(6));

x1 dot = x2;
X2 _dot= -a*x 2 - (b-a*c)*x1 - a*d*x3 + a*e*x4;
x3_dot = c*x1 - d*x3 +e*x4;
x4_dot = x5;
x5_dot= - f*5 + c*g*x1 - g*d*x3 + (e*g -h)*x4 + ...
h*(k1*x6"alpha + k2*x6"\beta);
x6_dot = k*x4 - k*(k1*x6™alpha + k2*x6"\beta);
% return column vector

xdot = [x1_dot; x2_dot; x3_dot; x4_dot; x5_dot; x6_dot];
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end
% The function that returns the Jacobian matrix
function J = FJac(t,x)
J(6,6)=0;
J(1,2)=1;
J(2,1)=(a*c -Db);
J(2,2= -aq;
J(2,3)= -a*d;
J(2,4)=a%e;
J(3,1)=c;
J3,3)= -d;
J(3,4)=¢;
J(4,5)=1,
J(5,1)=c*g;
J(5,3)= -g*d;
J(5,4)=(e*g -h);
J(5,5)= -f
J(5, 6)=h*(k1*alpha*x(6)"(alpha - 1)+ k2*beta*x(6)(beta

J(6,4)=k;
J(6,6)= - k*(kl*alpha*x(6)"(alpha - 1)+ k2*beta*x(6)(beta

end
time = [0 le - 4];

X0(:,1) =[0; VcO/L1; 0; 0; 0; 0]; flag = "; params = [];
options = odeset('RelTol', 1e - 3,'Stats','on’,'Jac',@FJac);

tic
[t_out, X out] = odel5s(@RLC_dot, [time(1) time(end)], X0, options);
toc

time =t_out;
11 =X out(;,1); J1 = X_out(:,2); 12 = X_out(:,3); I3 = X_out(:,4);
J3 = X_out(:,5); V3 = X_out(:,6);

% LSS data (start)

%reads data from the csv formatted file starting at row 17 and
column 1
M = csvread('1KV_Surge 275L40C.csv', 17,1);

% just to see the first few lines (prints the first five rows and
all the columns of the current M)
M(1:5,3)

-1));

-1));
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t=M(.,4);
I =M(,3); % takes all rows of column three
V =M(,2); % takes all rows of column two

% LSS data (end)

figure(fignum);
subplot(311)
plot(time*1e6, 13*10,' - r', 'linewidth’, 2);hold on;
plot (t*1e6,I*10,' - r");hold on;
plot(time*1e6, (Lm*J3)+V3, -- b', 'linewidth’, 2);hold on;
plot (t*1e6,V,' - b");hold on;

axis(( -590 -401200])

legend('l_m_o_v(Simulation)','l_m_o_v(Validation)',...
'V_m_o_v(Simulation)','V_m_o_v(Valid ation)")

title('(a)");

xlabel('Time (us)); ylabel('Current (x10)(A) / Voltage (V)');

subplot(312)

Pcs = V3.%(13/1e3);

plot (time*1e6,Pcs,’ -- ¢',linewidth’, 2);hold on;
Plss = V.*(1/1e3);

plot (t*1e6,PIss,'k’);

legend('P_m_o_v(Simulation)',)P_m_o_v(Validation)")
xlabel(‘time(us)";

ylabel('Power (kW)";

zoom on; axis tight;

axis([ -5900 70]);

title('(b)");

subplot(313)

Ecs = (cumsum(Pcs(1:end - 1).*diff(time)))*1e3;
plot (time( l:end - 1)*1le6,Ecs,’ -- ¢',linewidth’, 2);hold on;

t1 = M(11,4);

t2 = M(12,4);

dt=t2 -ti;

Elss = cumsum(Plss*1e3)*dt;
plot (t*1e6,Elss,'k");hold on;

xlabel(‘time(us)");

ylabel('Energy (J));

zoom on; axis tight;

axis([ -59001.2));

title(*(c)";

legend('"E_m_o_v(Simulation)','E_m_o_v(Validation)',...
'Location’,'SouthEast')

figure(2);
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plot(time(1:end - 1)*1e6,diff(time)*1e6,’' - +k");
title('Diff(time) Vs Index [ -

(ode23t - withJac  routine: RelTol = 1e -3))
xlabel('Time (us)"); ylabel('Time difference (us)");

figure(3);
plot(V, 1.’ -- k', 'linewidth', 2);grid on;hold on;
plot(V3, 13, - m', 'linewidth’, 1);grid on;hold on;
plot(V3, 13, - m’, 'linewidth’, 2);grid on;h old on;

legend('Validation','Initial simulation’,...
'Improved simulation’,'Location’,'Best');
xlabel('MOV voltage (V)'"); ylabel('MOV current (A)";

end
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D.3 PSpice source file for simulating an MOV (1 stage of a TVSS)
driven by an LSS

** MOV output voltage **

** Circuit Description **
C110 10UF IC=1000V ; Capacitance of 1QF with initial voltage of 1000 V

L1122.7UH ; Inductor of 2.7uH

R1207 : Resistance of Y

R2231.1 : Resistance of 1.Y

L2 34 6UH ; Inductor of6 puH

R34 0 IMEG : Resistance of 1 M

R4561 : Resistance 1 ohm

X 6 0 V20E275 ; Call to sub circuit V20E275

** Analysis Requests **
VX 45DC 0V ; Measures current through R4

** Qutput Requests **

* Transient analysis from 0 to 1Q& with a0.1 ys time increment and using initial
conditions (UIC)

.TRAN 0.1US 100US 0US 0.1US UIC

* Print the result of the transient analysis with the voltage at node 6 and current
through R4

.PRINT TRAN V(6) I(VX)

k*kkkkkkkkkkkkhkhkhkhkhkkkkkkkkhhkkhkkx

*Varistor PSpiceModel Netlist*

k*khkkkkkkkkkkkkhkhkhkhkkkkkkkkkhhkkhkikx

* Littelfuse Inc.
* March 25, 2003
* Version 4.2

* Representing typical characteristics for the following UltraMOV series varistor:
*V20E275

*

.SUBCKT V20E275 1 2 PARAMS: TOL=0

X1 12 UMOV PARAMST=[1+TOL/10Q L=12nH C=900pF al=2.726
+ a2=5.574F2 a3=1.837F2 a4=3.412E3 a5=1.362F2 a6=3.772E2
.ENDS V20E275

*

* Part of the code common to all UltraMOV series varistors
.SUBCKT UMOV 1 2 PARAMS: T=1 C=1pF L=1nH al=1 a2=0 a3=0 a4=0 a5=0
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+++++++++++++ A+ M+

a6=1®u a7=100u

~non_lin 31 VALUE [T*(

107(
+al+a2*(log10(limit(v(4),a7,10)B)
+a3*2"(-log10(limit(v(4),a7,1g))+3)
+ad*expfloglO(limit(v(4),a7,1g))+3)
+a5*exp(log10(limit(v(4),a7,19)3)
+a6*2"(log10(limit(v(4),a7,1g}8B)

)

-107\(
al+a2*(log10{imit(v(4),-1g,a7))3)
+a3*2"(-log10¢limit(v(4),-1g,a7))+3)
+ad*expfloglO¢limit(v(4),-1g,-a7))+3)
+a5*exp(loglO{limit(v(4),-1g-a7))3)
+a6*2"(log10¢limit(v(4),-1g,a7))-3)

)

+limit(v(4)/a7*v(8),-v(8),v(8))

L_series 56 [L]

40 VH_H1 1k

VH H1 570 0V

R_R2

04 1G

R_series 6 2 100u

V_V1

370 OV

E x zero 80 VALUE [107(

+ + 4+ + + +

al+a2*(logl0(a7/1e3))
+a3*2"\(-log10(a7/1e3))
+ad*expfloglO(a7/1e3l))
+a5*exp(logl0(a7/1e3))
+a6*2"(log10(a7/1e3))
)]

R_x_zero 80 1G
C_parallel 15][C]
.ENDS UMOV

*

.END

: End of circuit file
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D.4 Development of state equationg6-9) - (6-15) for a 2-stage (MOV
followed by a linefilter) TVSS driven by an LSS
The complete equivalent circuit for this situation was giveRigure6-12 and

is repeated here for conveniencd~ggire D.41.

Line filter

2.7uH 1.1q 6puH 1q 0.22q 5.8pH

Rf Lf

Cf —__—220nF

Figure D.41: LSS driving the first two stages of a category B protection unit

We will consider five loop current&h 'Ch"Ch"'QA 1 "Qfor the loops shown in
Figure D.41 and also thenodal voltage) across the nonlinear resistance 'Y as

the current through it is a function of this voltage.

Since the first two loops of this circuit (the LS8¥identical to the one given

in the 4loop circuit of Figure D.%1, the following three state equations remain

unchanged.
aQ
RS (D.4-1)
Qo
a0 Y., P Y Y'Y Y Y _ YY, (D.4-2)
A ~ Q N v N Q N Q N Q
Qo 3] vo UV U U
aQ Y Y Y Y Y
= o I~ "9 -0 (D-43)
Qo U U )
Considering loog8 and writing the KVL equatiomwe get
vy vo £ o0sve 2 aon (D.4.4)
0 0 :
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Differentiating Eq(D.4-4), we get

R Y Y P QY R Q

Qo 5 Qo6 - " (D.4-5)
Rearranging E@D.4-5), we get

g0 Y Q0 P P
Qo Y Y Qo8& Y Y & Y Y (D-4-6)

The current'Q "Q is the current through the nonlinear resistance of the
MOV model and is assumed to be governed by(&®&), which is repeated here as
Eq.(D.4-7)

R Q 0 ¢ (D.4-7)

By substituting Eqg(D.4-3) and(D.4-7) in Eq(D.4-6), weget

g Y Y Y Y YLY P
Q0 Y Y D 0 0 5 Y Y
P e (D.4-8)
e Q
5 Y Y vu

Rearranging EqD.4-8), we get

Q0 0 Y v 2 O Y Y Q5

a0 Y'Y Y'Y Y Y p Y p
0 0

(D.4-9)

Let us consider the nodal voltagenow; since this is the voltage across the capacitor
# w EAOGA

— Q QQ
v 5 0 (D.4-10)
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Differentiating and substituting faRfrom Eq.(D.4-7), we get

w P MQ Q oo
Qo 3

Considering loogh and writing the KVL equation, we get

a0
YR b o

. — QQo
Qo O

Differentiating and substituting fe+— from Eq.(D.4-11), we get

Pt o vo . o, R FQ p,
—_— S Ye— —— —
66( 9 Q UcVg Q'Q ) v Q,gbc 6-‘9

Rearranging EqD.4-13), we get

QQ p . P P P P YOO

@ 006 O 6 0o 00 0 Qo
Introducingthe auxiliary

Q.

Q0o
Now Eq.(D.4-14) can be written as

[9]0) Y.

= Lo 2 P Pyg —n Py,

Qo vO U O o] ) VO

(D.4-11)

(D.4-12)

(D.4-13)

(D.4-14)

(D.4-15)

(D.4-16)

Now the equationgD.4-1), (D.4-2), (D.4-3), (D.4-9), (D.4-11), (D.4-15)

and (D.4-16) make up the set of seven state equations corresponding to the state

variables "Ch"OHCh™Chy h"QA T R 8 This set of seven state equations were

successfully used to simulate the workingFogure D.41 (same ag-igure 6-12).

These seven equationsnche written as state equatiof@9) - (6-15) provided we

make the following substitutions:
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W Yid,®d pid6, 0 Yid ,Q Y Y Y jO,Q Yjd,"Q
YiY Y ,Q pi6 Y Y L,Q pj06é ,Q pjd6,a pié anda
Yj0

The initial conditions for the simulation @@t 1 QT w 1T jO,
Qn Qm 0 m Qm  Qmn 1. As before, the value given f&® 1t

results due to the initial voltage 1  of the capacitod , which is the amplitude

of the surge voltage generated by the LSS.
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D.5 Numerical simulation and validations of a 2stage (MOV and a line
filter) TVSS/SPD driven by an LSS

i Matlab code (LSS _MOV_LineFilter.m) used to produce figures fFogure 6-13

to Figure6-15.

0,

(¢]

function LSS_MOV_LineFilter ODE15S

% Simulated voltage, current, power and energy plots for a TVSS
% with an MOV and line - filter elements (Cf and Lf) compared with LSS
% validations.

% MOV used - 275L40C
% ODE solver used: odel5s (with routine to return jacobian)
% LSS used: Noiseken LSS -6110

R1=7;
Cl1=10e -6;
L1 =2.7e -6;
R2 =1.1;

L2 =6e -6;

R3 = 1e6;

Rs =1,;

Rf =0.22;

Cm =900e -12;
Lf=5.8e -6;
Cf=0.22e -6;

VcO = 1000;

a=R1/L1; b = 1/(L1*C1);

¢ =R1/L2; d = (R1+R2+R3)/L2;

e = R3/L2; f = R3/(R3+Rs);

g = 1/(Cm*(R3+Rs)); h = 1/(Lf*Cm);

k = 1/(LF*Cf); | = 1/Cm;

m = Rf/Lf;

[k2, beta] = deal(2.4496*10" - 50.15, 18.3338);
fignum = 1;

% DE definition for RLC circuit
function xdot = RLC_dot(t, x, flag, params)
[X1 x2 x3 x4 x5 x6 x7] = deal(x(1), x(2), X(3), x(4), x(5),

X(6), x(7));

x1_dot = x2;

x2_dot= -a*x2 - (b-a*c)*x1 - a*d*x3 + a*e*x4;

x3_dot = c*x1 - d*x3 + e*x4;

x4 _dot = c*f*x1 - d*f*x3 + (e*f - g)*x4 + g*x6 + g*k2*x5"beta;
x5 _dot = I*x4 - *x6 - I*k2*x5"beta;

x6_dot = X7;

x7_dot =h*x4 - (h+k)*x6 - h*k2*x5"beta - M*X7,;

202



tic

toc

%

M = csvread('1KV_275L40C_RFIF_6230.csv', 17,1); %reads data from the

end

xdot = [x1_dot; x2_dot; x3_dot; x4_dot; x5_dot; x6_dot;

X7_dot]; % return column vector

% The function that returns the Jacobian matrix

end

[t_out, X_out] = odel5s(@RLC_dot, [time(1) time(end)], X0,

function J = FJac(t,x)

J(7,7)=0;
J(1,2)=1;
J(2,1)=(@*c -b);
J(2,2)= -a;
J(2,3)= -a*d;
J(2,4)=a%e;
J(3,1)=c;
J(3,3)= -d;
J(3,4)=¢;
J(4,1)=c*f;
J(4,3)= - d*f;
J4, 4)=e*f -g;
J(4,5)=g*k2*beta*x(5)"(beta -1);
J(4.6)=9;
J(5,4)=l;
J(5,5)= - I*k2*beta*x(5)"(beta -1);
J(5,6)= -1,
J(6,7)=1;
J(7,4)=h;
J(7,5)= - h*k2*beta*x(5)"(beta -1);
J(7,6)= - (h+k);
J(7,7)= -m;
time = [0 0.9e - 4];

X0(:,1) = [0; VcO/L1; 0; O; 0; 0; Q]; flag ="; params = [];
- 3,'Stats','on’,'Jac',@

options = odeset('RelTol', 1e

options);

time =t_out;

11 = X_out(:,1); J1 = X_out(:,2); 12 = X_out(:,3);
13 = X_out(:,4); V4 = X_out(;,5); I5 = X_out(:,6);

J5 = X_out(:,7);

LSS data (start)

csv formatted file starting at row 17 and column 1

FJac);
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t = M(;,5); % takes all rows of column 5

I = M(:;,4); % takes all rows of column 4

VCf = M(:,3); % takes all rows of column 3
Vmov = M(;,2); % takes all rows of column 2
ICf=M(;,6); % takes all rows of column 6
VRf=M(;,7); % takes all rows of column 7

% LSS data (end)

% plots for MOV
figure(fignum);

subplot(411)

plot(time*1e6, V4, -- k', 'linewidth’, 2);hold on;
plot (t*1e6,Vmov,' - kY);

legend('V_m_o_v (MATLAB simulation)','’V_m_o_v (validation)");
xlabel('Time (us)"); ylabel('Voltage (V) );
axis(( -590 -10 750])

title('(a)");

subplot(412)
plot(time*1e6, (I3 -15)," -- k', 'linewidth’, 2);hold on;
plot (t*1e6,(( -ICf) -1),;” -k linewidth', 1);hold on;
legend('l_m_o_v (MATLAB simulation)',)l_m_o_v (validation)");
xlabel('Time (us)’); ylabel(‘Current (A )M;
axis(f -590 -20200])
title('(b)");

subplot(413)
Pcs = V4.*((13 - 15)/1e3);
plot (time*1e6,Pcs,’ -- k','linewidth', 2);hold on;
Plss = Vmov.*(((l -ICf) -1)/1e3);

plot (t*1e6,Plss,'k");

legend('P_m_o_v(MATLAB  simulation)','P_m_o_v(Validation)’)
xlabel(‘time(us)");

ylabel('Power (kW)";

Zoom on;

axis([ -590 -10130));

title(*(c)";

subplot(414)

Ecs = (cumsum(Pcs(1:end - 1).*diff(time)))*1e3;
plot (time(1:end - 1)*1e6,Ecs,’ -- k','linewidth', 2);hold on;

t1 = M(11,5);
t2 = M(12,5);
dt=t2 -ti;
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Elss = cumsum(Plss*1e3)*dt;
plot (t*1e6,Elss,'k");

xlabel('time(us)");

ylabel('Energy (J));

zoom on; axis([ -5 9001.2)

title('(c)");

legend('E_m_o_v(MATLAB simulation)','E_m_o_v(Validation)',
‘Location’,'SouthEast')

% Plots for the line - filter capacitor Cf
figure(2);
subplot(411)
plot(time*1e6, V4 -Lf*J5 - Rf*I5," -- k', 'linewidth’, 2);hold on;
plot (t*1e6,VCf; - k");hold on;grid on;

legend('V_C_f (MATLAB simulation)',''V_C_f (validation)")
xlabel('Time (us)"); ylabel('voltage (V)";

axis(f -590 -101100])

ti tle('(@)9;

subplot(412)

plot(time*1e6, I5,' -- k', 'linewidth', 2);hold on;
plot(t*1e6, ICf, - k', 'linewidth’, 1);hold on;grid on;

legend('l_C_f (MATLAB simulation)','I_C_f (validation)’)
xlabel('Time (us)"); ylabel(‘curr ents (A));
axis(f -590 -80100])

title('(b)");

subplot(413)

Pcs = (V4 -Lf*J5 - Rf*5).*(15)/1e3;
plot (time*1e6,Pcs,’ -- k','linewidth’, 2);hold on;grid on;

Plss = VCf.*(ICf)/1e3;
plot (t*1e6,PlIss,'k’);

legend('P_C_f(MATLAB simulation)','P_C_f(Validation)")
xlabel(‘time(us)";

ylabel('Power (kW)");

zoom on; axis([ -590 -60 65));

title('(c)";

subplot(414)
Ecs = (0.5*Cf*(V4 -Lf*J5 - Rf*15).%(V4 - Lf*J5 - Rf*I5));
plot (ti me*le6,Ecs,’ -- K 'linewidth’, 2);hold on;grid on;

Elss =0.5*Cf*VCf.*VCf;
plot (t*1e6,Elss,'k");

legend('E_C_f(MATLAB simulation)','E_C_f(Validation)',
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'Location’,'NorthEast);
xlabel('time(us)");
ylabel('Energy (J));
zoom on; axis([ -59000.13))
title('(d)");

% Plots for line - filter inductor Lf
figure(3);

subplot(411)

plot(time*1e6, Lf*J5,' -- k', 'linewidth', 2);hold on;
plot (t*1e6,Vmov - VCf- VRf," -k");hold on;

legend('V_L_f (simulation)',''V_L_f (validation)")
xlabel('Time (us)"); ylabel(' voltage (V)";
axis([ -590 -425400));

title('(a)");

subplot(412)
plot(time*1e6, 15, -- k', 'linewidth’, 2);hold on;
plot(t*1e6, (ICf+1.0 ), -k, 'linewidth', 1);hold on;

legend('l_L_f (simulation)’,'l_L_f (validation)')
xlabel('Time (us)"; ylabel('currents (A)");
axis(( -590 -7595]);

title('(b)");

subplot(413)

Pcs = (Lf*J5).*I15/1e3;
plot (time*1e6,Pcs,’ -- k','linewidth', 2);hold on;

Plss = (Vmov - VCf- VRf).*(ICf+1.0)/1e3;
plot (t*1e6,Plss,'k");

legend('P_L_f(Simulation)','P_L_f(Validation)")
xlabel(‘time(us)"); ylabel('Power (kW)");

zoom on; axis([ -590 -2020)]);
title('(c)");

subplot(414)

Ecs = (0.5*Lf*(15).*(15));
plot (time*1e6,Ecs,’ -- k','linewidth', 2);hold on;

Elss = 0.5*Lf*(VRf/Rf).*(VRI/Rf);
plot (t*1e6,Elss,'k");

legend('E_L_f(S imulation)','E_L_f(Validation)")
xlabel('time(us)"); ylabel(Energy (J3)");

zoom on; axis([ -590 -0.0010.025)])
title('(d)");

end
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D.6 Development of state equation$6-18) - (6-25) for a 3-stage (MOV
followed by a linefilter and a TVS diode) TVSS driven by an LSS
The complete equivalent circuit for this situation was giveRigure6-17 and

is repeated here for conveniencd~ggire D.61.

MOV LINE FILTER TVS DIODE

e DR e @

LSS Cm ___ 900pF NLR1 Cf —— —0.22uF NLR2
(2 loops)

Figure D.61: Equivalent circuit fortie LSS driving a 3tage Aevel TVSS

We will considersix loop currentsOh Ch'Oh'QAQA T & The first two loop
currentsQA T "Qare flowing within the LSS equivalent circuit and are not explicitly
shown inFigure D.61. In addition we will consider the nodal voltage AT R

across the nonlinear resistagéed YA T B0 'Y

Since the first four loops of this circuit (2 loops in the LSS, 18and loop4)
are identical to the one given in thédap circuit of Figure D.41, the following five

state equations remain unchanged.

QQ
Q0 . (D.6-1)
Qo
DYy P Y g XY Y Y Yy (D.62)
Qo 0] L O LU LU LU
aQ Y Y Y Y Y
= -0 ——— 0 —0 (D.6:3)
Qo0 U 0 §]
aQ Y'Y . Y'Y Y Y p Y p .
f— . Q — Q ; — — Q
Qo v 'Y Y oY Y Y Y U o] (D.6-4)
v p Q
6 Y Y v o Y Y
Qv N
— a1 0 Qv (D-65)
Qo
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Considering loogb and writing the KVL equation, we get

0 YQ 0= N QQo (D.6-6)

Differentiating and substituting fer— from Eq(D.6-5), we get

aQ . 3P

03 QR Vsl Yoo, Vag 039 QP (D.67)
Rearranging EqD.6-7), we get
Introducing the auxiliary

%‘Z o (D.6-9)
Now Eq.(D.6-8) can be written as

A LA

Q0 UvoO U O o] ) VO Uo

Let us consider the nodal voltagenow; since this is the voltage across the capacitor

# , we have

o 63 ‘5 0 0d (D.6-11)
Differentiating Eq(D.6-11), we get
D

2 P (D.612)
Q0 O

The currentQis the current through the nonlinear resistance of the TVS diode
model and is assumed to be governed by (B€l7) which is repeated here as
Eq.(D.6-13).
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9 obbul ) (D6—l3)

Substituting EqD.6-13) in equationgD.6-10) and(D.6-12), we getEqg. (D.6-14) and
Eq.(D.6-15) respectively.

(9]0] Y .
= P PP Py To Py
Q0 0O O O 0 0 DO (D.6-14)
p .
+——U U
00
QD
2 P oy (D.6-15)
Q0 O

Now the equation¢D.6-1), (D.6-2), (D.6-3), (D.6-4), (D.6-5), (D.6-9), (D.6-
14) and (D.6-15) make up the set of eight state equations corresponding to the state
variables Ch"CHOh"Ch0 h"Oh"QA T A 8This set of eight state equations were
successfully used to simulate the workingFagure D.61 (same agrigure 6-17).

These seven equations can be written as state equédi@B3- (6-25) provided we
make the following substitutions:

® Yjd,0 p06,0 Yjd,Q Y Y Yj0,Q Yjd,Q
YiY Y ,Q pid Y Y ,Q pi6 ,Q pi0d ,a pido,a
pj 6 ande Y] 0.

The initial conditions for the simulation a@mnt 1 QT w 1 jo0,
Qn Qm 0 m Qm Qm 0 m 1 As before, the value given for
Q1 results due to the initial voltage 1  of the capacitod , which is the

amplitude of the surge voltage generated by the LSS.
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D.7 Numerical simulation and validations of a3-stage (MOV followed by
a line-filter and a TVS diodg TVSS/SPD driven by an LSS

i MATLAB code (SS_MOV_LineFilter TVS_Dioden) used to produce figas from

Figure6-18to Figure6-19.

function LSS_TVSS_ODE15S

% Simulated voltage, current, power and energy plots for a TVSS

% with an MOV (for level - 1 protection), a line -filterand a TVS
% diode (for level - 2 protection, compared with LSS validations.

% LSS used: Noiseken LSS -6110
% MOV used - 275L40C
% TVS diode used - 2 X 1.5KE350CA

% ODE solver used: ode15s (with routine to return jacobian)

R1=7;
Cl1=10e -6;
L1=27e -6;
R2 =1.1;

L2 =6e -6;

R3 = 1e6;

Rs =1,;

Rf =0.22;

Cm =900e -12;
Lf=4.0e -6;
Cf=0.22e -6;

VcO = 1000;

a=R1/L1; b = 1/(L1*C1);

¢ =R1/L2; d = (R1+R2+R3)/L2;

e = R3/L2; f = R3/(R3+Rs);

g = 1/(Cm*(R3+Rs)); h = 1/Cm;

k = 1/(Lf*Cm);l = 1/(Lf*CH);
m = 1/Cf; n=Rf/Lf;

% original PL model for 275L40C

[km, alpham] = deal(2.4496*10" - 50.15, 18.3838);
% PL model for 2x1.5KE350CA

[kt, alphat] = deal(4.0638e - 161, 56.3468);
fignum = 1;

% DE definition for RLC circuit
function x  dot = RLC_dot(t, x, flag, params)
[X1 x2 x3 x4 x5 x6 x7 x8] = deal(x(1), x(2), X(3), x(4),...
X(5), X(6), x(7), x(8));

x1 dot = x2;
x2_dot= -a*x2 - (b-a*c)*x1 - a*d*x3 + a*e*x4,;
x3_dot = c*x1 - d*x3 + e*x4;
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x4 _dot = c*f*x1 - d**x3 + (e*f

x5_dot = h*x4 - h*x6 -

x6_dot = x7;

x7_dot = k*x4 - (k+h)*x6 -
[*kt*x8"alphat - N*X7;

x8_dot = m*x6 - m*kt*x8"alphat;

xdot = [x1_dot; x2_dot;
X7_dot; x8_dot];
end

% The function that returns the Jacobian matrix
function J = FJac(t,x)

J(8,8)=0;
J(1,2)=1;

J(2,1)=(a*c - b);
J(2, 2)=-a4q;
J(2,3)= -a*d;
J(2,4)=a%e;

J(3,1)=c;
J(3,3)= -d;
J(3,4)=¢;

J(4,1)=c*f;

J@4,3)= - d*f;

J(4,4)=e*f -g;
J(4,5)=g*km*alpham*x(5)*(alpham
J(4,6)=g;

J(5.4)=h;
J(5,5)= - h*km*alpham*x(5)"(alpham
J(5,6)= -h;

J(6,7)=1;

J(7,4)=k;

J(7,5)= - k*km*alpham*x(5)*(alpham
J(7,6)= - (k+);
J(7,8)=I*kt*alphat*x(8)*(alphat

J7, )= -n;

J(8,6)=m;
J(8,8)= - m*kt*alphat*x(8)*(alphat
end

time = [0 0.9e - 4];

- g)*x4 + g*x6 + g*km*x5"alpham;
h*km*x5”alpham;

k*km*x5”alpham +...

x3_dot; x4_dot; x5_dot; x6_dot;...
% return column vector

-1);

-1);

-1);

-1);

-1);

XO0(:,1) = [0; VcO/L1; 0; O; 0; 0; O; 0]; flag = "; params = [J;

options = odes
tic

et(RelTol', 1e

- 3,'Stats','on','Jac',@FJac);

[t_out, X_out] = ode23t(@RLC_dot, [time(1) time(end)], X0, options);

toc
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time =t_out;

11 = X_out(:,1); J1 = X_out(:,2); 12 = X_out(:,3);...
13 = X_out(:,4); V4 = X_out(:,5); 15 = X_out(:,6);...
J5 =X out(;,7); V6 = X_out(:,8);

% LSS data (start)

M = csvread('1kV_Surge 275L40CpRFIFp_2x350V_TVSD_ 031013 0041.csv',...

17,1);
%reads data from the csv formatted file starting at row 17 and
column 1

t = M(;,5);
Vmov = M(;,4); % takes all rows of column 4
Iprot = M(:,3); % takes all rows of column 3
IRf = M(:,2); % takes all rows of column 2
Imov= M(:,6);
N = csvread('1kV_Surge 275L40CpRFIFp_2x350V_TVSD_081013 0047.csv',...
17,1);
%reads data from the csv formatted file starting at row 17 and
column 1
=N(:;,4);
Vtvsd = N(:,2); % takes all rows of column 4
Itvsd = N(:,3); % takes all rows of column 3

% LSS data (end)

% Plots for the MOV
figure(fignum);

subplot(411)

plot(time*1e6, V4, -- k', 'linewidth’, 2);hold on;
plot (t*1e6,Vmov,' - kY;

legend('V_m_o_v (MATLAB simulation)',''V_m_o_v (validation)');
xlabel('Time (us)"); ylabel('Voltage (V) ;

axis(f -590 -10750])

title('()");

sub plot(412)

plot(time*1e6, km*(V4.Malpham),’ -- k', 'linewidth', 2);hold on;
plot (t*1e6,Imov,' - k','linewidth’, 1);hold on;

legend('l_m_o_v (MATLAB simulation)','l_m_o_v (validation)";
xIabeI(T|me (us)"); ylabel('Current (A)' );
axis([ -590 -20120))

title('(b)");

subplot(413)

Pcs = V4.*(km*(V4.Malpham)/1e3);
plot (time*1e6,Pcs,’ -- k','linewidth', 2);hold on;
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Plss = Vmov.*(Imov/1e3);
plot (t*1e6,Plss,'k");

legend('P_m_o_v(MATLAB simulation)','P_m_o_v(Validation)")
xlabel('time(us)");

ylabel('Power (kW)";

zoom on;

axis( -590 -1080]);

title('(c)");

subplot(414)

Ecs = (cumsum(Pcs(1:end - 1).*diff(time)))*1e3;
plot (time(l:end - 1)*1le6,Ecs, -- K','linewidth', 2);hold on;

t1 = M(11,5);

t2 = M(12,5);

dt=t2 -ti;

Elss = cumsum(Plss*1e3)*dt;
plot (t*1e6,Elss,'k");

xlabel('time(us)");

ylabel('Energy (J));

zoom on; axis([ -59001.2] )

title('(c)");

legend('E_m_o_v(MATLAB
simulation)','E_m_o_v(Validation)','Location’,'SouthEast')

% Plots for the TVS diode

figure(3);
subplot(411)
plot(time*1e6, V6, -- k', 'linewidth’, 2);hold on;
plot (tt*1e6,Vtvsd,' - kY;

legend('V_t_v_s_d (MATLAB simulation)','V_t v_s d
(Validation)','Location’,'SouthEast");

xlabel('Time (us)"); ylabel('Voltage (V) ;

axis([ -245 -10800])

title('(a)");

subplot(412)
plot(time*1e6, kt*(V6. alphat),' - k', linewidth', 2);hold on;
plot (tt*1e6,ltvsd,’ - k','linewidth’, 1);hold on;

legend('I_t_v_s_d (MATLAB simulation),'l_t_v_s_d (Validation)";
xlabel('Time (us)"); ylabel('Current (A)");

axis([ -245 -1080)])

title('(b)");

subplot(413)

Pcst = V6.*(kt*(V6. alphat)/1e3);
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plot (time*1e6,Pcst,’ -- K','linewidth', 2);hold on;

Plsst = Vtvsd.*(Itvsd/1e3);
plot (tt*1e6,PlIsst,'k");

legend('P_t_v_s(MATLAB simulation)','P_t_v_s(Validation)")
xlabel('time(us)");

ylabel('Power (kW)");

zoom on; axis([ -245 -1060));

title('(c)");

subplot(414)

Ecst = (cumsum(Pcst(1:end - 1).*diff(time)))*1e3;
plot (time(1:end - 1)*1e6,Ecst,’ -- K','linewidth', 2);hold on;

ttl = N(11,4);

tt2 = N(12,4);

dtt = tt2 - 1tl;

Elsst = cumsum(Plsst*1e3)*dtt;
plot (tt*1e6,Elsst,'k");

xlabel('time(us)");

ylabel('Energy (J));

zoom on; axis([ -245 -0.020.2))

title('(c)");

legend('E_t_v_s(MATLAB
simulation)','E_t_v_s(Validation)','Location’,'northeast')

figure(2);

plot(time(1:end - 1)*1e6,diff(time)*1e6,’' - +kY;

title('Diff(time) Vs Index - (ode23t - with Jac routine: RelTol =
le- 3))

xlabel('Time (us)); yl abel('Time difference (us)');
end
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Appendix E: Transient analysis in linear networks by Laplace

methods some examples

For excitation functions of the more general type, the classical method of
solving ordinary differential equations is difficult tp@y and the Laplace transform

method proves to be superior.

E.1 Series RC circuit with a biexponential input voltage
The serieRRCcircuit in Figure E.11(a) is excited by a biexponential voltage
source which resembles a standard open circuit voltagsi¢rd from a lightning

surge simulator.

R R
1 " 1 Vi
Vig t) C—— Vouf 1) Vin (s) Cs Vout(9)
[ 2 ® [ g
(@) (b)

Figure E.11: (a) Series RC circuit; (b) Transformed network of circuit in (a)

Assuming that the initial charge in the capacitor is zero, the transformed
network of the circuit inFigure E.11(a) is shown inFigure E.11(b). By the
application of the voltage divider rule fagure E.11(b), we get

i (E.1-1)

Here, the ovetilde (~) symbol denotes a Laplace transformed quantity, for
examplefl w 0 w i.

Letw O be a normalized transient function modelled by a biexponential
curve withUbeing the rate constant for slow decay artuking the rate constant for

fast rise,

w o 071 Q (E.1-2)
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whereN is the normalization constant used to give unity hieig
The Laplace transform of equati{i.1-2) is

flw O 0 fl Q fl Q
By the use of Laplace transform tables

w i 0

01 (E.1-3)
Rewritingequation(E.1-1) in terms of the circuit rate constaht, pj 'Y 0
W i —w i

wherew i is given by equatio(E.1-3). Thus

R T T (E.1-4)

Each term within the square brackets of equati©id-4) can be decomposed by the

partial fraction expansion. Expressing the first term as a sum of terms

N N B (E.15)

The partialfraction expansion in equatig(ft.1-5) indicates that LHS consists of a
sum of terms, each of which is a factor of the denominator. The valdeanufB are
determined by combining the individual fractions by means of the lowest common
denominator and comparing the resultant numerator coefficients with those in LHS of
equation(E.1-5). Thus,

Equating powers of s in numerator: 6 mandd| O p

from which
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5 |—p AT B b

Substitution of these values in equat{&nl-5) results in

p p P P E 16
I O B A (E.16)

Similarly,

1 11 f i 7 T (E.1-7)

The development which leads from Eg.1-4) to Eq (E.1-8) is the basis for
the partialfraction expansion of an arbitrary function.

Taking the inverse Laplace transform of Hg.1-8)

o o or—L-g P g P
| LT i
P P P
fl - fl —
T LT i1
Hence the output voltage across the capacitor is
W 0 WO ur P Q Q _P_ Q Q

Similarly the output voltage across the resistor can be shown to be

P . . p . .
e re e ra

Figure E.1 2 shows the plots for the input and output voltages of circuiigure

w o O

E.1-1. The| Mrpt¢pmni andd t&UL p i values used, correspond

to a standard open circuit voltage generated by a lightning surge simulator (LSS). For
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normalization of thenput voltage N=1.02032[70]. The values used for the resistor
and the capacitor weR=1Y andC=220uF.

Vin (normalized) | |

LI I I I B B VC
0.8 .
0.6 .
S
(5]
&
= 04 .
>
0.2 -
0 e
02 Y 1 1 1 1 1
0 200 400 600 800 1000 1200
Time (us)

Figure E.1 2: Input and output voltages of circuit iigure E.11

E.2 RLC circuit driven by a charged capacitor

The current in th&kLC circuit shown inFigure E.2 1 can be easily deduced
using the transformed network representatifomsR, L and C The initial charge of
the capacitorb 1 has been taken into account in the transformegsvork

representation of the capacitance.
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R

IC = vd?)

(a) (b)
Figure E.2 1: (a) RLC circuit driven by a charged capacitdr) Transformed networfor circuit in (a)

For the transformed network,

0 T
oo By
| i O
p i 6Yi 600 oL T
ou T L T P
p 1 OYi 60 o Y P
U e}
0 T p
O — 7 T (E.31)
0 i 0i o
5 Y& .
where® 5o Pyg
Taking the inverse Laplace transformkaf.(E.3-1)
SN VI | O R .
@' 5 W—OEI] BXD h Al OT™N (E.32)

wherg - ®

E.3 An occurrence of theunit impulse function; discharging of an
initially charged capacitor

In Chapter 5of this thesisthe equivalent circuit of a lightning surge simulator
(usedfor experimental validation)ss analysedHere thebehaviour of a discharging

capacitor, which had been initially charged to a known voltagestudied The
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following examplg[71], which is similar to such an analysis shows how the function

1 O may arise in such a situatiamd the reason for. it

Example: Two capacitor®)( pF,0 ¢ F) and aresistof{ oLl) are arranged
in a circuit as shown iffigure E.31(a).0 is initially charged to a voltagE volts
with polarity as shown. The switch is closedat 1t Let us determine the current in

0 as a function of time.

o

E/s

——c 1

—_ L2 R - —_ R
1§1) 1y (9 C,s

Cs

[

—c, Y

9
n
m

() (b)

Figure E.31: (a) Circuit for example (b) Transformed circuit

Applying loop analysis to the transformed circuit showrFigure E.31(b)

and inserting the given numerical valuesdor 6 , andRwe have

9% i P 9

i i C i i (E.31)
P~ P oy §
i Oi ol c Oi m (E.3-2)

Dividing the improper fraction out,

coi Py co  pipy

Oi
o P o i P

(E.33)
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The inverse transformation of equati@3-3) gives the required current:

o~ s o~ O . P
0o fl "Oi —17 0 —Q
Y puw
An explanation for the appearancéd ob in the above current can be given

from a physical point of view as follows. We know that the voltagess a capacitor
cannot change instantaneously. But when the swit¢higare E.31(a) is closed)
and0 are in parallel, and must have equal voltages. This demand of instantaneous
equalization of voltages acro8s andd is met by an impulsive curreng gy o1 0

which represents an instantaneous charge transfer.

E.4 MATLAB symbolic toolbox

Whenever the inverse Laplace cannot be easily found in available tables, we
could turn to theMATLAB Symbolic Toolbox, an excellent resource for finding the
Laplace and the inverse Laplace transforms of a wide range of functions. Fourier
transforms and Zransforms and their inverse transforms can also be found here.
Apart from the availability of symbm functions for transforms, this toolbox
provides symbolic functions for differentiation, integration, simplification, and

equation solving as well.

If Q6 0A 100, then the definition of the Laplace transform gives the

improper integral
"Oi  fl 'Qo 3Q ATd0Qo

whose evaluation would require a tedious integration by pagis The Symbolic
Toolbox commands

symsts

f = t*cos(3*t)

F = laplace(f,t,s)

yield immediately the Laplace transfor@i i wri w .

We can recover the original fation 'Q0  0A T ddwith the symbolic toolbox
command

ilaplace(F,s,t)
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The order o andt in the preceding commands must be nadtdidst t, thens

when transforming; firss, thent when inverse transforming.
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components of surge protector circuits
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Abstracti Modern semiconductor technology, where the feature size is reaching sub 25
nm levels, is vulnerable to transient surges such as lightning. Transient voltage suppressor
systems (TVSSs) which are installed to protect modern electronics use nonlinear compotsen
such as varistors and transient voltage suppressor diodes in their design.the case of low
voltage (1000 V and less) AC power circuitsthere is no clear approach to estima the
energy absorption and associated time delays in individual components in relation to the
propagated transient surge.

Numerical simulation techniques using M\TLAB can be used to analyse the phenomenon
of surge propagation within a TVSS and estimateéhe transient surge energy transferred to
each component with associated time delayk this approach, suitable mathematical models
must be used for the nonlinear components, such as varistors and transient voltage
suppressor diodes. This study presenthé development of reasonably accurate models for
the nonlinear circuit elements and formulation of state equations for the TVSS, together with
simulation results; results are experimentally validated using a lightning surge simulator.
The method of analyzhg surge propagation presented hereould be extended to analyse the
phenomenon of surge propagation within power conversion stages which buffer the complex
electronic circuits and the power sourceResults discussed in the paper indicate that the
theoretical energy calculations are within 10%of the experimental results for the individual

circuit elements.

Keywords- transient propagation, surge protection, varistor modelling, power quality

I. Introduction

Proliferation of complex mukmillion transistor semiconductor devices into a wide range of
equipment from automated industrial assembly lines to sophisticated computer systems, has
increased the vulnerability of such equipment to power quality problgmj@se complex
devices which are ultra largscale integrated (ULSI) circuits have progressed towards advanced

systemon-chip concepts with feature size dropping towarda@2[2-4]. The switch mode power

223



Appendix F:A provisionally acceptedprnal paper

supplies (SMPS) that sit between the utility ADd processebased equipment also carry
complex circuitry. Both the power supply and the procebssed load are prone to damage by
very short duration highroltage transients such as lightning. Hence anterahd approach on

transient propagation stuedi from the utility AC to final DC rails is of utmost importance.

An appropriate point to begin a transient propagation study would be at the TVSS that usually
sits between the utility AC and the SMPS. Our objective here is to analyze the phenomenon of
suige propagation in a TVSS and estimate the energy transferred to each one of its components. A
representative schematic of a TVSS with two levels of protection, suitable for operation in the
location categories A and B, is shown in Figure 1(a). The vasisit® and M3 along with TVS
diodes T2 and T3 would act in the case of a commode transient such as lightning, while the
varistor M1 and TVS diode T1 would protect the load from a differenode transient. Category
of the protector refers to the locatioategory for which the protector is designed. These locations
are defined within the IEEE C62.41 standard [5] and are depicted in Figure 1(b).

In the work presented here we have performed numerical simulations to analyse the energy
transfer to individuatomponents and associated time delays for a simplifigite? version of a
TVSS in the event of a lightning transient occurrence. As the TVSS represents a typical power
electronic interface with a combination of linear and nonlinear electronic compowentglieve
that this work can be continued to encompass downstream electronics that would be encountered
in power electronic systems. Appropriate mathematical models had to be used for the nonlinear
metal oxide varistor (MOV) and the transient voltage seggor (TVS) diode. A lightning surge
simulator (LSS) that conforms to IEC 6108& and IEEE C62.41 standards, capable of
generating transient waveforms up to a maximum peak voltage k¥/6\8as used to validate the

analysed results.

[ YYYY -
N j -
Ciy Cox i T2 ‘ =1 0
—— —_— 1l > P
mi | T — ‘ -
L2 *~J
YNV L)
Neutral
M2 M3 Cy —— T3
GND
(@)

(b)

Figure 1: (a) A typical TVSS designed for AC mains operation with two levels (shaded areas) of
protection(b) Location categories as per IEEE/ANSI C62.41, where category A is more than 20 m
from category C; category B extends between categories C andefyoca C is outside and
service entrance

A TVSS is based on nonlinear bidirectional breakr components such as MOVs and TVS
diodes in combination with capacitors and inductors. The quality of the TVSS and the protection it
provides is governed by the test procedures adopted by the manufactiueeenergy absorbent

capacity of the nonlinear protection components and their speed of respdride @&ver ninety
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percent of the contemporary TVSSs designated for protection efditage ac power circuitry

are of parallel type with an MOV being timeajor component responsible for the suppression of
surges and transient voltages. MOVs across the input wires are responsible flvdirst
protection from transients expected through the-ilmpait. In order to handle extended transient
stress, TVS dides are connected as shown to provide a second level of protection. If the output
capacitors are charged by the extended stress up to the breakdown voltage of the diodes, heavy

conduction will occur in the diodes instantly [12].

In Section 1l a basic appach to modeling nonlinear devices used in a TVSS is discussed.
Approximate powetaw models will be used in the development of the differential equations
which will represent the total system to be analysed. Section Il provides information pertaining to
the Lightning Surge Simulator Noiseken L8330 which was used to experimentally validate the
numerical results. In Section IV we discuss diggstep MATLAB based numerical simulations
which helped us analyze componevise energy transfers to the TVSStlwireasonable error
margins and experimental procedures adopted using an LSS to validate the computer simulation
predictions. Such simulations will allow us to predict the incipient failure of particular electronic

components in the TVSS due to the propiageof a transient voltage across it.

II. Development of models for the nonlinear transient suppression

components

The electrical equivalent circuit for the varistor that could relate to the three regions of its
operation is shown in Figure 2(at low current levels, thenonlinear resistance is in a high
resistance mode (approachindf0) and appr oxi mat es peasenteapyethe ci rcui t
leakage resistanc®ore. At high currents, approaching the maximum rating, the nonlinear
resistance is i low resistance mode and approximates a short circuit. This is represefad by
and would be in the randei 1 0 VY .A[sithBifled version of this circuit was employed for our

simulations and the same is shown in Figure 2¢b). B a'Yi dhas been neglected.
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c_ Rx Rorr

Ron l

Rorr=2;Ron =0

(@ (b)

Figure 2: (a) Varistor equivalent circuit model [13] (b) the simplified varistor equivalent circuit
used for the simulations

Different mathematical models are used for the nonlinear resisRneenich plays the major role

in surge absorption by the varistor [13, 14]. The relationship that we use for the work presented

here is given by Eq1)
@ O 1)

wherei is the current through andis the voltage across the varistor. The paramétersd U of

Eq(1) are unique to each wvaristor type. Exponent U
varistor region of operatiorE q ( 1) represents the MOV o&hly in its
region [13, 15, 16]and provides fairly accurate results when used in computer simulations as

shown in Section V.

We useEq. (1) to model the nonlinear resistance of the varistor. We evaluated the cdastants
and/ for two mediumpower varistors usedybestimating theslopeand theinterceptof the log

log curve of Eq. (1), which is given by Eq.(2).
Pi@)iioci i@ (2)

Although an analysis of a circuit representation containing a nonlinear model based on a
powerlaw would be mathematicallyjomplex using Laplace methods, we demonstrate in Section
IV that computer simulation employing numerical methods can be used successfully in the

presence of such a model.

We also modeled two TVS diodes using a polaer relationship similar to Eq1). The two
characteristics that were used to develop the models for 275L40C varistor and the 1.5KE170CA

TVS diode are displayed sid®y-side in Figure3 for comparison. The line plots are the best curve
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fits for the points shown. The degree of nonlineatityard the leakage current can be easily

compared using these plots.

It is clear from these plots that the valuelbf s| ope of the device for tF
characteristic) is much greater for the TVS diode than the MOV. The almost linear leakage regions
of both models can be ignored in our investigation of surge propagation since these currents are

very small and do not contribute significantly to the energies absorbed by the components. Typical

Uvalues, obtained for several breaker components by mes of a curve fit, are given in Table 1.

4

10 T T T T T
10°F e -
10 Lo -7 ONregions- B ]
REN
3 ;
gwtro L S 1
3
07 e L 1
_ a4
0 N0 D S R 1
< -
] .~ “leakage” regions' 4 Varlsto'r
; = TVS diode
10'8 1 1 1 1 1 1
100 200 300 400 500 600 700
Voltage (V)
Figure 3: MOV and TVS diode-Vcharacteristics drawn on loegpg graph for the determination
ofpowerl aw exponent U. (AONO region points were obt e
the fil eakaged region points were obtained in the
Tablel:Degee of nonlinearity (U) f M7 some of the
Continuous maximum Maximum
Device Type ' transient energy Exponen
Vrws rating (V) @2ms) (J)
Varistor V271HA32 275 360 16.9 + 5%
Varistor 275L40C 275 320 26.2 £ 5%
Minimum  breakdown |Peak power
voltage (V) dissipation
(Ims) (W)
TVS diode 1.5KE170CA |[162 1500 68.8 £ 3%
TVS diode 1.5KE400CA (380 1500 65.2 £ 3%

Leakage current can be an area of misconception when comparing a varistor and a TVS diode.
For example, we see from Figuretat the TVS diode leakage current is about 100 times higher,
at 100V, than the varistor. This difference is greatly reduced if the TVS diode is a higher voltage
device [18].
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[ll. Lightning surge simulator model

The results, obtained through the processimiulation and analysis for the surge propagation
study, are validated using a lightning surge simulator (LSS) in the laboratory. Since the validating
voltage and current waveforms during surge testing of TVSSs are governed by the LSS
characteristics, aaccurate surge simulator model should be an integral part of the circuit being
analyzed or simulated [14,19,20]. The LSS characteristics are governed by the requirements set by
the surge immunity testing standards IEEE/ANSI C62.41 and the IEC publicA000-&5. The
equivalent circuit given in Figure 4, which was used in our analysis and computer simulations, was
supplied by the manufacturer (Noise Laboratory Co., Japan) of the lightning surge simulator
Noiseken LSS 6230.

t=0 L R, L,
0—9( —— 1YY YN ° VAVAY
S
Ve ——¢ I1(t) Ry @ Rs v (t)
L4 L O

77 Vc(0) = Initial voltageof thecapacitor=0.1-6.6KV

Figure 4: Equivalent circuit & the Noiseken LSS 6230 lightning surge generator for the
generation of the combination wave (Noise Laboratory Co., Japan)
The initial voltage of the discharging capaci€@rof the impulse source can be set to voltages
in the range 10¥ to 6.6kV, in 100V steps. In order to match the standards above, the model

parameters given in Table 2 are specified by the manufacturer.

The Laplace solutions for opeaircuit voltage and shodircuit current of this linear circuit
with parameter values given in Tablev2re validated with experimental results of the LSS epen

circuit voltage and shodircuit current. These results are shown in Figures 5(a) and 5(b).

Table 2: Parameters for the Noiseken LS$230

Parameter Value Parameter Value
C1 10 pF Ri 7Y
L1 2.7 pH R 1.1
Lo 6 uH Rs 1 MY

The waveforms in Figure 5(a) and 5(b) corresponds to the 1.2/50 psciopeit voltage and
the 8/20 us shortircuit current specified in the IEEE/ANSI C62.41 and the IEC publication
610004-5 standards, respectively.

The netvork equations in the timdomain were formulated as a system of coupled-dirder

differential equations (DEs) which govern the dynamic behavior of the network. Theswdast
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DEs (state equations), which fit the universal format given in Eq. (3) pexgrammed using
MaTLAB. Three state variables (two loop currents and one derivative of a loop current) are required
for the LSS circuit

Q
—0 060 0 ®)
(0]

Q

wherex is the statevector andis the input vectorA is the state matrix anlis the input matrix.
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Figure 5: Numerical simulations validated with the Laplace solutions; (a) LSS -oipemit
voltage (b) LSS shedircuit current

Due to the presence of the initial charge in LSS capaCitahe DE for the first loop gives rise

to an exposed delta function as seen in Eq. (4).
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This can be resolved for accurddTLAB coding by using the initial condition that arises from
the impulse input [21] (see Appendix I).

IV. Numerical simulation of surge propagation

Our goal is to simulate and predict power and energy dissipations in individual components of
a 2wire versionof the TVSS shown in Figure 1(a). In order to build robust code for our numerical
simulations a stepy-step approach was followed [17]. The first two circuits that we simulate here
are purely linear in nature. These simulations were helpful to elimgsatain difficulties that

arose in coding such circuits where the stimulus is a high energy transient.

The first circuit attempted, given in Figure 6
could be done by considering the equivalent circuiegiin Figure2(b) and taking the serigsC
combination as the foffd stat e Roclnbeé dpproximatadi st or s
to an opercircuit in this state. To write the set of state equations in the form of Eq. 3, five state
variables (3 loop currents and 2 derivatives of loop currents) had to be used. The loop currents are
denoted by, wheren is the loop number. The first two loop currents circulate within the LSS and
the third oneist) i s seen flowing through the fAoffodo state
decaying MOV current shown in Figure 6(b) has high frequency ringing at the start. This kind of
waveform with multiple timescales presents a stiff problem especially whenfahe processes
has a very small time constant. As a consequence we found that thetépedifferential equation
(DE) solver, the fourttorder RK (RungeKutta) and the variablstepMATLAB DE solverode45

both failed to perform this simulation. This ptem can be overcome by using théel5sor

ode23t MATLAB solvers which are designed for solving stiff problems [22].
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Figure 6:A OFFO0 st ate of t rt])e 8 Vircuit; b)) snauldtiorbofthe™bop LSS ( a)
current

The second circuit we present here is also linear in nature and the simulation would give us an
opportunity to study static instances in the operation of the nonlinear varistor. We have used three
different values (7Y, 500 Yr resistal R, ZutdMhége vdluesr t he st at
correspond to the #fAleakageo, fi kK n ¥-kdharaateristic. Aibr eak d own ¢
The circuit simulated is shown in Figure 7(a). Here we require six state variables to complete the
state equations. In tHdATLAB coding it was important to provide the Jacobian matrix of the state
equations to the ODE solver, in order to obtain uncompromised performance. This provision
removes the need for the solver to estimate the Jacobian elements numerically [23]. Simdlations o
varistor currents for two assumed static instances of varistor resistance are shown in Figure 7(b)

and (c). ThespiCcE simulations used to validate the numerical simulations are also shown.
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Static MOV states
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Figure 7: Static states of the MOV pulsed by the LSSsiadlated circuit (b) static varistor
currentforRn=500Y (c) stati RnvyaYi stor current for
In this paper our interest is to estimate the energies delivered to individual components of a
TVSS block and determine the respective time delays in the event of a lightning transient. We
have been able to adapt the robust code developed for the eiacligtis do do this successfully.
As we have seen earlier a TVSS consists of both linear and nonlinear elements. We have worked
with the poweflaw model given by Eq. (1) for both the MOV and the TVS diode in formulating
the state equations. Simulations lthea the above were carried out for circuit blocks containing
(a) an MOV, and (b) an MOV and a noise filter. Circuit diagrams and simulation/experimental
validation comparison plots for (a) are shown in Figure 8 and for (b) in Figure 9 respectively. A
similar simulation was also compared with a PSpice simulation; the results were almost identical

[24]. The model for the MOV used in PSpice was available from the manufacturer.

The set of state equations developed for the circuit of Figure 8(a) is preseAmguendix I1.
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As can be seen in Figure 8(b), the current peak in the simulation coincides with the voltage
peak although for a real varistor as seen in the validation, the current peak lags the voltage peak by
about 2 ps. This discrepancy could be attigoluto the approximate nature of the model used for
the nonlinear resistance of the MOV. Despite this, we see that the maximum energy absorbed by
the varistor given in Figure 8(d) is within 10% of the validation. This difference in energies
absorbed by thevaristor could be minimized by using more accurate models for the varistor.
Improvements to varistor modeling are discussed in Se¥tiofihe energy delivered to the

varistor gets dissipated as heat within a short period of time.

Next we introduce the send stage of the TVSS, which is &€ line filter connected in
parallel with the varistor and the circuit is shown in Figure 9(a). While the winding resistance and
the inductance provide a series impedance to limit the transient current, it also preltage v

switching transients generated on the load side from feeding back into the supply [12].

In figures 9(b) we see that the varistor current tends to ring for a few cycles at the oscillation
frequency of the lindilter components, in the process ofuelping the incoming surgéhis
simulation compares well with the validation in spite of the ringing in the simulation current not
being damped as much as the validation. The reason for this discrepancy is clear as we have not
accounted for the bulk resistance of the MOV during cetidn and also have neglected parasitic
resistances arising from device leads, &tte simulated energy absorption by the varistor also
given in Figures 9(b) is within 6% of the validation. This difference in energies could be
minimized by using more aacate models for the varistor and the passive inductor and capacitor

elements.

A primary task of the project is to find the energy absorption in each component of the TVSS
and also to study the time lags of the maximum energy instances with respeat¢outience of
the lightning surge. We have addressed this by also studying the surge propagation through the
line filter capacito® and the inductod . The results and validations are illustrated in Figures 9(c)
and 9(d).
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Figure 8: MOV pulsed by the LSS (a) circuit simulated usitrgLAg (b) varistor current and

voltage (c)power delivered to the varistor @t)ergy absorbed by the varistor.

It is seen that the energy stored in the capadofalls as the voltage across it falls a
expected. Again the energy simulation compares well with the experimental validation except that
the simulation for the energy absorption in the capacitor is slightly higher than the validation; the

reason for this discrepancy is clear since we havecumunted for the resistive parts of the filter
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inductor and capacitor and also other stray circuit resistances. These resistive components do

absorb a bit of the energy leaving less energy for the filter capacitor and the inductor.

The approximate time delays to transfer maximum energies to each component of the TVSS
are also shown clearly in Figure 10.

These simulations allow us to predict the power dissipation and energy patterns in each of the
components of a TVSS unit. The medlotogy indicated here can be put to detailed analytical use
in future research projects to predict the failures in downstream power electronic blocks, provided

the nonlinear electronic devices can be represented by suitable mathematical models.
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Figure 9: TVSSwith a varistor and a line filter pulsed with the LSS (a) simulated circuit with

typical line filter values; (b) varistor waveforms (g waveforms (d} -, waveforms

237



