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ABSTRACT

Lauri Aaltonen: Improving lightning impulse measurement system of Tampere University
Master of Science thesis
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Electrical grids’ components are tested with standardized lightning impulses to ensure their
capability to withstand stresses caused by lightning phenomena to ensure a strong network. Cur-
rently the trends in transmission networks are towards higher system and test voltages which
generates the need for better calibration capabilities. This thesis focuses on development and
characterization of Tampere University’s lightning impulse measurement system. The system is
studied because it is needed to be prepared for an European intercomparison campaign, where
reference level uncertainties are necessary.

The old system was altered by adding a new low voltage arm to the damped capacitive high
voltage divider as well as a new measuring cable. Thorough initial characterizations were car-
ried out for the existing measuring system. It was found out that the HV arm’s elements exhibit
unidealities that result in high oscillations in the divider’s response. The high voltage arm’s ca-
pacitance also exhibits frequency dependency which is compensated in the new low voltage arm
by adding a compensation branch to the printed circuit board. Together with simulations and step
response testing, analysis of different improvements are carried out in order to improve divider’s
dynamic performance. The compensation is also tuned with step response tests. The uncertainty
contributions are studied with different testing setups or by estimation.

The different standard uncertainties for the voltage divider are examined and uncertainty anal-
ysis performed using a reference measurement system method. The peak voltage and time pa-
rameter uncertainties are presented and compared for three different measurement systems. Ac-
curacy of the time to half value is successfully improved by the added compensation.

Keywords: voltage divider, uncertainty evaluation, lightning impulse, calibration, high voltage mea-
surement system
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TIVISTELMA

Lauri Aaltonen: Tampereen yliopiston salamasyéksyjannitteen mittausjarjestelman kehitys
Diplomityd

Tampereen yliopisto

Séhkotekniikan DI-ohjelma

Toukokuu 2022

Sahkéverkkojen komponentit, kuten muuntajat, testataan standardimuotoisilla salamasydksy-
jannitteilla todennuksena siita, ettd komponentti toimii suunnitellusti myés esimerkiksi ukonilman
aiheuttamien janniterasituksien aikana. Tama varmistaa komponentin luotettavan toiminnan ver-
kossa. Télla hetkella kehityssuunta s&hkdverkoissa on nostaa jannitetasoa siirrettdvan tehon kas-
vattamiseksi. Kasvava jannitetaso aiheuttaa kasvavat vaatimukset kalibrointikyvylle. Taméa opin-
naytetyd keskittyy Tampereen yliopiston salamasyodksyjannitteen mittausjarjestelméan kehittami-
seen ja karakterisointiin. Jarjestelma pitaa valmistella eurooppalaista vertailumittausta varten, jos-
sa referenssimittausjarjestelmilta vaadittavat mittausepavarmuustasot ovat vaatimuksena.

Vanhaa olemassa olevaa jarjestelmaa kehitettiin suunnittelemalla ja rakentamalla uusi ala-
janniteosa vaimennettuun kapasitiiviseen jannitteenjakajaan, seka uusi mittauskaapeli. Jarjestel-
man jannitteenjakajan ylajanniteosan komponentit osoittivat epaideaalisuuksia, mika aiheutti jar-
jestelman vasteeseen suuria varahtelyja. Ylajanniteosan kapasitanssi oli taajuusriippuvaa, joka
on kompensoitu uudessa alajanniteosassa lisddamalla alajanniteosan piirilevyn kondensaattorei-
den rinnalle kompensointihaara. Erilaisten parannuskeinojen toimivuutta on analysoitu yhdessa
simulointien ja askelvastemittausten avulla. Myds kompensointihaara on mitoitettu askelvastetta
kayttden. Epavarmuustekijat on maaritetty erilaisilla testausjarjestelyilla tai arvioimalla.

Kullekin vaihtoehtoiselle mittausjérjestelmélle on laskettu kokonaisepavarmudet standardiepa-
varmuuksien ja referenssijarjestelman kanssa suoritettujen vertailumittausten pohjalta. Kolmelle
eri mittausjarjestelmélle maaritetyt kokonaisepavarmuudet jannitteen huippuarvolle seka aikapa-
remetreille on esitetty ja erisysteemeja vertailtu keskenaan. Salamasyodksyjannitteen selan puo-
liarvoajan epavarmuus on parantunut huomattavasti suunnitellun kompensointinaaran avulla.

Avainsanat: jannitteenjakaja, epavarmuusarvio, salamasyoéksyjannite, kalibrointi, suurjannitemit-
tausjarjestelma
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1. INTRODUCTION

Power grids’ equipment need to be tested to ensure security of the power supply for
customers as well as to protect the network from blackouts. The voltage stresses on
components are generally of two types: the normal operational voltages and overvolt-
ages. The overvoltages can be caused by e.g. a lightning strike, a fault in the network
or a switching event. The components are tested with standardised voltages by testing
laboratories to ensure their connectability to the network. The overvoltages need special
measurement systems to measure the voltage applied to the device under test. Usually
the system consists of a recorder instrument, a transmission cable and a voltage divider.
The outcome of this thesis is to explain the theory of impulse voltage testing, develop a
new measurement system and evaluate uncertainties of different measurement setups.

The thesis was done as a part of an EU-funded project called "Metrology for future en-
ergy transmission" abbreviated as FutureEnergy. The project focuses on expanding the
traceability of the measurements for higher voltages. One of the project outcomes is to
extend lightning impulse measurement traceability to 2.5 MV voltage level for which also
the lightning impulse measurement system of Tampere University is developed further.
To ensure traceability of the measurements, an intercomparison campaign is held at the
end of the project.

The conclusions of the project will help to meet with the future demand for higher voltages
used in transmission grids. Improving the uncertainty as well as implementing traceabil-
ity will allow for more precise safety margins. This will result in loss minimization and
improved quality of high voltage systems.

The thesis will explain the theory of impulse voltage generation, definitions for impulse
overvoltages, measurement of high impulse voltages, uncertainty components for high
voltage measurement systems, development methods to improve the existing system and
address the uncertainties of the old and new systems. First, the theory of high voltage
impulse measurements is explained. The generation of impulse voltages is addressed
first to understand how the impulse voltage is formed in high voltage laboratories and
how the impulse voltage gets its shape. Then the measurement systems needed to mea-
sure high voltages are explained with emphasis on impulse voltage measurements. After
that the measurement uncertainty and standard uncertainties regarding impulse voltage



measurements are introduced.

The empirical part of the thesis will introduce the measurement systems under examina-
tion at first. Then the different improvements, that have been carried out mainly on the
low voltage arm, are explained. Finally the uncertainties for the systems are evaluated
and compared against each other and the requirements for a reference system.



2. THEORY OF HIGH VOLTAGE IMPULSE TESTING

Electrical grid and its connected equipments’ insulators are designed to withstand normal
operational voltages caused by load and generation variations in the grid as time passes.
Different overvoltages can cause additional stresses to the insulators. Transient overvolt-
ages can occur during switching, fault or direct or indirect lightning strokes. Therefore
insulators in the grid or in grid connected apparatus should be designed to withstand also
these faster transient over-voltages. [1, p. 253][2, p. 285]

In addition to component withstand against the over-voltage impulses, sometimes the
breakdown mechanisms that occur in the test object during transient overvoltages are
studied [3]. If the component doesn’t tolerate the voltage applied, a puncture or a flash-
over occurs which causes the applied voltage to collapse.

Lightning (LI) and switching impulses (Sl) are characterized by the peak voltage value
and the time parameters of the pulse i.e. the shape of the pulse. That has also a large
impact on how the insulator will tolerate the voltage. [1]

2.1 High voltage impulses

Impulse overvoltages are unidirectional voltages that rise quickly from zero to the peak
value and then more slowly down back to the zero. The impulse waveforms always have
some oscillations and therefore IEC-60060:1 standard defines LI pulse as being a tran-
sient voltage, which usually rises rapidly to peak value and then more slowly to zero [4,
p. 26]. The word "usually" applies to more general LI wave shapes, there still being room
for some exceptions like chopped LI waves. The standard has stated only one numerical
value that defines an impulse voltage to be specifically a lightning impulse voltage and
that is the front time 77 being less than 20 ps [4, p. 26]. A typical standard lightning
impulse voltage is shown in figure 2.1.
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Figure 2.1. Full LI with time parameters [4].

The parameters of a LI impulse are complex to determine. The standard shape used in
lightning impulse tests is 1.2/50 meaning the front time being 1.2 us £30 % and time to
half value being 50 us 20 % and the test voltage’s maximum value itself being around
+3 % [4].

The values are complex to determine, especially the peak value. The standard [4] states
that after base level offset is corrected, the measured data should be used to make a
double exponential fit-curve. Now this double exponential substracted from the zero level
corrected curve, which gives the oscillations present in the LI test voltage. Oscillations
are caused by inductances being present at the measurement system that cannot be
fully avoided [5]. Now the curve with just the oscillations is multiplied with a specific
test voltage curve that is basically a low-pass filter. Then that filtered oscillation curve is
added back to the double exponential. The peak value is to be taken from this resulting
curve but the time parameters should be taken from the double exponential curve. [1]
This is because the resulting curve with damped oscillations on top of the ideal double
exponential —also called by a term base curve— is the worst case considering the stresses
in insulating material but if those oscillations are kept there, especially the front time would
be sensitive to the oscillations.

When the final curves are obtained, the parameters are taken. The front time 7} is taken
by drawing a straight line between 30 % and 90 % points of the curve and then measuring
that straight line’s rise time from 0 to 1 normalized amplitude. The time to half value 75
parameter is taken from the time difference of previous mentioned straight line’s intersec-
tion with x-axis and the time the curve reaches halfway point in the tail of the impulse.

[4]



The general LI waveshape can also be chopped. The chopping is done via a chopping
gap and the chopping can be done during the front, the peak or the tail of the impulse.
The standard time to chopping is between 2 to 5 ps. The chopping can be done during
the front of the impulse or during the tail. The chopping shall be steeper compared to the
rise of the LI. [6] Figure 2.2 shows an example of a chopped pulse.
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Figure 2.2. Chopped LI with time parameters [6]

The worst case for the insulating material is when the chopping is done near the peak
due to the fast voltage collapse. Tests with chopping simulate the operation of protection
devices in the network like surge arresters or the effect of a breakdown in the HV circuit.

2]

Switching impulses Sl are similar to lightning impulses. Both are double exponential ape-
riodic impulses but the main difference is that switching impulse has significantly larger
time parameters, the standard shape being 250/2500 us. The IEC standard distinguishes
between Sl and LI by defining Sl by having a front time of 20 pus or more. [4] The peak
parameter is taken from the maximum voltage recorded. The time to peak value is taken
from the true origin and the time when peak voltage value is reached. The time to half
value is taken from the true origin to the time when half of the peak value is reached at
the impulse’s tail. Noticeable difference is that S| evaluation doesn’t use filtering or virtual
origin as LI does. [6] The slower S| has less unwanted oscillations appearing in the wave-
form caused by inductance in the circuitry and nonuniform spark gap operation so there
is also less need to do additional filtering of the signal.

2.2 Generation of impulse voltages

Figure 2.3 shows a basic one stage circuit block used to generate LI and Sl over-voltages.
First, the input capacitor also called charging capacitor is charged through high resistance
valued charging resistor. Then the switch —a controllable spark gap called trigatron [1]-
is closed or closes itself if the breakdown voltage is achieved. Now the impulse voltage



is formed by charging the load capacitor through front resistor that forms the front of the
impulse voltage and at the same time the impulse capacitor is discharged through tail
resistor that defines the tail of the impulse voltage. [2, 3]

(a)charging charging  switching front impulse
voltage  resistor R; gap SG (Vo) resistor R voltage

—T 3+ +—OQ0O0+—3

o

impulse tail load
capacitor C; resistor Ry capacitor C

(b) A voltage V
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Y sG
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Vi
f=
to ty time t
origin time-to-peak

Figure 2.3. Impulse voltage forming circuit and potential diagram [2].

The time parameters of the impulse are mostly based on the RC time constants in the
circuit shown in figure 2.3. When the spark gap ignites at ¢ = 0, almost immediately the
full charging voltage applied to impulse capacitor appears at the series combination of R
and (. The faster time constant the combination has, the faster the voltage rises to the
peak value across the capacitor C;. [2, 3]

The peak voltage achieved cannot be greater than the charging voltage available in the
charging capacitor. Utilization factor

Vji,ma:): —~ C’L
Vo G+

n= (2.1)

where V; 40"

is the maximum value of the impulse voltage, V; is the breakdown volt-
age of the switching gap, C; is the impulse capacitor and C; is the load capacitor. The
utilization factor should be as close to 1 as possible so i.e. choosing C; >> (). This
can’'t be achieved since some energy converts to heat in the resistors and the capacitor’'s

difference in values isn’t extremely high. [1, 2]

Tsymbol "V" is used for voltage since uncertainty often is denoted by a symbol "U"



This single-stage circuit will work up to a relatively low voltage level. When increasing the
voltage level, difficulties arise due to the physical size of the circuit elements, spark gap
operation, the much higher DC voltage needed and the increased need for shielding to
suppress corona discharges. [5] The solution to overcome this is to add multiple single-
stage circuits —shown in figure 2.4— so that the capacitors will charge in parallel and
discharge in series. [2, 7]

3c
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1 ac,
—
o 1o measuring
i Ao : =Ci ==  instrument
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. o
Earthing resistance -.I.-

and earthing switch

Figure 2.4. Impulse voltage forming Marx circuit [2].

The parameters of the impulse are formed from the Marx generator’s capacitances and
resistances, the impedance of the device under testing and the whole testing circuit’s
inductances [7]. All the stages of the generator are charged equally with a constant
current until all the stages are at a desired voltage. Then the switching gap is triggered at
the lowest stage.



The triggering is done with a trigatron, a small device, that causes small discharge at
the lowest gap. This breakdown voltage is the lowest trigger limit of the generator. If
the trigger voltage is too high, a self-discharge is generated. The trigger voltage of the
trigatron therefore has 2 limiting factors.

When trigatron is triggered, the switching gap at the lowest generator stage is trigged
causing the overvoltage appear on the second stage. From there the overvoltage trips the
second switching gap and consecutively travels to the top of the generator as a travelling
wave. [2]

2.3 Measurement of high impulse voltages

The measurement system of high voltages consists normally of large elements. This re-
sults in special compromises regarding measurement quantities such as time and voltage
values. Measurement system is connected to the device under test so it will affect to the
measured waveforms. Also the connectors and other elements are open structures so
there are significant stray elements affecting the measurements.

The measuring device can be a sphere gap if the only interesting value is the peak volt-
age. Measuring the peak voltage by this method also needs artificial irradiation for exam-
ple an UV light to reduce the scatter of the breakdown delay in case of low LI voltages
[3]. Nowadays the sphere gaps are used mostly in routine checks and linearity tests.
Voltage dividers are used when the whole waveform and its parameters are needed. Volt-
age divider setup consists of a converting device —a voltage divider— and a measuring
instrument —such as an oscilloscope— and a transmission system that is usually a coaxial
cable. [2]

The system shown in figure 2.5 consists of an impulse generator, a device under test,
a damping resistor, connector leads and cables, a voltage divider and measurement de-
vice. The measurement devices such as an oscilloscope has their own standards and the
other parts of the measurement system —in the case of impulse voltages— has IEC-60060
standard.
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Figure 2.5. Complete LI testing system. [2]

Measurement system has a so called scale factor that indicates the attenuation amount of
the converting device. The measured high voltage is attenuated by the converting device
such as a voltage divider to be more suitable for the oscilloscope. The real voltage on
the test object’s terminals can be calculated from the recorded, attenuated, waveform by
multiplicating it with the scale factor. The system also has dynamic characteristics that
should be designed according to the timescale needed for the measurements. [1]

2.3.1 Voltage dividers

LI voltages are mainly measured with a voltage divider and an oscilloscope or a digitizer.
A voltage divider is a series connection of two different valued impedances. The dividers
can be resistive, capacitive, damped capacitive or a combination of these. Different types
of dividers have different applications. [1]

An ideal divider should be designed in such a way that both the low voltage and high
voltage arms have same time constants. This means that

R L C

—===2 (2.2)

RQ L2 Cg
where R, C' and L are the parameters of the divider shown in figure 2.6. When equation
2.2 is met, the RC and LC time constants are equal and when feeding an ideal square
wave to the input, an ideal square wave is produced at the output but scaled to a lower

voltage. [8]
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Figure 2.6. Equivalent circuit of a general divider.

In reality the equation 2.2 conditions are never fully met. There are stray elements be-
tween different points such as stray capacitance from the top of the divider to the low
voltage arm, different temperature dependencies of the elements and other unidealities.
This will affect the transfer function of the divider and for example make the output more
oscillatory or slower than ideally.

There are many different types of voltage dividers. In a case of high voltages, the most
relevant divider types are shown in figure 2.7.
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b | 4
& o I_ " 1
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Figure 2.7. Divider circuits. [9]

The first divider is a resistive divider. Resistive dividers are mostly suitable for DC and im-
pulse voltages [9]. The second, capacitive, divider is best suitable for AC measurements
and is unsuitable for DC measurements since DC current cant flow through a capacitor.
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The third divider in figure 2.7 is a capacitive-resistive divider or so called universal-divider
that has a parallel resistive and parallel capacitive branches to be able to capture as well
DC but also AC voltages. The last divider is called a damped capacitive or a Zaengl di-
vider. It is a capacitive divider with added damping resistor to HVA and LVA. This type
of a divider is mostly used in LI and SI measurements. Whereas resistive divider is only
applicable for for Sl or LI depending on its construction the damped capacitive divider has
capacitance to measure the fast transient in the front of the impulse as well as measuring
the slower decaying tail. The damping resistor is used to reduce the oscillatory behavior
of a fully capacitive divider. [10]

The dividers generally, when the voltage levels increase to several hundred of kilovolts,
have an open structure. This means that especially when considering fast transient phe-
nomena like a lightning impulse, the parasitic elements start to play a big role. The stray
capacitance to ground and other nearby objects and inductances f.ex. in the damping re-
sistors are noticeable at high frequencies. The relevant stray capacitances are shown in
figure 2.8.

C

R 7
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Figure 2.8. Divider stray capacitances. [8]

In the figure 2.8 C'y is the capacitance from some point in the divider to the energized
object, in the picture the connecting lead that is usually a copper strip or an aluminium
or copper pipe. The Cg is the capacitance from divider column to ground. These stray
capacitances affect the division ratio. [11]

The total earth capacitance of the divider column

Cp— 2meph (2.3)

n ()

where r is the radius of the divider column and h is the height of the column. This
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equation is only applicable when divider is placed near the ground surface. To do more
precise calculations, the earth capacitance should be divided along the column so that
the capacitance value is highest in the lowest part of the divider. The earth capacitance
impacts the division ratio as well as dynamic performance for capacitive and damped
capacitive constructions but for purely resistive dividers only the dynamic performance is
impacted. [1]

Resistive divider

Resistive dividers are used in measuring high transient voltages in the us range. Regard-
ing less fast transients such as switching impulse voltages, this type becomes less eligible
due to too high divider loading [6]. Resistive divider's dynamic performance which affects
the uncertainties is mainly affected by stray capacitances from divider column to earth.
The resistive part with the stray capacitance to ground will form an RC low pass filter and
thus making the resistive divider unsuitable for measuring fast transients. If the electric
field is linearized along the column via extra electrodes or the if the high voltage resistor is
wound to match the field, then the resistive divider can be used to capture high transients.
Going into higher voltages, the size of the shielding rings will get bigger which produces
more stresses mechanically and thus limit the voltage range the resistive divider can be
usedin. [2, 8]

The resistance value of the high voltage arm is chosen by the application the divider is
in. The higher the resistance is, the lower loading the divider experiences while having
slower response and vice versa for lower resistance values [8].

There are 2 types of stray capacitances affecting the transfer function of the resistive
divider. The individual resistors in high voltage column have a parallel capacitance and
also the stray capacitances from divider column to earth. [11] The equivalent circuit of a
resistive divider with stray capacitances lumped together is shown in fig. 2.9.
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Figure 2.9. Resistive divider with equivalent parasitic capacitances. [11]

Now the resistive divider is not ideal anymore so the scale factor also has terms with
capacitances. The scale factor

Ry
E _ 1+jWR202 2 4
V - R + Ro 9 ( - )
1 I+jwRiC: | 1+jwR2Ca

where R and C are the resistances and capacitances shown in fig. 2.9. Now the divider
has an RC time constant in the upper and lower part that should be matched similarly to
equation 2.2. This can be done by setting up a capacitor in the low voltage with

CQ — —Cl. (25)

The (] is hard to measure so Kreuger [11] suggests that the tuning of the low voltage
arm’s capacitor should be done by measuring a square wave fed to the divider. The idea
is to adjust the capacitor until the measured step response is completely flat. [11]

If the capacitance (5 is chosen so that it is too small, i.e.equation 2.2 isn’t met, the step
response of the divider is similar to figure 2.10.
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Figure 2.10. Resistive divider’s step response when Cy is tuned too low. [9, edited]

If the capacitance is chosen too large, similar phenomena occurs, but in other direction.
Now the initial step has undershoot and an increasing trend towards the unit level. [9]

2.3.2 Damped capacitive divider

Damped capacitive divider is used when resistive divider would lower the LI generator’s
output voltage and duration of the pulse too much and possibly also heat up the divider.
Also resistive dividers need field grading rings that increase in size when increasing volt-
age level. So the resistive divider is suitable for LI and Sl only in the lower voltage levels
since the mechanical stability concerns arise. [11]

The damped capacitive divider acts as a resistive divider for high frequencies and as
a capacitive divider for lower end of the frequency spectrum. The RC time constant is
matched in both the upper and lower parts of the divider.

Damping resistor

Damping resistor is inserted to reduce oscillations in the capacitive divider. The oscilla-
tions are demonstrated in figure 2.11 and they are caused by the inductances and capac-
itances presented in fig. 2.12. The damping resistance is usually divided along the HV
divider column while one part being at the top of the divider column. Also when adding
resistance to the HV side, also the LV side needs resistance added there, according to
equation 2.2.
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Figure 2.11. Oscillatory step response of a capacitive divider. [9, edited]
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Figure 2.12. Equivalent circuit of a capacitive divider including the stray elements. [11]

The inductance of the resistor element is the main concern when it comes to high volt-
age resistors especially those used in measurement applications. Linearity and stability
requirements for the damping resistor can be achieved with proper selection of materials.
Usually multiple layers of wire is used to increase the mass of the resistor especially when
the damping resistor is used with resistive divider and the component heats up more. The
length of the resistor should also be long enough to prevent any flash-overs.

The low inductance is achieved by bifilar winding of the resistance. Bifilarity means that
two pieces, or just one in the case for Wenner-type windings, of wire with the same length,
are wound on to a core with different direction. The idea is that there is equal number of
turns for each wire so the magnetic fields of the two wires cancel each other out. There
are different winding formations like Wenner- and Ayton-Perry—windings and also different
layering options like a one introduced by McNally [12]. A study by Campisi et al. states
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that a Wenner-type bifilar winding arrangement is the most suitable for HV reference
divider, out of the winding arrangements tested. Wenner-winding has a additional core
that is used to change the winding direction and only one strand of a wire is used. [13]
The Wenner-winding idea is demonstrated in figure 2.13.

Figure 2.13. Wenner-winding cross-section. [13]

The damping resistance should be designed so that the oscillations are damped but not
overdamped. The HV resistance should be optimally

R=k (2.6)

Cy
where Lg and Cg are the stray inductance and stray capacitance of the column also
shown in figure 2.12 and k is a parameter varying between 2 and 4 depending on litera-
ture. [3, 9, 11] The optimal resistance might be bit lower since monotonic step response
isn’t wanted but a slightly more oscillatory response that has faster rise time, provided
that those oscillations occur for only during enough short time interval [6].

Ideally, the damping resistor should be divided inside the high voltage arm, between the
capacitors. One large enough part should be left at the top. This is because, when
measuring the step response, the resistance at the top could be moved more near the
step voltage generator to reduce stray-capacitive coupling effect between the generator
and the divider. Also the distribution of the resistance inside the HVA column reduces
the stray capacitance effect from the intermediate parts of the divider to ground. If the
resistance is only placed at the top, ringing will occur caused by the inductance and
capacitance of the circuit.

2.3.3 Capacitive divider

Capacitive dividers are mostly used in measuring of AC and Sl voltages. LI voltages
cannot be measured with purely capacitive divider because of the oscillatory behavior
described in section 2.3.2. The oscillatory behavior is due to the stray inductances and
capacitances as well as the travelling wave reflections. [6]

Other disadvantage of the capacitive divider is the exponential decay of the response.
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This is caused by the RC-constant in the system. However this can be corrected via a
correct selection of a capacitance and a resistance in the divider.

Capacitive divider usually has low capacitance in the HV side so the capacitance of the
measurement cable plays a large role on the characteristics of the whole measurement
system. The main advantage is that the low capacitance of the whole divider draws very
little current and therefore impact on the measured waveform is very small. [14]

2.3.4 Dynamic analysis of voltage dividers

LI voltages have a rise time of approximately 1 us or even less so the voltage divider
should be able to measure those correctly. To be sure the scale factor is stable at even
the highest frequencies, the dynamic responce of the divider should be investigated. This
is done usually by applying a voltage step of some hundred volts to the divider. The
switching action is performed via a mercury-wetted reed relay to gain as steep and ideal
voltage step as possible. [2] Other method would be measuring many impulses while
varying the time parameters [6].

The dynamic behaviour is determined by the elements itself in the divider but also stray
elements the system has like stray capacitances to ground and stray inductance of the
damping resistor. The step voltage test can be used in designing the divider’s parameters
like adding compensation to the LVA to balance unidealities in the HVA that cause a non-
ideal step response. Also the step response test can be used to approximate the dynamic
behaviour of the divider when calculating the uncertainty of the system.

2.3.5 Damped capacitive divider construction

The high voltage arm consists of many stages of capacitors stacked. The capacitors need
to have low inductance. Every stage is housed in insulating housing and oil.

The damping resistance should be divided inside or between the stages of the high volt-
age arm. One part of the divided damping resistor can be left at the top of the divider or
the complete damping resistance can be divided inside the individual stages. The resis-
tor at the top should be wound bifilarly to have a low inductance. The resistors inside the
stages should be of a carbon film type. The key points in selecting the resistors are the
low inductance, low temperature and low voltage dependancy. Usually the resistors are
aged with heat treatment. [11]

The low voltage arm of the divider is connected at the foot of the voltage divider. Carbon
film resistors and film capacitors are suitable as the components since they have low
self inductance and good impulse voltage withstandability. The resistor—capacitor series
connection is usually arranged coaxially in many sections as shown in figure 2.14. This
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helps as now the current travelling through the resistors is divided and the self inductance
is kept low. [6]

Figure 2.14. Low voltage arm design on a printed circuit board with chip components. [6]

The board’s middle part is connected to the high voltage arm. The matching resistor, if
connected to the LVA and not the recording instrument’s end, is placed in the middle of
the circuit board and the other end is connected to the connector that the measurement
cable is connected. The entire LVA is placed inside plastic or metal housing. [6] In a case
of metal housing that is connected to the ground, the connection to the lowest stage of
the HVA should have some insulation between the HVA and the LVA part’s housing and a
feed through connection.

2.4 Frequency dependency of high voltage capacitors

The high voltage divider consisting of multiple high-voltage capacitors may exhibit some
non-idealities such as insulating material having some resistance in parallel to the capac-
itance and also stray capacitances. Li and Rungis discussed in their paper that a damped
capacitive divider may exhibit some "creeping" characteristics in the step response due
the change of permittivity as a function of frequency in the dielectric material i.e. the high
voltage capacitors having some frequency dependency in the capacitor value. An equiv-
alent circuit model of this phenomena is presented in figure 2.15. [15] This characteristic
usually has a time span of some tens of us and therefore affects the uncertainty of the
LI waveform’s time to half value. This phenomenon has some impact on the front time
parameter but that is much smaller in comparison.
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Figure 2.15. Equivalent circuit model of a frequency dependant high-voltage capacitor.
[15, edited]

In the model, C'; denotes the asymptotic capacitance, AC; the difference between DC-
capacitance and C'; and R; is added for the time constant of the capacitance variations.
Those three elements form a model that produces a capacitor which has a decreasing
capacitance with increasing frequency. [15]

With those parasitic elements, the divider starts to exhibit a phenomena in step response
presented in figure 2.16. It can be seen that the "creeping” follows an exponential curve,
just like a 1%'-order system without time delay. Once the initial step is settled the measured
quantity will start to rise slowly. This rise is upwards and only downwards when there is a
compensation in the low voltage arm that has wrong sizing of component values.
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Figure 2.16. Upward "creeping" of the step response. [15, edited]

The divider of TAU is of a damped capacitive type as Li and Rungis [15] claim that is a
divider type especially experiencing problems with "creeping". It is also stated in the paper
that this can be corrected with measurements and an iterative process. The "creeping"
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can be compensated by putting a similar RC-circuit as in figure 2.15 in parallel to the
low-voltage arm’s capacitor so the impacts of high-voltage and low-voltage sides cancel
each other out. The process becomes iterative because the parameters used to calculate
compensating components’ values are hard to determine accurately due to noise level
and inductances in the circuitry. [15]

The compensating elements’ values are calculated from the step response and divider
values. The "creeping" amplitude

AV AG
V. O+ A

(2.7)

where AV and V' are the final voltage after "creeping" and voltage at the start of the
"creeping". So i.e. the shift in voltage amplitude corresponds to the shift in capacitance
value. The "creeping" follows an exponential curve as shown in figure 2.16 and this should
equal to 1%-order time constant

T =ARACY. (2.8)

To compensate this "creeping”, the low-voltage arm’s capacitor needs to have parallel
RC-circuit with the capacitance ratio being the same as in the high voltage capacitance
ratio which should equal to the amplitude of the "creep" meaning

AV ACT AG

Vo Ci+AC;  Cy+ AC, 2.9)
_ACT AG '
Yo, T 0y

where C and AC, are the low-voltage capacitor’s capacitance and compensating ca-
pacitor’s capacitance. The equation 2.9 uses an assumption that the creeping amplitude
is much less than the step amplitude i.e. the parasitic capacitance of the high-voltage
capacitor in figure 2.15 is much smaller than the actual capacitance. There should also
be a time constant in the low-voltage arm equal to the time constant of the high-voltage
part. [15]

Using the previous equations 2.7—2.9 the values can be estimated. The values for ACY,
ACy, AR, and AR, are

A
AC, = 7V01 (2.10)
AV
AC, =510, 2.11)
T
AR, = 212
Ry AC, (2.12)
AR, = — (2.13)

ACy
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From equation 2.10 the most interesting values are the values for AC5 and AR, which
is the compensating part added to the measuring system. The high-voltage equivalent
values that are used to model the creeping are more interesting in a sense of simulating
and understanding the phenomena but also if the initial correction is not fully compensat-
ing the "creeping" then to understand which direction to alter those compensating values.
The final product should have ideally no creeping —i.e. a flat response— but this however
cannot be fully met since the component values cannot be freely decided as there are
only certain fixed component values available and the available physical space is limited
so the parallel and series connection of the components to get a specific value is not an
applicable option. Thus the compromise is not completely flat response or a bigger low-
voltage arm in dimensions but latter might be not worth pursuing if there are other parts
in the measuring system causing bigger errors than the partially corrected "creeping".

2.5 Uncertainty and traceability

The measurand is the value being measured. The measurand should have a well defined
physical quantity that has a unique value. The resulting value obtained is only an estimate
of the true value.

In history, the more known is the error analysis concept. Error means the difference of
readings from the system under examination and the reference system. The system can
be made better by compensating the single error contributions. When all the known error
contributions are compensated the measured value still fluctuates if several measure-
ments are taken.

Uncertainty is an estimate of a range within the true error of measurement lies, since the
true error can’t be ever exactly known. Therefore uncertainty does not have a positive or
a negative sign. [16]

Measurement accuracy is important to know. While designing network components and
doing withstand testing the component should be chosen to withstand specific voltages
but if the measured voltage has large uncertainties the real voltage could be much more
and the component should be chosen to keep that in mind. This results in increasing
costs. Also it should be kept in mind that the accuracy — like performance checks of the
measurement device regularly — also is expensive. [1]

Traceability of the measurement means an unbroken chain of measurements. This means
that all the measured values can be traced back to the international Sl-references. The
measurement chain may consist of international comparisons of reference systems to na-
tional metering institute’s measurements system to a testing lab’s measurement system.
This chain ensures that measurements performed in different countries and labs with dif-
ferent equipment and at different times and measurement conditions can be comparable
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against each other. [1]

2.5.1 Errors and uncertainties

Let’'s assume that a measurand has a constant value of X, in respect to time. Now the
measurement of that value is affected by error sources as illustrated in figure 2.17. Errors
may be caused for example by ambient temperature variations.

y /;\ (s )
X Measurement B X=X o+ 61+ 6ot S+ Su + Or
true system frue . S -

Figure 2.17. Error sources [16].

h 4

Now 2 consecutive measurements are taken from the measurand. The measured values

X1 = Xigrue) + (01)1 + (02); + (03); + (04); + (05), (2.14)
Xy = X(tme) + (01)2 + (‘72)2 + (03)2 + (04)2 + (05)2a (2.15)

where X; and X are the measured values and o values are the errors. One notable thing
is that X; # X,. This is because some of the error sources vary during measurements
and some remain constant. Now, designating the symbol 3 to be the error contribution
that doesn'’t vary between the measurements and the € to be the errors that do vary. The
equation 2.14 reduces to

Xl = X(true) + B + (6)1 (216)
Xl - X(true) + ﬁ + (6)27 (217)

where § = 01 + 0o and € = 03 + 04 + 05.

In figure 2.18 is an example on how the errors add up to the real value. In (a) the illustra-
tion shows how the time-variant and time-invariant errors add up to the value obtained by
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the measurement system. [16]
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Figure 2.18. Error effects [16].

Figure 2.18a shows a single measurement. The 3 contains all the time-invariant errors
and ¢ is the error that varies during every measurement. Figure 2.18b shows added
second measurement after the first one. It can be seen that the 3 acts as an "offset" to the
measurements. The total error oz varies because the ¢ is different for each measurement.

If enough measurements are performed, the ¢ values behave similarly to the histogram
in fig. 2.18c. The mean value can be calculated and when moving away from the mean
the number of measured values decrease. The standard deviation can also be calculated
which represents the scatter of the measured values from the mean. If the measurements
are continued infinite number of times the distribution of the measured values would look
similar to 2.18d. [16]

2.5.2 Calibration

The scale factor of a LI measurement system is determined via intercomparison with a
reference system. Both systems are fed with the same voltage and the output voltage is
recorded. The scale factor of the system under test is

F
Fy = NV (2.18)
Vx

where F)y is the scale factor of the reference divider and Vy and Vx are the voltages
measured by the 2 different systems. [2]
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The voltage dividers are preferably set as in figure 2.19. The dividers are set symmetri-
cally and with the same distance to the generator and walls. The high voltage lead should
be similar and of similar length preferably. This however cannot always be achieved due
to the limitations of the laboratory space. [6]

Measuring system X

R
e
MX—J =i i

L |
VT A A i i i A i

View from above:

Figure 2.19. Calibration setup with a reference divider [6].

Usually the reference divider is smaller and cannot handle as high voltages as the divider
under test. The standard [17] states that the comparison can be made using smaller volt-
ages. Then an additional linearity test is needed to verify the scale factor and uncertainty
at higher voltages than the voltages that reference system can handle. [1, 2] The latest
IEC standard of 60060:2 states that the calibration range shall be 20 % or greater of the
equipment’s measurement range [17].

2.5.3 Uncertainty of a lightning impulse over voltage

The uncertainty means a parameter that shows the dispersion of measured values from
the true value. The uncertainty depends on:

+ quality of the measurement system under calibration
+ the uncertainties of the reference system

« testing procedures used in the lab

the effect of the environment (f.ex. temperature and near-by objects)
* measurement software

* measurement site (f.ex. earthing conditions)
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« drift of the system
* measurement conditions (f.ex. relative humidity)

* measurement personnel (f.ex. reading errors). [1]

The calibration process will consist of multiple measurements. Multiple impulses on mul-
tiple different voltage levels are performed when the 2 systems are connected. The scale
factor

1 n
&zﬁzﬁ% (2.19)
=1

is the mean value of n number of impulses. The symbol g denotes the voltage level used.

2]

If a Gaussian distribution is assumed, the relative standard deviation

n

1] 1 ,
- — ., —F)% 2.20
Sg F, n_liz_;( 9 ) (2.20)

The standard deviation from the mean can then be calculated by dividing relative standard
deviation with square root of n and this is also called the Type A uncertainty of that voltage
level. Then the scale factor is derived from the mean values of different voltage levels
used to record the impulses. The scale factor of system under calibration is

h
F=2>F, (2.21)
g=1

SRS

and the Type A uncertainty is the maximum uncertainty from the voltage levels selected.
(2]

The nonlinearity of the determined scale factor is

1 n |F

which means that the nonlinearity is regarded as a Type B evaluation. Type B uncertainty
evaluation uses rectangular density distribution. It is assumed that all the different effects
are of the Type B beside those that can be statistically determined ie. when there is small
number of measurements in a series of measurements.

Usually the reference divider cannot handle as high voltages as the divider under calibra-
tion. The standard [17] states that the comparison of measurement systems can be then
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performed by using a voltage level that the reference system can handle — needs to be at
least 20 % of cabability of the system under test— and then complete the evaluation by a
linearity test to apply that scale factor and uncertainties to higher voltages. In this case
the scale factor

pol > F, (2.23)

where a > 2 is the voltage levels used in comparison to the reference measurement. The
parameter b > 2 is the number of levels used in linearity test. The levels also need to be
chosen that ¢ + b > 6 is satisfied.

The type A uncertainty

Uy = m%lx Ug. (2.24)
g:

The Type A uncertainty is again the largest of the single standard uncertainties. The
nonlinearity contribution is also similar to equation 2.22 but substituting / with a.

Impact of nonlinearity

When the system under calibration is bigger than the reference system and therefore cali-
bration is performed only at a limited voltage range, the linearity test shows how the scale
factor is valid at higher voltages. The estimation may be done f.ex. by comparing the mea-
sured voltage to the DC charging voltage at the input of the Marx generator circuit. The
linearity test might show a different ratio from the scale factor but that is of no importance
since only the stability of that factor over the whole voltage range is evaluated.

The ratio

Vx
Ry = — 2.25
"= Vo (2.29)

where V¢ p is the output of the comparison device such as a DC input of the Marx gener-
ator or a measuring gap. Now the Type B uncertainty for nonlinearity

b
max
1

1 R,
Uupr = —=
V3 o=

Rmean

- 1‘ . (2.26)

The figure 2.20 shows how the linearity test is performed. The a and b parameters are
chosen to be 2 and 4 respectively.
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Figure 2.20. Linearity test range [2].

The voltage level where F5 is recorded cannot be lower than 20 % of the rated voltage of
the divider under test [4]. It can be seen from the figure also that the linearity test has a
different scale factor and ratio readings but the deviation from the mean isn’t significantly
higher. This ensures that uncertainty of the equipment isn’t too large. [2]

2.5.4 Dynamic behaviour

The type B uncertainty due to dynamic effects

F

1 & i
-t 207
F '7 ( )

Upy = —= max

\/g 1=1

where Kk is the number of the scale factor determinations. The scale factor is determined

preferably via measuring the frequency response of the system or by a range of different
shapes of impulses.

For the lightning impulse, the dynamic behaviour can be evaluated with setting the front
time of the pulse to be at the £ 30 % limits and assume rectangular distribution. For a
divider that is used in measuring AC voltages the divider is fed sinusoidal low voltage and
the scale factor is measured while varying the frequency. [17]

2.5.5 Short-term stability

The uncertainty contribution due to the short-term stability is mainly due to heating of the
converting device. This is due to resistive parts heating in the high voltage divider during
testing. The scale factor is determined at rated operating voltage at the start of the testing
and again when test time is over. The type B uncertainty regarding short-time stability

1

up = = (2.28)

Fy
F ’
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where I is the is the scale factor at the start of the testing event and F3 is the scale
facter determined when the testing has been taken place. [2]

2.5.6 Long-term stability

The stability of the scale factor is usually evaluated by data provided by two most recent
performance checks or by manufacturer's data. The Type B contribution regarding the
long-term stability

1
Upg — —= IMax

V3

where F| and F5, are the scale factors of two performance checks made at times 7 and

& 1 ’ TUSC

- 2.29
F, o1 (2:29)

Ts. The T, is the projected time of use, which usually is 75 — T7. [2]

If the measurement system is relatively old ie. there are number of performance check
data available then the Gaussian distribution can be assumed. Type A uncertainty contri-
bution for the long term stability

2
Thse Z?:l (FI::; o 1) 530
Ups = T n—1 ) (2.30)

where F; is the scale factor from a performance test number ¢, F}, is the mean scale
factor of those performance checks and T.,.., is the mean time difference between the
performance checks. [17]

2.5.7 Ambient temperature

The scale factor of the measurement system is vulnerable to ambient temperature vari-
ations. To measure the uncertainty regarding ambient temperature, the scale factor is
determined at different temperatures or calculated from the properties of the individual
components in the system. The resulting Type B uncertainty

1
UB5:ﬁ

where F'is the scale factor at calibration temperature and F7 is the scale at the con-

- (2.31)

Fr ‘

sidered temperature. The temperature correction factor should be used if the ambient
temperature changes over 1 %. [17]
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2.5.8 Proximity

The measurement system’s scale factor changes due to proximity of earthed or ener-
gized structures. This might be via stray capacitances from divider to HV test laboratory’s
earthed wall and/or the Marx generator. The type B uncertainty

1

Upr = ——
B6 \/g

where F,,.. and F,,;, are the minimum and maximum distances to the nearby structures.

Fmam
Fmin

1, (2.32)

[2] The upg might have a set of values for a set of distance ranges [17].

2.5.9 Software

The software effects on the captured waveform such as quantization error can be evalu-
ated by feeding the program artificial test data. The software contribution to uncertainty
is discussed in IEC 61083-2 standard.

The uncertainty

1 »
ax T, (2.33)

Upr = —=
BT = R

The T,; are the tolerance ranges for the artificial test data. The software effect only
depends on that single value and is estimated similarly than the other contributions, by
the type B estimation method. [6]

2.5.10 Combined uncertainty

The standard uncertainties evaluated by type A and type B methods can be combined
and combined standard uncertainty

(2.34)

where N is the amount of standard uncertainties u(x;) and ¢; is the sensitivity coefficient,
calculated.

The equation 2.34 applies only when the individual uncertainties have no correlation. if
two or more uncertainties have correlation, extra steps need to be taken f.ex. estimating
the correlation factor. [18]
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2.5.11 Expanded uncertainty

In industrial measurement systems, the coverage probability needs to be 95 %. The
expanded uncertainty

U = ku, = (2.35)

which reguires a value for coverage factor k. The coverage factor is typically 2.1 if the
individual uncertainty contributions have good estimates. [6, 18]

If an approved measurement system is used in calibrating setup, the expanded uncer-
tainty

N
U=2,|u,+> u}, (2.36)
=0

where k value of 2 is used to gain approximately 95 % coverage probability and u.,; is the
uncertainty of the approved measurement system. The parameters up; are the standard
uncertainties of the type B contributions f.ex. linearity effect. [17]

2.6 Travelling waves

In case of transient phenomena — i.e. oscillatory behaviour during a short time span — a
circuit analysis should be altered to match the phenomena. This is done via a distributed
parameter network shown in figure 2.21. [10]

i rdx e T
I i 1 f I — i j
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u gdx Sede  ut o dx
x x+dx

Figure 2.21. A transmission line with distributed elements. [10].

The impedance parameters in the figure mean impedances per unit length. If a wave
travels to the positive direction on the x-axis, the voltage and current of the travelling
wave along the line
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u(t,x) =e % fi <t — %) + €% fy (t + %) (2.37)
i) =2 (Zt ?) (2.38)
Ly = \/g (2.39)
_r. 9
=g+ (2.40)

where Z,, is the wave impedance off a lossless line, v the velocity of the traveling wave
and f; and f> are dependent on boundary conditions like the initial voltages along the
transmission line. [1]

Now from the previous the most noticeable thing to point out is the fact that wave velocity
v = 1/v/LC is only dependent on the line parameters and not line length. Line length
affects the travel time. If two lines with different paremeters and therefore different wave
impedances Z,, are connected the lines will have different wave velocities. [19] For exam-
ple a underground cable will have lower velocity for travelling waves than in an overhead
line [10].

2.6.1 Reflections

When a traveling wave is crossing a discontinuity region, reflections occur to the receiving
and sending end. If for example a cable changes to overhead line, the wave impedance
increases. This results in incoming current to drop at the receiving end and a charge to
accumulate in the transition region. This charge will increase the voltage at that point and
the voltage will travel backwards. The result is that the traveling wave will hit the discon-
tinuity region and from there the wave splits into two waves: reflected and transmitted
waves shown in figure 2.22. [10]
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Figure 2.22. Reflections in a wave impedance discontinuity region. [1]
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The balance conditions for the reflections are

Uy + Uy = Uz (2.41)

?:1 + ilr = iQ. (242)

The derivation of equations 2.41, 2.42 and figure 2.22 results in

Uy = mul = T, Uy (2.43)
ULy = Uy — U] = %ul =puty = (7y — 1) g (2.44)
iy = Z—Z - ZfTZIZz“ — T4 (2.45)
iy =l — 1 = %Z& = pii1 = (1i — 1) 1. (2.46)

The p and 7 are the reflection and transmission coefficients respectively. [1]

The equations 2.43—-2.46 tell how the traveling wave energy divides between incident and
reflected current and voltage waves:

« If Z; = Z,, then the transmission and reflection coefficients both are zero and
hence no reflection and the whole wave is transmitted.

« If Zy = 0, there is no transmitted energy and the incoming voltage wave is fully
reflected with a negative sign

« If Z5 = oo, there is no transmitted energy and the incoming current wave is fully

reflected which results in voltage doubling in the discontinuity region. [20]

Figure 2.23 shows an example where surge impedance of a transmission line changes to
half of its original value. The coefficients for 7, and p,, are 0,67 and -0,33 respectively.
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b: After the voltage impulse reached the point of discontinuity

Figure 2.23. Traveling wave in a point of discontinuity. [21]

As can be seen from the figure 2.23, the incoming voltage wave is reflected and the
reflected wave is superpositioned on top of the incoming wave. The transmitted wave
is incoming wave minus the reflected wave. [21] This superspositioning principle can be
used for analysing also more complex waves [1].

2.6.2 Series impedance matching of a cable

As discussed in chapter 2.6.1, the reflections wont occur if Z, = Z;. Considering the
voltage divider and its coaxial or triaxial measurement cable with a wave impedance of
50 () to the control room with measurement device such as a oscilloscope with 1 M2
resistance. Since the difference is so high the measurement device can be assumed to
have infinite resistance. From that assumption the figure 2.24 is formed.
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Figure 2.24. Series terminated transmission line. [22]

As the switch in the circuit operates the voltage that propagates along the coaxial cable
v

2
end of the cable is considered as an open circuit, the whole wave is reflected back. The
reflected wave is superpositioned on top of the incoming wave and when the reflection
reaches the source terminal, the voltage is V' along the whole system. When the whole
system has reached this state there is no missmatch of charges so there wont be any

additional reflections and the whole wave phenomena stops. [22]

is + because of the terminating resistor and the resistance of the line in series. As the

Therefore it is beneficial to introduce a series terminating resistor to terminate the reflec-
tions in the long measurement cable of a LI measurement system. A full terminated mixed
divider is shown in figure 2.25.

R1 Rc zc
C, C,
Rz R3

@,
Figure 2.25. Fully terminated mixed divider. [8]

The R¢ should be equal to Z- as discussed earlier. This will terminate most of the
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unwanted ringing. Usually the mixed divider is only terminated with R. In that case
Rc = Zc — R,. When a fast transient is reflected and travels to the low voltage arm it is
absorbed by the series connection of R~ and R». [8, 11]

It needs to be noted that this version does not eliminate all of the reflections. This is
because Rc # Z so the input voltage doesn’t divide equally among those parts. For
better results a part of the terminating resistor should be placed in the measurement
end as shown in figure 2.25. There are several methods to determine the sizing of the
components discussed by Yu et al. [23]. Problems arise when the measurement cable is
so long that the C5 > C'x condition is not met or there are parasitic inductances causing
LC oscillations [23].

One solution to design the matching parameters is that

Rg ~ 8520
o Ze(CriCa) c , (2.47)

where C is the capacitance of the cable [8]. As can be seen from equation 2.47, the
parameter (5 is greatly dependent on the cable’s length i.e C'k’s value.

2.7 The oscilloscope

The first oscilloscopes used in high voltage pulse measurements were cathode ray os-
cilloscopes. In the 70’s a digital oscilloscopes were introduced. [24] Each oscilloscope
possesses different characteristics that makes an oscilloscope more or less suitable for a
different type of measurements, like fast transients.

The step response is a fast transient occuring in a sub 1 ps timeframe. To capture this
the oscilloscope should have a bandwidth high enough to be able to detect the the signal
being measured and all the oscillations superimposed to the signal. If the bandwidth is
too low, all the details in the waveform cannot be correctly recorded such as sharp edges.
The general "rule-of-thumb" is that the scope should have 5 times or higher bandwidth
than the fundamental signal being measured so that the first harmonics in the signal can
be captured.

Other important parameter regarding an oscilloscope is the rise time. Fast rise time is

needed to capture fast transitions and also for accurate time measurements. Rise time is

k
Bandwidth’

the model of the oscilloscope. Rise times are critical when measuring especially square

usually defined as a ratio of where k-parameter is about 0.3-0.4 depending on
waves. [25] The rise time of the measured pulse in square wave setup with a voltage
divider is in a few nanoseconds due to a mercury-wetted relay having such fast operating
time. So if the oscillations during the rising edge need to be recorded accurately, a rise
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time of few hundred picoseconds need to be achieved by the oscilloscope.

If the oscilloscope is a digital oscilloscope so the signal is run through an attenuator or an
amplifier before digitizing the signal via analog-to-digital converter as can be seen from
fig. 2.26. These attenuators or amplifiers determine the scale seen on the display. These
attenuators also distort the signal uniquely. Also the different input channels might not
behave the same way due to for example component tolerances in the circuitry and stray
impedances.

Amp _)( A/D DeMUX AcquasltlonL_{ ‘ ‘Dlsplay Dls pIay}
memory memory ‘

Figure 2.26. Architecture of a digital oscilloscope. [24]
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3. ANALYZED MEASUREMENT SYSTEMS

TAU’s measurement system consists of a damped capacitive divider, a measurement
cable and a digitizer. The VTT’s digitizer can be used with the same divider and that has
a fiber optic link to the control room so a short measurement cable can be used.

There are three instrument combinations studied. The first system is TAU’s old system
with the old LVA is the complete system made by a manufacturer. The second system is
TAU’s new system which introduces a new measurement cable and LVA. The third system
is TAU’s new system but with VTT’s digitizer that has a built in correction software.

3.1 Lightning impulse measurement system of TAU

The TAU’s 1 MV lightning impulse voltage measurement system consists of a damped
capacitive type of voltage divider made by Haefely. The model is CS 1000-670 which
means that the model is suitable for measuring 1 MV of LI as well as 750 kV of SI.

The column is assembled with 3 pieces of 2 nF capacitors and a 230 €2 damping resis-
tance all connected in series and the complete structure is 3.6 meters tall as shown in
fig 3.1. The divider is standing on a steel support that has insulator support structure
to separate the lowest HV capacitor from ground. The lowest HV capacitor stands on a
large steel plate which might be problematic when considering stray capacitances of the
system.
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Figure 3.1. TAU'’s damped capacitive divider.

The old low voltage arm shown in fig. 3.2 is connected to the column via big plate-like
structure to the HV capacitor’s bottom terminal by the compressive force provided by the
threaded rods and wing nuts. The capacitors and resistors are of a through-hole type
components connected to belt-like intermediate terminals. The matching resistor for the
75 () cable is inserted in the middle of the LVA. The LVA is connected to coaxial cable that
travels to the digitizer in the control room.

Figure 3.2. TAU's old low voltage arm.
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The digitizer is also from the same manufacturer. The model is DIAS® 733 which has 100
MS/s sample rate and 2 input channels. There’s an automatic evaluation of the waveform
based on the chosen evaluation method such as chopped LI. The evaluation is based on
the latest standard.

The input channel has a maximum voltage of 2 kV. The voltage from the coaxial or triaxial
cable is further attenuated with a 1:200 attenuation ratio to be suitable for the equipment.
The waveform is then digitized with a 10-bit system. [26] The attenuator will have some
unidealities like temperature dependancy that will have an impact on uncertainty also
besides the software contributions caused by f.ex. digitizing.

3.1.1 New lightning impulse measurement system of TAU

The first design of a new low voltage arm is shown in figure 3.3. The design features
a printed circuit board with the low voltage resistance and capacitance divided to it to
achieve coaxial layout. The matching resistor is connected to the circuit board through
the middle of the board and the other end is connected to a triaxial cable connector. The
triaxial cable is used to shield the innermost conductor from interferences. A measure
has also been taken to protect the circuit from overvoltages by a protection component in
the backside of the circuit board.

Figure 3.3. First version of the new LVA.

The low voltage arm components are separated from the high voltage capacitor be with
a plastic housing structure, the high voltage part is connected to the low voltage part’s
circuit's HV side via a banana connector. The connection to the triaxial signal cable is
shown in figure 3.4.
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Figure 3.4. First version of the new LVA, fully assembled.

The resulting device has a few disadvantages. Those are mainly due to stray capaci-
tances from HV to circuit board’s ground electrode and a bit large inductive loop.

3.2 VTT’s Digitizer

Reference system —VTT’s HUT-400 divider— has a short coaxial cable and National In-
struments PXle-5164 digitizer with optical fiber connection to control room. The digitizer
is shown in figure 3.5.

Il & j i
(S

mesme (¢ 0,2 O (@] ||
T

Figure 3.5. NI PXle-5164. [27]

The sample frequency used for measurements is 200 MS/s and A/D resolution is 14 bits.
Step response is corrected with a software. Figure 3.6 shows the step response of the NI
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Figure 3.6. Digitizer's step response before and after correction by convolution pro-
gramm. [28]

digitizer before and after the correction.

As can be seen, while using the 2.5 Volt measurement range, the step response of the
digitizer is unideal but after the correction by software as discussed in chapter 2.7 the
result is quite ideal. The first transient causes some overshoot and undershoot but that
can be neglected since it lasts only the first 0.3 ps.

The digitizer is equipped with a short measurement cable to minimize the long cable
phenomena. Therefore the digitizer needs to be set near the divider. Shorter cable will
squeeze the travelling wave phenomena to the start of the step transient i.e. to the fre-
quencies so high that it won’t cause big distortions in the LI point of view. To overcome
the interference effects due to nearby objects like the divider, the digitizer is also shielded
using a grounded metal box.

The cable is connected to the digitizer via a 101:1 attenuator. The attenuator has a 1
MS) input resistance and can withstand 2 kV of voltage. Usually the simple resistive
attenuators are inaccurate at high frequencies due to stray capacitances parallel to the
resistors. This can alter the attenuator ratio when entering high frequencies. To solve this
a 20 pF of compensation capacitance is added parallel to the resistance. [29]

The step response for the attenuator is shown in figure 3.7. The ringing in the attenuator’s
step response will get damped after 300 ns so it is suitable for measuring fast transients.
The creeping of the attenuator is much less than 0.1 %.
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Figure 3.7. Attenuator’s step response.

3.3 Oscilloscope correction

The oscilloscope’s step response was measured with a mercury-wetted relay directly at
the input channel and a lab power supply. The relay connected the power supply to
ground. With averaging 100 identical steps —to reduce noise in the signal— a following
result was obtained that in fig. 3.8.
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Figure 3.8. Oscilloscope’s response to a step signal. Channel 1, 50 mV/div.
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As can be seen from figure 3.8, the oscilloscope itself causes some drifting or "creeping”
also. The different scales have unique responses due to different attenuators, so all
the scales should be measured. The response recorded should be corrected with the
knowledge of the oscilloscope’s drift to minimize the effect of the oscilloscope.

This can be done via VTT’s step correction program that uses a deconvolution approach
to correct nonideal impulse. Although the program is intended for impulses, a square
wave can be also corrected with it. Figure 3.9 shows how the program works.

| Stored to :
I software :
I
: Step response :
Waveform | of an
U,(t) : instrument :
! S e— :
FFT of Uy(t) * Deconvolution FFT of G(f)
Uo(jw) = FIUs(1)] |  |Uliw) = Uo(jw) / G(jw)| | G(jw) = FIG(t)]

<

IFFT of Ui(jw) Corrected
Waveform
Ui(t) = F[U(jw)] Ui(t)

Figure 3.9. VTT’s deconvolution program. [30, edited]

At the start the program chooses the channel and range from a set of ideal step responses
recorded with those channel and range settings. The waveform that is needed to be
corrected is then given to the program. The sample rates should be equal, otherwise
the deconvolution won’t work properly. Both waveforms are then transferred from time-
to frequency domain with a Fourier transform. Now each frequency of the input signal is
divided with the ideal —or almost ideal- and same frequency component of the recorded
step response of the instrument. The result then is needed to convert back to time domain
with inverse Fourier transformation. [30] The result should now have the step response
of the divider only and and not the response of divider and the oscilloscope anymore.
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4. IMPROVEMENT OF THE MEASUREMENT SYSTEM OF
TAMPERE UNIVERSITY

The new low voltage arm has been built for the measurement system. The measurement
cable has been switched from coaxial cable to triaxial. The new system uses the same
digitizer and high voltage arm as the existing old system.

The new system needs tuning of the parameters inside the low voltage arm. Mainly to
match the resistive and capacitive scale factors by changing the low voltage resistance.
The compensation circuit is added to the new low voltage arm’s PCB in order to improve
divider’s ability to measure 75 correctly. Also the new system has a faster response so
the oscillatory behavior in the step response needs to be minimized.

4.1 Improvements of the first version of the low voltage arm

The first version of the low voltage arm was designed to achieve a faster step response of
the system as well as to have the option to fit compensation elements. The old, original,
low voltage arm had components of a through hole type connected together coaxially and
the matching resistor was placed to the middle.

The new low voltage arm had a PCB layout. The housing was similarly of a plastic tubular
type. The new LVA design was more compact so the compensation can be fitted inside.

4.1.1 Inductive loop minimization

As can be seen from the figure 3.3, the circuit board’s ground is connected to triaxial con-
nector’s ground via the four supporting beams. This loop —especially during fast transients
like step response’s rising edge— will cause a large disturbance via inductive loop of the
support beam structure. The equivalent circuit can be seen in fig. 4.1 and if the mixed
capacitive divider is experiencing a fast transient the LVA capacitance can be simplified
as a short circuit and the whole divider's LVA is resistive.

If a voltage wave enters the resistive shunt i.e. the resistance of the LVA, the measure-
ment cable experiences this plus the induced voltage that depends on the inductive loop



45

resistive shunt inductive loop measuring cable
it
d! S )
H-lines S I
i b
D e——t

!
d v
.. e—

Figure 4.1. Equivalent circuit. [2]

parameters. The measured wave

U (1) = vg (t) + vy, (1)

diy, (1) (4.1)
i (1) g
where v,,,, vz and vy, are the measured, resistive and inductive voltages of the circuit and
R,, and L,, are the resistance and inductance of the circuit. To minimize the induced
voltage that superimposes onto the resistive voltage, the loop has to be minimized since
that loop size affects the L,, value.

Figure 4.2 shows how the loop size was minimized. Copper slips were inserted to make
the loop smaller. Before the loop size alteration, the current path was through the steel
beams that support the circuit board. Now the current path changes completely to through
the copper slips because also plastic bolts and washers are used to insulate the support
beams from the circuit board’s ground.
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Figure 4.2. New LVA with loop size minimized.

The results for loop minimization is presented in figure 4.3.

Loop size in the LVA reduced with copper strips
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Figure 4.3. Step response with loop size minimized.

As can be seen the figure, the oscillations still remain. Some of the oscillations are
more damped around the 600 ns. This loop reduction technique only helps so little that
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the change is almost unnoticeable. This result excludes the scenario that the unideal
behavior is due to the relatively large inductive loop formed by the support beams.

4.1.2 Different grounding improvements

The divider is normally set in the middle of the lab. The nearest ground mesh connection
is approximately 1 meter away from the normal divider location.

The connection from low voltage arm is made via a copper braid to the supporting struc-
ture which has a wide copper strip to the grounding point in the lab’s floor. The grounding
point is in practice a copper pole going through the concrete floor surface layer and brazed
to the continuous copper plate laboratory grounding inside the floor. This point from cop-
per strip to the pole like structure serves as a wave impedance discontinuity point and
may thus lead to unwanted reflections.

The different grounding point used was the same as the impulse generators grounding
point. The grounding copper was extended to another grounding point at the laboratory’s
ground mesh. The new grounding point could have better conditions in terms of wave
impedance and lower impedance connection contact to ground.

A star-type grounding mesh was built on top of the floor using approximately 10 cm wide
copper foils. The new grounding system was connected to the laboratory ground from
another point with possibly better impedance conditions.

Other issue with earthing is the measuring cable grounded at the control room. The
control room connection to the lab’s ground mesh might not be ideal. To achieve better
grounding a braided copper mesh was pressed against the connector ground and other
end was connected to the laboratory’s grounding point.

Both of the grounding studies resulted in no improvement.

4.1.3 Capacitive coupling effects

The measured step response of the divider shows a significant peak. This is shown only
with the new LVA, but that may be due to different capacitors in the low voltage arm. The
stray capacitive coupling to the bottom of the HVA connects from the HV copper lead
since the bottom support for the HV capacitors is large in area.

To shield against capacitive coupling, an earthed structure is placed above the lowest
terminal of the HVA. The metal sheets used are separated from the terminal by wood
acting as an insulating material. The sheets are grounded with a short, 5 cm wide, copper
foil. The setup is shown in figure 4.4. The figure shows only the other half of the whole
shielding plate setup. The setup without shielding can be seen from the fig. 3.1.
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Figure 4.4. Two steel plates to shield from capacitive coupling.

In circuit simulations, with SPICE compatible program called Micro-Cap 12, the capacitive
coupling can be seen as a capacitor connected from voltage source to the terminal which
connects to measurement cable as seen in fig. 4.5. The output voltage over R7 resistor
is plotted in figure 4.6 with a simulation step size of 2.5 ns.
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Figure 4.5. Circuit of the capacitive coupling situation.
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Figure 4.6. Simulation case of the capacitive coupling.

If the stray capacitance is 50 pF the step response will have over 50 % of overshoot. The
small notch near the 400 ns mark is due to LVA resistor adding up to the cable terminating
resistor i.e. 50 # 5082 + 0.2€2. This notch is relatively small though. That phenomena
occurs after two times the travel time of the cable.

The results from step response tests are shown in figure 4.7. The initial peak isn’t reduced
but some of the ringing is damped more near the 0.5 ps mark. The results are otherwise
very similar to each other.
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Figure 4.7. New LVA with shielding against capacitive coupling.

According to the simulations, the initial peak is due to the capacitive coupling from the
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high voltage lead directly to the top of the LVA. However, the shielding doesn’t improve
the step response notably. This suggests that the initial peak isn’t caused by this stray
capacitive coupling.

4.2 Second improved low voltage arm design

The previously described LVA design had some unideal properties. The connection termi-
nal that connects to the HVA is quite large and has some stray capacitance to the circuit
board’s ground. Other notable thing is the current loop size.

To minimize the loop size and loop’s inductance as well as to improve the protection
against stray capacitive coupling, a new LVA is constructed. The design is shown in the
figure 4.8. A metal block is milled to fit the connector and PCB. The ground connected
solid metal housing needs to be separated from the HV capacitor. This is done via an
insulating plate that has copper on the other side and a feed through hole connection.
This plate prevents capacitive coupling over the RC circuit of the LVA.

Figure 4.8. Second version of the new low voltage arm.

The measured step waveforms for the first and second housing of the new LVA are shown
in fig. 4.9.
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Figure 4.9. Step responses of the both new LVA versions.

The low voltage arm versions seem to behave similarly regarding the front time. The most
noticeable difference is the initial peak. The peak on the start is a bit higher in the newer
version. This might be the caused by the averaging of 50 pulses, if the trigger level is set
in a place, where oscillations occur, the peak is reduced a bit. Both LVAs have similar
peak at the start and then a significant drop to 75 % of the unit level and then rise back to
the unit level.

4.2.1 Compensation branch in the low voltage arm

The divider of TAU is of damped capacitive type. Especially this type has been reported
to be more likely to be influenced by creeping phenomenon [15]. The old measurement
system showed significant creeping that resulted in relatively large error for the time pa-
rameters. The creeping phenomena was simulated and later also compensated in the
new low voltage arm.

In the figure 4.10 there’s a simulation example and it’s corresponding circuit in figure 4.11
using approximately the values of TUNI’'s divider. Step voltage generator has a fast 0 to
300 Volt square wave inserted. The measured creeping can be seen to be about 3 % with
7 being 20 microseconds.



52

400.00
—
2 |
IS
B |
(0]
o \
+— N\
== AN
kS \
N\
AN
\,
] A\
R ———
10000 4 5om 0.40m 0.80m 1.20m 1.60m
) Vi) Time / ms
266.32
B B e e e B == == — E=—=
> P i
E| - \
g /"
N g L B R
2 ﬁ |
< \
\
|
|
229'47ml).19m 0.40m 0.80m 1.20m 1.41m
s R Time / ms
Figure 4.10. Simulation of "creeping".
550 550
RS R4
——f———
R2 ZamEs
T3 T CE
ca
660p 20p 660p
L
v(4) w(g)
0.2 0.2
R6 R7
TJCa TCS
800n 800N

Figure 4.11. Simulation circuit used to demonstrate

"creeping".
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To simulate the creeping characteristics of the voltage divider the step response must be
obtained. The step response of the divider before the added creeping compensation is
shown in figure 4.12.

1.01 .
1.005 1
[0
Rt
=]
S
(]
5 0.995 -
(0]
N
@
E 099t
[e]
c
0.985 -
0.98 - i
0 2 4 6 8 10
time /s %107

Figure 4.12. Measured step response, zoomed to show a part of the creeping phe-
nomenon.

The creeping amplitude is 1 % and 7 is 23 pys. These values might differ a bit from the
reality since the step response has a lot of disturbance caused by the stray elements in
the measurement equipment. Now all the values needed to calculate the compensation
are known and presented in table 4.1.

Table 4.1. The values used for calculating the compensation values.

Element Value

Cy 792 nF
T 23 us
v 1%

Now using these values from table 4.1 and equation 2.10 the compensating branch in the
low voltage arm should have capacitance of 7.9 nF and resistance of 2.9 k(). Because
there are 4 branches in the low voltage arm it is beneficial to divide the compensation to
each of the 4 branches i.e. dividing and multiplying the values by 4, respectively. Now
the low voltage arm should have 4 similar compensation branches with values of 11.6 kS
1,98 nF in one branch. The chosen, nearest available, values were 10 k(2 and 1.8 nF.
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The chosen components were of a through-hole-type and placed on top of the circuit
board as shown in figure 4.14. The improvement of the compensation is shown in figure
4.13.
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Figure 4.13. Measured step response, zoomed to show how the creeping compensation
improves the situation.

The change is considerable when adding the compensation to the low voltage arm. Now
there’s smaller error in T, —the 50 ps mark— as can be observed from the step response.
The step response still has some creeping but that is low compared to disturbances in
the start of the response. The oscilloscope also may exhibit some non-ideal phenomena
that is reflected to the measured waveform.
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Figure 4.14. PCB layout with compensation.

Now that the compensation in the low voltage arm was done by measuring the creep of
a signal that had been compromised with the creep of the measurement device as well
as the actual creeping caused by the high voltage capacitors discussed in section 2.4 the
compensation should be redesigned. Figure 4.20 shows how the compensation affected
the system with and without step correction.
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Figure 4.15. The step correction program’s results.

After the first iteration of the component sizing according to fig. 4.13 waveform that had
about 1 % of creeping amplitude was successfully compensated if the oscilloscope would
act ideally. The oscilloscope in question is far from ideal as can be seen from figure
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3.8. The response that appeared almost flat was in fact over-compensated, since the
oscilloscope also had a bit of creeping. The resulting creeping is about 0.2 % after the first
iteration. One notable thing is that the program seems to low-pass filter the results. This
is because the convolution process is sensitive to noise and therefore needs additional
filtering [30].

The compensation procedure was done again, but with a corrected waveform to measure
the creeping parameters. The waveform is shown in figure 4.21.
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Figure 4.16. Corrected step response and it's creeping characteristics.

The creeping amplitude is now approximately 0.6 % and 7 about 20 us. These values
when inserted to equation 2.10 give compensation parameters of AC5 4.8 nF and AR,
3.3 k). This means that each of the 4 branches in the low voltage arm should have about
1.2 nF of capacitance and 13 k2 of resistance in series.

The creeping amplitude can be easily determined so the capacitance value must be near
optimal. Figure 4.22 shows how capacitance changes affect the compensation results.
The 1.5 nF capacitors seem to be too large and 0.9 nF capacitors too small but still a bit
better. So the optimal capacitor would be something in between these values.
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Figure 4.17. Search of the correct capacitor values.
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The final chosen capacitance value was 1.1 nF. Then the resistance was altered and

results plotted in figure 4.23. The 15 k(2 is the best value and the creeping characteristic

stays inside + 0.5 %. The final results is shown in figure 4.24.
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Figure 4.18. Search of the correct resistance values.



58

1.002

1.001

I
©
©
©

0.998

0.997

0.996

Normalized amplitude

I
©
©
5

0.994

0.993 - old LVA J

second iteration of the compensation
0992 1 1 1 1 1 1 ]

0 2 4 6 8 10 12
Time /s %107

Figure 4.19. Creeping characteristics with the old LVA made by a divider manufacturer
and a new LVA with creeping compensation.

The old low voltage arm has a lot of creeping since it has no compensation although the
low voltage arm and high voltage capacitors are from the the same manufacturer. The
figure shows also a different noise level. This is due to the convolution program [30]. The
dynamic response is now significantly better, i.e. flatter.

4.2.2 Compensation with corrected oscilloscope response

The earlier described compensation was based on the creep measured directly with the
oscilloscope without correcting the possible error of the oscilloscope. As it was later ob-
served that the drift measurement error of the oscilloscope was actually rather notable, it
was decided to re-design the compensation circuit based on the step response corrected
oscilloscope data. Figure 4.20 shows how the compensation affected the system with
and without step correction.
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Figure 4.20. Step correction program showing the real waveform and the waveform that
the oscilloscope captures.

So the first iteration of the component sizing according to fig. 4.13 waveform that had
about 1 % of creeping amplitude was successfully compensated if the oscilloscope would
have ideal performance. The oscilloscope in question is far from ideal as can be seen
from figure 3.8. The response that appeared almost flat was in fact over-compensated,
since the oscilloscope also had a bit of creeping. The resulting creeping is about 0.2 %
after the first iteration. Another notable thing is that the program seems to low-pass filter
the results. This is because the convolution process is sensitive to noise and therefore
needs additional filtering [30].

The compensation procedure was done again, but with a corrected waveform to measure
the creeping parameters. The waveform is shown in figure 4.21.
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Figure 4.21. Corrected step response and it's creeping characteristics.

The creeping amplitude is now approximately 0.6 % and 7 about 20 ps. These values
when inserted to equation 2.10 give compensation parameters of AC5 4.8 nF and AR,
3.3 k). This means that each of the 4 branches in the low voltage arm should have about
1.2 nF of capacitance and 13 k{2 of resistance in series.

The creeping amplitude can be easily determined so the capacitance value must be
nearly optimal. Figure 4.22 shows how the capacitance changes affect the compensation
results. The 1.5 nF capacitors seem to be too large and 0.9 nF capacitors too small but
still a bit better. So the best capacitor would be something in between these values.
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Figure 4.22. Search of the correct capacitor values.

The final chosen capacitance value was 1.1 nF. Then the resistance was altered and
results plotted are in figure 4.23. The 15 k{2 was found to be the best value and the
creeping characteristic stays inside - 0.5 %. The final result is shown in figure 4.24.
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Figure 4.23. Search of the correct resistance values.
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Figure 4.24. Creeping characteristics with the old LVA made by the divider manufacturer
and with the new LVA with creeping compensation.

The old low voltage arm has a lot of creeping since it has no compensation although the
low voltage arm and high voltage capacitors are from the the same manufacturer. The
figure shows also a different noise level. This is due to the convolution program [30]. The
dynamic response is now significantly better, i.e. the step response is flatter.

4.3 Inductance of the damping resistor

The inductance in the high voltage arm might cause some unwanted oscillations when
the inductance forms an LC circuit with stray capacitances to ground. The high voltage
capacitors may have significant inductance in them but that is hard to measure since the
capacitor is mostly capacitive.

The bifilarly wound damping resistor can be measured more easily with an LCR meter.
The results from the inductance measurement are gathered to the table 4.2. The mea-
surement was taken with series measurement mode and additional measurement leads.

Table 4.2. Inductance of the damping resistor measured with an LCR-meter.

Quantity / Frequency | 1 kHz | 10 kHz | 100 kHz | 1 MHz
L (uH) 5.7 6.9 7.3 7.7

The damping resistor has significant inductance and that combined with the inductance
inside the capacitors results in even higher inductance in the HVA. The measured in-
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ductance gets higher as the measurement frequency increases. This might be due to
measurement setup’s unidealities like stray capacitances or extra measurement leads
having stray capacitance and self inductance although the open circuit trim should work
quite well.

To investigate, if the situation regarding the oscillations in the front could be mitigated
by ordering a better damping resistor, a study was performed with through-hole resistors
with low inductivity. The resistors used were of a carbon film type resistors that have
much lower inductance value, even when added in series to gain the same resistance
value than the damping resistor has.

Another concern regarding the damping resistor is that the damping resistor is not dis-
persed along the HV column. Almost all of the damping resistance lies at the top of
the capacitor stack. Ideally, the damping resistor should be divided along the HV column
while one big part of it still remaining at the top. This would reduce the oscillations caused
by the inductance and capacitance of the circuit.

The 230 (2 resistance at the top was replaced by 180 (2 resistance and 2 resistance of
33 (2 inbetween the 3 capacitors as shown in figure 4.25. The capacitors are connected
together via intermediate connection blocks. These blocks allow the insertion of the resis-
tances because the bottom contact to the intermediate connection block is done only via
bolts’ threads and through the bolts themselves. So the bolt can be insulated or changed
to a insulating threaded rod material. This however only works on low voltage step test-
ing so if this method improves the situation, more detailed construction need to be build
to house the even bigger resistors and to provide insulation so no breakdown discharge
occurs.

The intermediate resistances would damp the oscillating LC circuit that is formed by the
HVA inductance and stray capacitance to ground. The figure 4.26 shows how the situation
alters the step response.
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Figure 4.25. Setup for the distribution of the damping resistance.
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Figure 4.26. Effect of damping resistor distributed to 3 parts.

As can be seen, the oscillatory behavior still remains. The situation is slightly better at
around 0.5 ps. The step response also is a bit slower but this is due to the new low
inductive HVA damping resistance being higher. This results in slightly different resistive
and capacitive scale factor which alters the response. This however may be ignored since
the interest is in the oscillatory behavior.
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5. UNCERTAINTY ANALYSIS

Uncertainty analysis needs different input uncertainty components. These are the cali-
brating system’s uncertainty and the uncertainty due to the long term drift of the scale
factor for example. The necessary uncertainty contributions are determined experimen-
tally, and if not possible, approximated. The high voltage arm is the same for all of the
different setups studied so some of the standard uncertainty contributions are the same
for both systems like the proximity effect.

5.1 Temperature effect

When the temperature of the divider changes, so will the insulating materials’ character-
istics as well as dimensions of metal materials for example. This results in a change of
the capacitance values. If the high voltage capacitances change, so will the scale factor
also. The LVA capacitors’ temperature dependency can be read from the data sheet.

The HV capacitors don’t have a data sheet so measurements are taken. The instrument
to measure the capacitance is a LCR meter LCR-8101G by GW-Instek. The measure-
ments are carried out in a climate room that has controllable temperature and humidity
conditions. The setup is shown in figure 5.1.

Figure 5.1. Setup for temperature tests.
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The LCR meter has additional cabling because the HV capacitor units are too long for the
normal LCR meter cables. The additional wire has self inductance and capacitance and
that will interfere with the reading. The solution to overcome this is to use a built-in trim
function that measures the open circuit capacitance and saves it and while doing actual
measurements, the program subtracts that stray capacitance from the actual capacitance
of the device under test. The cabling was tried to be kept in approximately in similar
location during the measurements since a change in position of the additional cable would
impact the measurement system properties which would affect the measured value.

The LCR meter was used with 2 Vac. The series capacitance and resistance were mea-
sured with different frequencies for the AC voltage. The results are expressed in figure
5.2 for the 1 kHz, 2 V¢, measurement mode.
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Figure 5.2. Results for temperature tests.

All the HV capacitors have the same slope, as expected. The offset for the highest capac-
itor is a bit lower so it might be from a different production batch. This isn’t an issue since
the slope is the most important for assessing uncertainties due to temperature effects.

The fit line for the lowest capacitor
C(T) = 2.072 4+ 0.00033917" |nF], (5.1)

where T' is the temperature of the divider. If the temperature increases by 10 degrees
Celsius, the lowest capacitor value will increase by 3.4 pF which is about 1700 ppm.

For example when 19+2 °C is considered as the calibration temperature, meaning that
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the temperature of the lab is 19 °C and the temperature changes as maximum to 21 °C
or as minimum to 17 °C, the uncertainty can be calculated for u g5 by equation 2.32. The
worst case is when the temperature changes to the maximum or minimum. The HVA
capacitors have a positive temperature coefficient but the low voltage arm capacitors’
datasheet only states the coefficient by =30 ppm so the sign is unknown. The negative
coefficient results in larger u g5 so that needs to be used to be on the safe side. For +2
2C of variance in the lab temperature results in u g5 being 0.00021929.

5.2 Proximity effect

The proximity effect to the overall uncertainty needs to be determined for the uncertainty
evaluation. As stated in equation 2.32 the worst cases for the scale factor are used to de-
termine upg. The proximity effect affects the scale factor of the system due to neighboring
grounded or energized objects via stray capacitances. The worst cases are therefore with
highest stray capacitance i.e. when the divider is at the closest to a grounded, or ener-
gized, object like the laboratory’s wall.

Figure 5.3 presents how the distance to neighboring objects is measured and how the
test setup looks like. The aluminium door is grounded with extra grounding to provide
better grounding conditions as well as protect the door control mechanism if a flash-over
occurs. The measured distance is taken from the divider midsection to the nearest point
of the door. The distance to the generator is taken similarly but the end point is in the
middle of the two support beams.
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Figure 5.3. Test setup for measuring the proximity effect.

The divider is stressed with standard front time LI voltage from the generator while altering
the distance. The voltage level is +200 kV and 5 stages of the generator are used. Ten
pulses are performed for each of the distance points and the average taken from those.
The results are expressed in figure 5.4. The zero point is approximately in the middle, in
between the generator and the door, which is roughly the normal position the divider is
located in most of the measurements.
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Figure 5.4. Results for the proximity effect.

The charging voltage of the generator is kept the same and only the position of the divider
is changed, while keeping the connecting lead in approximately similar angle and position.
The final positions are both about 1 m away from the studied neighboring object. The
voltage fed to the divider is the same but the measured voltage decreases when moving
towards the wall. This means that the scale factor increases as well the same amount,
relatively. The figure 5.4 shows also that both of the low voltage parts behave similarly
and the most severe case is the one with a grounded object.

The results are very similar for both of the low voltage arms because of that stray capaci-
tive coupling connects mainly to the high voltage arm, which is the same in both systems.
The scale factors are approximately the same so the effect scales to the recorded wave-
form similarly. The figures 5.5 and 5.6 show the proximity effect for the wall and generator
separately.
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Figure 5.5. Results for the proximity effect (wall only).
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Figure 5.6. Results for the proximity effect (generator only).

The figures have a wide location range studied. It should be noted that the divider will
never be used f.ex. less than one meter from the wall. In practice the divider is used as
far from wall and generator as possible and this of course depends on the measurement
setup used.

The results for upg can be set for different ranges. The latter uncertainties are the worst
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cases, the divider is rarely less than one meter from the grounded wall. To find a uncer-
tainty contribution relevant to the divider position inside the laboratory.

Table 5.1. Uncertainties upgg for different clearances.

Distance from wall and generator (both) wupgs% old  ugs % new
>150 cm 0.1574 0.1683
>200 cm 0.1097 0.1173
>250 cm 0.0620 0.0663
>300 cm 0.0143 0.0153

As can be seen from the table 5.1, the uncertainty contribution gets higher when the
divider is more near to the grounded or energized objects. Both the old and new LVAs
behave similarly with almost no difference. The divider will always be 2 meters or more
away from the wall or LI generator so the resulting standard uncertainty contribution u g
will be 0.11 % for both of the new and old system.

5.3 Non-linearity effect

The reference divider can measure maximum of 400 kV LI. The divider under analysis is
a 1 MV divider so the additional linearity tests should be performed.

The linearity was tested by measuring the LI with the divider and simultaneously measur-
ing the impulse generator’s DC charging voltage with a DC measurement system. The
test voltage waveform was captured with the measurement system under calibration. The
charging voltage of the impulse generator was measured with a 200 kV voltage divider
and a multimeter.

For the old system the calibration certificate M-19E220 shows the linearity test results.
The additional linearity was calculated by measuring two voltage levels, one of which was
out of the range since the measurements were performed for over 5 voltage levels. The
deviation from the mean of the ratio was 0.04 % and the standard deviation 0.05 %. The
estimated uncertainty results in 0.7 % with a confidence level of 95 % (k = 2). The linearity
effect should be the same for the new system because the high voltage arm is the same.

5.4 Dynamic behaviour

Dynamic behaviour uncertainty contribution can be estimated with a measurement of the
divider’s step response with the upper and lower limit of the nominal epoch. This means
that the front time should be varied from the nominal 1.2 ps to £ 30 %. The front time
therefore needs to be set to 0.84 and 1.56 ps also when firing pulses to the divider.
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The appendix A shows the calibrations for the divider. The scale factor of 1157.7 is used
which is calculated by using the components’ values. That is about 3 % off from the scale
factor that is measured.

From the results the dynamic behavior can be obtained. The short and long front results
for the parameters vary a lot from the standard front pulse. The standard uncertainty
related to dynamic behavior for the scale factor is presented in table 5.2. The ugs value
is calculated from appendix A using the equation 2.27. For the old system, the calibration
certificate M19E220 is used.

Table 5.2. Uncertainties u g for the three different systems.

System ups (%) Upeak  up2 (%) T1  ups (%) 13
Old system 0.3168 0.4010 0.7391
New system with DIAS® 733 0.1466 1.435 0.1362
New system with NI 0.2030 1.041 0.1936

The new system has a lot larger dynamic effect on the measured waveform. This is
because it has a lot faster but also more oscillatory response. The most notable is the
uncertainty difference in 7 between the NI and DIAS® 733. This is due to the correction
made to the NI digitizer. The uncertainty of T, is much better in the new system.

5.5 Short-term stability

The short term stability needs measurement of the scale factor before and right after it
has been in use. This can be done by measuring the HVA with an LCR-meter before
firing 10 pulses to the divider with full operating voltage. After the pulses have been fed,
the divider’s capacitance should be measured again and the short-term stability contri-
bution estimated from those measurements. This effect is mainly caused by heating of
the components during testing so the divider's temperature will be a bit higher than the
laboratory’s air temperature at the end of the measurements.

The most demanding part when measuring this effect is the time. The grounding should
be done quickly after the last pulse and measurement done after that. This may be
challenging when considering the safety of the measuring personnel. After the grounding
has been made the measurement setup for the HVA needs to be built. This takes time
and while building the setup the divider may cool down too much. The heating of the
divider is more prominent in resistive dividers. The standard uncertainty component for
short term stability is estimated to be 0.07 %.
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5.6 Long-term stability

For the newer system, the long-term stability of the scale factor can be evaluated from
two consecutive calibrations with a type B uncertainty or by multiple calibration checks
with a type A uncertainty, the latter however needs a lot of data to be a good evaluation
method. The type B uncertainty for the long-term effect for the old system was calculated
from two calibration checks.

The table 5.3 combines the results from the calibration history. The scale factor has been
the same 700.2:1 the whole time so the errors can be combined to the table and using
them, calculating the long term drift of the system.

Table 5.3. Scale factor determinations from different calibration times.

Old system calibration year mean error % of the SF (standard front) SF corrected
2010 -0.44 703.3
2013 -0.22 701.7
2016 0.44 697.2
2019 0.17 699.0
2020 -0.1 700.9

From the results in table 5.3 the long-term stability contribution can be calculated using
the equation 2.29. The results are presented in table 5.4.

Table 5.4. Type B uncertainties up, for the three different systems.

Calibration years compared up4 (%)
2010 - 2013 0.13
2013 - 2016 0.38
2016 — 2019 0.16
2019 — 2020 0.47

The long term results deviate from each other a bit. This might be partly due to the
changes in the reference system over the years. The oldest calibrations that date back to
2010 had different reference system. The HUT-400 divider is the same but the transient
recorder has been changed to a new one and the software of the transient recorder is also
continuously updated. The latest version of the recorder has uncertainties (k=2) stated
to be 0.1, 1 and 0.5 % for U,,, T} and T, respectively. That also explains why the scale
factor drift changes also direction. The up, stays below 0.5 %. The 2019-2020 entry
value is so high because the calibrations are done 3 years apart and the time of use is
set to 3 years which is the normal calibration interval. This means that the latter part of
the formula 2.29 gets larger.
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Since there are many calibrations available the type A uncertainty can also be calculated.
The resulting up4 by using equation 2.30 is 0.41 %. The standard [4] doesn’t specify how
many calibrations are needed to be available for type A uncertainty to be valid to use.

To be on the safe side, the largest up4 needs to be used. The type A evaluation might not
be the most accurate since there are only 5 certificates used to calculate it and the digi-
tizer of the reference system has been changing over the years. The largest uncertainty
contribution is 0.47 %. This can be used for the new divider also since drift of the scale
factor is mainly due to the aging of the high voltage arm components.

5.7 Software

VTT’s digitizer's uncertainty contribution up7 is given in the record of performance for
LIVeval4 software. The uncertainties for front time, tail time and peak value are 0.35, 0.05
and 0.02 % respectively.

The uncertainty contribution for the DIAS 733 digitizer that is a part of the TAU’s system
is expressed in the datasheet made by the manufacturer. The peak voltage uncertainty is
stated to be 1 % and for the time parameters the uncertainty is 2 % which is the expanded
uncertainty. [26] All the uncertainties are collected to the table 5.5.

Table 5.5. Uncertainties u g for different setups.

System up7 for Upeak (o/o) up7 for T1 upt for T2 (°/o)
DIAS 733 05 1 1
VTT’s digitizer 0.02 0.35 0.05

5.8 Type A uncertainty

For the type A uncertainty for the time parameters as well as the peak value are calculated
by the maximum standard deviation of all the voltage levels recorded and dividing the
value by the number of pulses performed for each voltage level. The result is the u,4
standard uncertainty.

For the first calibration, the uncertainties are presented in table 5.6.

Table 5.6. Uncertainties u 4 for different setups.

System upy for Upeak‘, (°/o) upy for T upy for T (°/o)

DIAS 733 0.0168 0.174 0.0288
VTT’s digitizer 0.00962 0.121 0.0133
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The uncertainties are quite similar for the two new systems. The peak value and the
tail time have much lower type A uncertainty than the front time. This is because of
the dynamic behavior in the divider that the step response shows. Also the NI system
has better u4 than DIAS®733. For example the 0.02 % uncertainty of the front time
of the DIAS (new system) is about 0.2 in terms of the scale factor, which is quite small
considering that the scale factor is in the magnitude of 1100:1. When considering the
front time the 0.174 % uncertainty results about 3 ns of uncertainty in a standard 1.2 ps
Ti.

The B type uncertainty contribution upg is calculated from the largest deviation of the
mean of all the voltage levels used. A figure 5.7 shows how the scale factor changes
when voltage level changes.
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Figure 5.7. Linearity of the scale factor over the calibration range of voltages for the new
system with DIAS digitizer.

The change in the scale factor over the calibration range is treated as a type B uncer-
tainty so the largest deviation from the mean is taken and divided with v/3. The results
for upg for the DIAS system is 0.16 % and for the NI system 0.23 %. This is the uncer-
tainty contribution caused by the deviations inside the calibrating system’s range. This
however covers only the calibration range. To extend the uncertainty to cover the whole
system capability, additional linearity test with f.ex. a sphere gap should be performed if
the reference system cannot be used for the whole range of the device under calibration.

When using the reference method to calculate the expanded uncertainty this type A un-
certainty isn’t needed. The uncertainty is calculated from the uncertainty of the reference
system and adding the type B contributions for the system under study f.ex. the tempera-
ture dependency effect.
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5.9 Expanded uncertainty & uncertainty budget

The individual, uncorrelated, uncertainty contributions are summed together by the equa-
tion 2.34 the coverage probability results in approximately 68 % confidence interval if all
the contributions are uncorrelated. To obtain 95 % confidence level, the value is multiplied
with k = 2.

The expanded uncertainty calculation needs also the uncertainty of the reference system.
The used reference system has uncertainties (k = 2) stated to be 0.5 %, 2 % and 1 %
for the peak voltage, front time and time to half value, respectively.

The old system’s uncertainties are assumed to be the same as in the new system with
DIAS digitizer excluding the dynamic component which is calculated from previous cali-
bration certificate to be 0.23, 1.22 and 1.04 % for the peak value, T} and 715, respectively.
The resulting expanded uncertainty is 1.7, 3.1 and 3.1 % of the peak value, T} and 15
respectively for the old system.

The uncertainties of the peak value parameter are presented in table 5.7. The time pa-
rameter uncertainties are gathered to table 5.8.

Table 5.7. Uncertainty evaluation of the peak value for the new system.

DIAS | NI
Ur(%) | Uy(%)
Uy | 025 | 0.25
up | 035 | 0.35
ugy | 045 | 0.20
ups | 0.07 | 0.07
upgs | 047 | 047
ups | 0.02 | 0.02
ugs | 011 | 0.11
ugy | 05 | 0.05

Uk—2 1.7 1.4

All the expanded uncertainties of the three studied systems are gathered in table 5.9.

As can be seen, the new system has better 75 and U, uncertainties. The 7} uncer-
tainty is worse with DIAS and approximately the same with NI when compared to the old
system. This is because of the oscillatory step response the divider has that results in
large deviations when firing pulses with slow and fast front times.

The effect of the compensation can be seen from the improvement of the tail time. The
new system with DIAS has still relatively large uncertainty which is mainly due to the



Table 5.8. Uncertainty evaluation of time parameters for the new system.

DIAS | NI | DIAS | NI

T1(%) | T1(%) | To(%) | To(%)
Upes 1 1 0.5 0.5
ugs | 1.51 | 1.10 | 0.15 | 0.21
upy 1 0.5 1 0.25
Ue—s | 42 | 32 | 23 1.2

Table 5.9. Uncertainties of the three studied systems.

Upeak(%) | Uri1(%) | Ura(%)
Old system 1.7 3.1 3.1
New with DIAS 1.7 4.2 2.3
New with NI 1.4 3.2 1.2

digitizer and not the compensation itself. Also one reason the 75 has still about one
percent of uncertainty is due to the frequency dependency not following exactly first order
response.
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6. CONCLUSIONS AND FUTURE WORK

This thesis concentrated on studying lightning impulse measurements. The objective was
to improve the existing system by designing and implementing a new low voltage arm and
a measurement cable and later to do uncertainty analysis and calibration for the system.
The old system showed significant creeping characteristics in its step response and it was
substantially slow.

The new system introduced a new measurement cable as well as a new low voltage arm.
The new low voltage arm was designed to fit additional circuitry to compensate for the
frequency dependency caused by the high voltage arm. The step response showed about
1 % of creeping which resulted in relatively large error in T, parameter. The creeping
phenomenon, caused by the high voltage arm, followed closely a 1%t order response. The
compensation was added to the new low voltage arm to match the amplitude and time
constant by adding a RC circuits parallel to the low voltage capacitors. The resulting step
response was improved and the creeping was kept under 4+ 0.1 %.

Smaller dimensions and printed circuit board elements replaced the old through hole type
components to achieve less inductive low voltage arm. The resulting low voltage arm
was significantly faster. This resulted in more oscillatory behavior, which was problematic
in regards to the front time evaluation. The oscillation causes were investigated but no
solution to damp the oscillations was found.

The main problem with the new system and its voltage divider is the high voltage arm. The
damping resistance is not divided along the divider column as it ideally should be but is
only placed on top of the high voltage capacitors. This together with the unidealities of the
capacitors and decreased inductance of the low voltage arm results in high oscillations
when the divider is fed with fast transients. The oscillations on the front result in high
uncertainties for the front time.

The expanded uncertainties of both the original measuring system and the new system
fulfill the requirements of reference measuring system (1 % and 5 % for the peak and time
parameters, respectively [4]). However, although the uncertainty of T2 was improved with
the new LV arm, the high frequency oscillations resulted in increased uncertainty of T1
parameter since the shape of the pulse has a large effect on the measurements.

The current damped capacitive divider of Tampere University was found to be in fact a
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capacitive divider with added damping resistor at the top. The old system was designed
so that it was slower and would thus "hide" the unideal behavior caused by the high
voltage arm. When adding a new, faster, low voltage arm, the unidealities start to affect
the measurements. The old system is functional as a laboratory’s measurement system.
The improved system can’t be used as a reference system because of its high voltage
arm.

The system could be further improved by ordering a new high voltage arm with more
ideally behaving capacitors as well as more distributed damping resistor. The availability
and investment aspects regarding this is rather troublesome so it will not be covered in
this thesis.
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APPENDIX A: CALIBRATIONS, DEC. -21

Calibration results for CS1000kV & DiAS 733
Test voltage Uy Front time Ty Time to half-value T;
Nominal | Reference | Calibrated Reference | Calibrated Reference | Calibrated
Impulse test system system Error |Uncertainty | system system Error | Uncertainty system system Error | Uncertainty
voltage reading reading reading reading reading reading
[kV] [kv] V] [ps] [us] [us] [ws]
50 51.55 50.05 29% 1.179 1.15 2.7 % 46.40 46.82 0.8 %
100 103.3 1001 3.1% 1.180 1.14 3.4 % 46.38 46.80 0.9 %
— ¢ 200 206.8 200.3 -32% 1.108 1.17 -25% 46.74 47.16 0.9 %
300 309.7 300.2 -31% 1.204 1.18 -2.0 % 47.18 47.58 0.9 %
400 3984 385.8 -32% 1.207 1.19 -1.6 % 47.65 48.03 0.8 %
Long 100
front 92.67 89.95 29% 1.526 1.53 0.1 % 47.08 47.36 0.6 %
Short 100
front 96.96 93.70 -3.4 % 0.880 0.84 5.1% 45.54 46.07 12%
AVE -31% AVE 25% AVE 0.9 %
MIN -3.4 % MIN 51% MIN 06 %
MAX -2.9% MAX 0.1 % MAX 12%
DIFF 0.3 % DIFF 2.6 % DIFF 0.3 %
DIFF / DIFF / DIFF /
SQRT(3) 0.1% SQRT(3) 15% SQRT(3) 02%

Calibration results for CS1000kV & NI
Calculating calibrated system value based on three

measurements
Test voltage U; Front time T Time to half-value T3
Nominal | Reference | Calibrated Reference | Calibrated Reference | Calibrated
Impulse test system system Error |Uncertainty | system system Error | Uncertainty | system system Error | Uncertainty
voltage | reading reading reading reading reading reading
[kvl [kv] [kV] [ps] [us] [us] [us]
50 51.55 51.27 -0.5% 1.179 1.173 -0.5% 46.40 46.48 0.2%
100 103.3 102.8 -0.5% 1.180 1.169 -1.0 % 46.38 46.46 0.2%
Font i 200 206.8 205.7 -0.6 % 1.198 1.195 -0.2% 46.74 46.73 0.0%
300 309.7 307.8 0.6 % 1.204 1.205 0.1% 47.16 4721 0.1%
400 398.4 396.2 -0.6 % 1.207 1.211 0.3 % 47.65 47.64 0.0 %
Long 100
front 92 .67 92.15 -0.6 % 1.526 1.544 1.2 % 47.06 47.08 0.0 %
Short 100
front 96.96 96.08 0.9% 0.880 0.862 -2.0% 45.54 4576 05%
AVE -0.6 % AVE 03% AVE 0.1 %
MIN -0.9 % MIN -2.0% MIN 0.0 %
MAX -0.5 % MAX 12% MAX 05%
DIFF 0.3 % DIFF 1.7 % DIFF 0.4 %
DIFF/ DIFF / DIFF /

SQRT(3) 02% SQRT(3) 1.0% SQRT(3) 02%
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