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Abstract 

Seit den dramatischen Ereignissen von Fukushima und der darauf folgenden 

Atomkatastrophe hat die deutsche Regierung in die Erzeugung erneuerbarer 

Energien und die geplante Abschaltung aller Atomkraftwerke investiert. Diese 

Abschaltung muss durch das europäische Stromnetz sowie durch alle Anlagen zur 

Erzeugung erneuerbarer Energien kompensiert werden. Nur die Hochspannungs-

Gleichstrom-Übertragung (HGÜ) ist in der Lage, den Transport von elektrischer 

Energie über große Entfernungen mit geringeren Verlusten zu ermöglichen. Beim 

Einsatz der HGÜ-Technologie müssen alle entscheidenden Aspekte der 

Energieversorgungssicherheit bekannt sein und berücksichtigt werden.  

Die Arbeit dieser Dissertation konzentriert sich auf diesen Bereich des HGÜ-

Energietransports.  

Um eine überlagerte Messmöglichkeit an der PTB zu schaffen, wird zunächst die 

reine Impulsseite des Erzeugungskreises ausgewertet. Dies geschieht bei 

niedrigen Spannungen, zunächst mit entsprechenden Kalibratoren und 

Dämpfungsgliedern. Anschließend werden mit dieser Ausrüstung die 

Hochspannungsmessungen zur Validierung dieser Niederspannungsergebnisse 

durchgeführt.  

In einem zweiten Schritt wird die Fähigkeit zur Messung der HGÜ-Spannung 

optimiert, wobei ebenfalls mit niedrigen Spannungen im Bereich von 10 V 

begonnen wird. Mit diesen Ergebnissen werden alle Skalenfaktoren durch 

Linearitätsmessungen auf Hochspannungen bis zu 1000 kV extrapoliert.  

Schließlich werden die überlagerten Spannungen durch Kombination der Impuls- 

und HVDC-Erkenntnisse erzeugt und gemessen. Der überlagerte Teiler 

einschließlich der Koppelelemente wird mit verschiedenen Messverfahren 

untersucht. Als Ergebnis wird die Hochspannungsmesseinrichtung durch die 

Unsicherheitsabschätzung des Gesamtsystems bewertet.  



Abstract 

Since the dramatical incidents of Fukushima with the following nuclear disaster the 

German government has invested in renewable energy production and the 

planned shut-down of all nuclear power plants. This shutdown needs to be 

compensated by the European electrical grid as well as all renewable energy 

production facilities. Only High Voltage Direct Current (HVDC) is capable to deliver 

the transportation over wide distances of electrical power with reduced losses. By 

using HVDC technology all crucial aspects on the security of energy supplies have 

to be well known and taken into account.  

The work of this PhD thesis will focus on this field of HVDC energy transportation.  

In order to establish a superimposed measurement capability at the PTB, first the 

pure impulse side of the generation circuit will be evaluated. This is done at low 

voltages, beginning with corresponding calibrators and attenuators. Afterwards, 

with this equipment, the high voltage measurements validate these low voltage 

results.  

At second, the HVDC voltage measurement capability is optimized, also beginning 

with low voltages at the 10 V level. With these results, all scale factors are 

extrapolated by linearity measurements to high voltages up to 1000 kV.  

In the end the superimposed voltages are produced and measured by combining 

the impulse and HVDC insights. The superimposed divider including the coupling 

elements is researched by different measurement procedures. As a result, the high 

voltage measurement equipment is evaluated by the uncertainty estimation of the 

entire system.  



 

Acknowledgment 

Firstly, I would like to express my sincere gratitude to my advisor Prof. Kurrat for 

the continuous support of my PhD study and related research, for his patience and 

motivation. His guidance and advise and many inspiring discussions helped me in 

my research and writing of this thesis.  

Besides my advisor, I would like to thank the rest of my thesis committee: Prof. 

Werle and Prof. Ludwig for their insightful comments and encouragement,  

My sincere thank also goes to Dr. Kahmann and Dr. Johann Meisner who provided 

me an opportunity to join their team as intern, and who gave access to the 

laboratory and research facilities. Without they precious support it would not be 

possible to conduct this research. 

I thank my fellow labmates for the stimulating discussions, for the sleepless nights 

we were working together before deadlines, and for all the fun we have had in the 

last four years. Also, I thank my friends in the Physikalisch-Technische 

Bundesanstalt. 

Last but not the least, I would like to thank my family for supporting me spiritually 

throughout writing this thesis and my life in general. 

 

 



 

6 

List of Contents 

Abstract ........................................................................................................................ 4 

Acknowledgment ....................................................................................................... v 

List of Abbreviations ................................................................................................. 8 

List of Symbols ......................................................................................................... 10 

1. Introduction ....................................................................................................... 11 

2. Basics .................................................................................................................. 24 

2.1. DC high voltage generation................................................................. 33 

3. Impulse voltage measurements ................................................................... 36 

3.1. Low voltage measurements ................................................................ 37 

3.1.1. Low voltage wideband attenuators ................................................... 45 

3.1.2. High voltage divider impulse voltage measurements .................. 48 

3.2. High voltage measurements ............................................................... 58 

3.2.1. Front Oscillations................................................................................... 60 

4. DC voltage metrology ..................................................................................... 64 

4.1. DC Low voltage metrology .................................................................. 64 

4.2. DC high voltage metrology .................................................................. 72 

4.2.1. DC high voltage generation................................................................. 85 

5. Superimposed voltages ................................................................................. 96 

5.1. System Approach................................................................................... 96 



 

7 

5.1.1. Coupling Elements ................................................................................ 98 

5.2. Measurement equipment ................................................................... 105 

5.3. Measurement results........................................................................... 112 

5.4. Uncertainty budget .............................................................................. 134 

6. Conclusion and future work ........................................................................ 136 

6.1. Conclusion ............................................................................................. 137 

References ............................................................................................................... 144 

 

 

 

  



 

8 

List of Abbreviations 

Abbreviation  

HVDC High Voltage Direct Current 

DC Direct Current 

PD Partial Discharges 

HVAC High Voltage Alternating Current 

GIS Gas Insulated Switchgear 

AC Alternating Current 

SI Switching Impulse 

LI Lightning Impulse 

LIC Lightning Impulse Chopped 

NMI National Metrology Institute 

CMC Certified Measurement Capability 

SMD Surface Mount Device 

TLPG Transmission Line Pulse Generator  

PCB Printed Circuit Board 

TDR Time Domain Reflectometry 

OPAMP Operational Amplifier 

EMF Electro Motive Force 

PTFE PolyTetraFluorEthylene 

PLA PolyLactic Acid 



 

9 

DUT Device Under Test 

SI Système international d’unités 

PCR Power Coefficient Ratio 

TCR Temperature Coefficient Ratio 

ZVS Zero Voltage Switching 

MOSFET Metal Oxide Semiconductor Field Effect Transistor 

IGBT Insulated Gate Bipolar Transistor 

PMMA PolyMethylMethAcrylate 

PVC PolyVinylChloride 

SNR Signal to Noise Ratio 

 

  



 

10 

List of Symbols 

 

  

Symbol Unit Designation 

Tr s Rise Time 

B 1/s Bandwidth 

l m Length 

C 
𝐹 =

𝑠

𝛺
=

𝐴2 · 𝑠4

𝑘𝑔 · 𝑚2
 

Capacitance 

R 
𝛺 =

𝑘𝑔 · 𝑚2

𝐴2 · 𝑠3
 

Resistance 

L 
𝛺 =

𝑘𝑔 · 𝑚2

𝐴2 · 𝑠2
 

Inductance 

U, u 
𝑉 =

𝑘𝑔 · 𝑚2

𝐴 · 𝑠3
 

Voltage 

I, i A Current 

𝜔 1/s Angular frequency 

G 
𝑆 =

𝐴2 · 𝑠3

𝑘𝑔 · 𝑚2
 

Conductance 

Z 𝛺 Impedance 

E 
𝐽 =

𝑘𝑔 · 𝑚2

𝑠2
 

Energy 

q 𝐶 = 𝐴 · 𝑠 Charge 

x m Distance 

T,t s Time 

M  Scale Factor 

n  Quantity 



 

11 

1. Introduction 

By increasing the transmitted electrical energy and transportation over larger 

distances a higher system voltage level is needed in order to reduce the losses. 

However, the construction of new overhead lines in Germany and Europe is 

associated with long-term approval processes. In many cases, these plans fail due 

to the resistance caused by the social unacceptability of overhead lines. An 

alternative are land cables, which are installed underground. However, these are 

limited in the transmission voltage. An even better alternative is to handle the 

energy transmission with the aid of High Voltage Direct Current (HVDC) and HVDC 

cables. Direct currents are more economical compared to alternating currents 

when long transmission lengths are required (Mazzanti 2013). The grid 

development plan of Germany’s Federal Network Agency is planning several 

HVDC lines in Germany. The construction and integration of these underground 

lines in the grid should be realized in the next years or decades. One of the 

technical challenges are transients in transmission grids, which often lead to critical 

system failures and therefore dramatical costs.  

Sources for these transients can be of different origin and therefore differ in the 

amplitude and time characteristics. Since HVDC lines are most often installed 

underground as cables but also as overhead powerlines a lot of different events 

can happen. 
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Figure 1: Different examples for the sources of superimposed voltages 

 

Overhead powerlines can be struck by lightning (1), which creates travelling waves 

that propagate over long distances through HVDC switchgear and even HVDC 

cables causing failures within different system components. HVDC circuit breakers 

create switching impulses (2), which are slower in the rise time than lightning 

introduced impulses but similar in amplitude. A damage within the cable insulation 

also initiate fast changing voltage levels, which might be caused by heavy 

equipment (3). At last, the cable itself or the cable junction points (4) can be a 

cause of a failure due to aging or manufacturing errors. Especially the cable 

junctions are a major error source since these must be manually installed outside 

the production facility (Yoshinao 2013).  

In DC transmission systems these impulses introduce an even higher stress on all 

components since these are mainly designed for DC operation. During faults, all 

components are therefore stressed and have to be tested according to the 

insulation coordination tests (60230 2018) (62895 2017). The components of 

HVDC Systems include HVDC converters, DC line inductors, filters, overvoltage 

protection devices, cables, cable junctions, switches and insulators. Additionally, 

trapped space charges introduce even higher stresses to the cable insulation when 

impulses with opposing polarity to the normal DC voltage are applied (Tomohiko, 

et al. 2015). Even when the DC voltage is switched off, these space charges 
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remain inside the dielectric with a time constant τ of up to several hours (Krüger 

1995). According to these demands, new testing procedures are requested and 

have been established. To ensure a reliable operation over the transmission 

systems lifetime, it was determined that grid components must be tested with 

superimposed voltages. Unfortunately, the metrological infrastructure for 

superimposed high voltages in HVDC systems are not yet established. As shown 

in the following figure, superimposed voltages are a combination of the nominal 

DC voltage and impulses like lightning or switching impulses. 

 

Figure 2: Illustration of superimposed voltages 

 

The aim of this work is the establishment of a traceable measurement capability 

for these quantities. Therefore, the measurement system needs to be able to 

capture the entire waveform and evaluate the quantities which define the 

superimposed voltage. These quantities are the DC value, the impulse peak value, 

the front time, time to half value, peak time and time to chopping.  

The following figure shows an example of a lightning impulse voltage of 200 kV 

superimposed on an HVDC voltage of 100 kV.  
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Figure 3: Example of a 200 kV lightning impulse superimposed on a 100 kV 

DC voltage 

In the metrological infrastructure, these voltage forms must be considered in the 

low-voltage and high-voltage levels due to the traceability down to primary national 

references. The work of this thesis is therefore set on traceable measurement of 

impulses with rise times of several hundreds of nanoseconds to several 

microseconds as well as superimposed transients in HVDC, which are created e.g. 

by partial discharges PD, lightning strikes and switching actions in GIS (Gas 

Insulated Switchgear), transformers and cables. The need for these measurement 

capabilities are evoked by the industry and calibration institutes.  

 

Industrial needs 

In GIS the transient overvoltage capability is tested with lightning or switching 

impulses, while the test procedure for the rated voltage is carried out with HVDC 

or HVAC voltages. The transient and normal operating voltages are applied 

separately. During the lifetime of the equipment however, transient overvoltage’s 
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occur during the normal operation at the rated voltage. Consequently, 

superimposed voltages reflect the real insulation stresses.  

The same applies for HVDC cables. For example, the CIGRÉ working group 

(CIGRE - Working Group B1.32, 2012) states different testing procedures with 

superimposed voltages for HVDC cables. 

According to IEC 62895: 2017 “High voltage direct current (HVDC) power 

transmission - Cables with extruded insulation and their accessories for rated 

voltages up to 320 kV for land applications - Test methods and requirements”) new 

test methods must be established for DC-power transmission cables.  One of them 

is the type and prequalification test on HVDC cable systems, which includes the 

superimposed impulse voltage test. There, HVDC cables, which have been 

energized for multiple hours by a DC voltage, are tested with switching and 

lightning impulses (Voß 2019). These tests need to be carried out with appropriate 

measurement equipment to verify the results. Normally, the traditional high voltage 

tests are performed with either ohmic, capacitive or damped-capacitive voltage 

dividers. However, the superposition of transients on HVDC require special ohmic-

capacitive voltage dividers (Küchler 2017). To ensure a correct measurement all 

the equipment has to be calibrated against references. The references could be 

internal references of companies or of other accredited calibration laboratories. In 

turn, these references need to be calibrated, which is done against national 

references. This structure is often referred as a calibration pyramid as illustrated 

by the following figure.  
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Figure 4: Metrology pyramid 

 

From this structure it is evident, that the PTB preserves the references which are 

essential for the industry within Germany and even worldwide. Since up to now no 

national references for superimposed voltages are established worldwide, the PTB 

imposed the task itself to establish a “Metrological infrastructure for the 

measurement of superimposed impulse voltages in HVDC systems”. Along with 

these technical aspects, the standardisation and the establishment of testing and 

calibration laboratories is issued at the same time in committees.  

 

Metrological needs and state of the art: 

The self-imposed task of this research arises from the four business fields of the 

PTB: 

➢ Fundamentals of metrology 

➢ Metrology for the economy 

➢ Metrology for society 

➢ International affairs 

 



 

17 

Due to the metrology for the economy, HVDC as well as impulse voltage 

calibrations are carried out since several decades at the PTB. Specific information 

for the combination of these two measurement tasks, is neither available in 

standardization nor in calibration laboratories and the PTB until now. Especially 

the standardization only states a general overview over superimposed voltages in 

horizontal and vertical standards.  

 

 

Figure 5: Classification of ISO standards 

 

In the horizontal standard for high voltage testing (60060-1 2010) the terms 

combined and composite waveshapes are defined and the measurement 

procedures are briefly  described in the vertical standard (62271 2020). Results 

from this PhD work will be incorporated in the horizontal standards 60060 and 

61083. Up to now, superimposed voltages can be measured at each generation 

unit. Based on this measurement, calculations are used to estimate the voltage on 

the device under test. Superimposed voltages up to several megavolts are not 

unusual. The standard allows voltage dividers and measuring systems used in the 

test laboratories only to be calibrated by individual calibrations with HVAC, HVDC, 

LI and SI. These voltage dividers are used for the superimposed voltage signals. 

However, the separate calibration does not prove the capability of the 

measurement system to measure superimposed wave shapes. Additionally, it is 

not verified that HVAC / HVDC and LI / SI generators do not interfere with each 
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other. Hence, for these sensors and measuring systems no traceable calibration 

method is available. Therefore, research is necessary in order to understand the 

phenomena during the generation and measuring of superimposed waveforms as 

well as to establish the traceability chain by developing calibration capabilities at 

the NMIs. Especially, the establishment of traceability using superimposed 

voltages is needed for the new metrology area. Currently universal voltage dividers 

are used as measurement systems, but traceability for a combination of wave 

shapes is lacking. Furthermore, the IEC TC42 (“Technical committee for high 

voltage and high current measurement techniques”) TC 42 formulated a clear need 

for standardisation of measurement techniques for superimposed high voltages. 

Even though the industry is testing these systems with superimposed voltages and 

measuring systems but with separate impulse and HVDC calibrations (Voß 2019). 
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Metrological challenges: 

The main goal is to develop new calibration processes and capabilities for a new 

measurement area, namely the measurement of superimposed high voltages. The 

following challenges will be addressed in this research. 

Influence of protection and coupling elements 

When lightning or switching impulse waveshapes are superimposed on the either 

DC or AC voltages, protection elements for the impulse generator, e.g. by sphere 

gaps or a capacitor, must be used. The actual stress on the device under test DUT 

is not measured and will differ.  

Cross talk between voltage generators 

The generators for the impulses and the continuous voltage can interact with each 

other by conductive and interfered means. This cross talk can affect the voltage 

levels on each side of the superimposed voltage generation. These non-stabilities 

must be researched and determined to be able to counteract these. Otherwise e.g. 

the linearity test by the charging voltage might be disturbed. Damages or even 

destructions of high voltage generators can also be caused by the interaction of 

the generating circuits. During this work this interaction will be examined 

theoretically in the first place and practically measured at low voltages before 

working with superimposed high voltages. 

In the past interferences mainly from lightning impulse voltages were well-known 

in the high voltage laboratory of the PTB. Up to now these interferences were not 

significant for HVDC measurement systems. Only ripple voltages were the main 

source of disturbances. Furthermore, DC electrical fields had no impact for impulse 

voltage measurement systems. By placing the generation and measurement 

systems next to each other and using them simultaneously, new challenges 

appear. During this work, these interferences will be considered.  

Establishment of suitable measurement parameters.  

For the calibration with standard waveshapes of HVAC, HVDC, LI and SI the 

procedures, the measurement parameters and the voltage levels are well-known 
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and standardised in the IEC 60060 series. As an example, the time parameters of 

a standard lightning impulse are described with the front time and the time-to-half 

value. The definition as well as the calculation of these parameters are also 

standardized. Superposition of standard voltage shapes doesn’t lead to the 

assumption of using the existing parameters. In fact, most of the standard 

parameters, especially time parameters, must be revised for the use in 

superimposed shapes. During this work procedures for parameter evaluation will 

be tested and applied. 

High voltage measurement systems with high bandwidths  

The measurement systems for superimposed voltages represent special 

challenges, since the dividers need to be adjusted from DC voltages up to several 

Megahertz. Additional care has to be taken into account, since the input 

impedance of transient recorders is 1 MΩ and significantly lower than the input 

impedance of a standard voltmeter in the DC-range which amounts to at least 

10 GΩ and higher. This sets the limitation of the scale factor with a particular high 

voltage resistance. Therefore, it is difficult to maintain a flat frequency response 

over the entire frequency range of the measurement system. During this work, 

existing dividers will be modified for the superimposed voltage measurements 

regarding the mentioned challenges. 

Evaluation software 

The evaluation software for superimposed voltages is faced with new challenges 

in terms of the differentiation of the continuous voltage and the superimposed 

impulse voltage. With perfect DC voltages this distinction is easy, but as soon as 

a high frequency ripple voltage is introduced, the difference between this ripple 

and front oscillations of the impulse is more complex. Similar difficulties apply for 

HVAC voltages with superimposed transients. During this work the aim is to 

evaluate existing software for the measuring devices that are used for the 

evaluation of the parameters. In future work, these results will be used to verify the 

performance of new software and to support the future revision of the IEC 61083 

series of standards on test data generators. 
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Traceability chain for superimposed high voltage  

The traceability for DC voltages is straight forward. Unfortunately, for impulse 

voltages no direct primary references are available. Getting traceability for impulse 

voltages includes the separation of the properties of the measuring system 

components, e.g. frequency behaviour, amplitude performance, etc.. A combined 

system for DC and impulses requires an even higher effort during the evaluation. 

During this work the entire traceability chain for superimposed voltages will be 

established.   

In parallel to this thesis a new European joint research project with similar topics 

started in 2020. This project, “Support for standardisation of high voltage testing 

with composite and combined waveshapes” (19NRM07 HV-com²), has received 

funding from the EMPIR programme co-financed by the participating states and 

from the European Union's Horizon 2020 research and innovation programme. 

This thesis covers a part of the project and the results will be a direct input in the 

PWI according to the following standard development process. 

 

Figure 6: ISO standard development process 
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Approach to establish superimposed voltage CMC’s 

The establishment of the measurement capabilities for superimposed waveshapes 

will be carried out in three different steps. At first impulse voltage dividers and all 

their influences for precise and reliable operation are shown in chapter II as well 

as the capability to extend these measurement ranges from low- to high voltages. 

The traceable measurement chain for pure DC voltages is presented and 

discussed in the third chapter. The fourth chapter sums up the results from the 

previous chapters and displays the path for the superposition of both voltage 

forms. At last, the combination of transients and DC voltages complete the 

research for these waveforms in the fifth chapter. At this path different intermediate 

steps have to be re-worked and others can be directly adopted according to the 

following figure.  

 

Figure 7: Workflow for establishment of a metrological infrastructure of 

superimposed voltages in HVDC systems in the PTB. Blue: existing 

scopes of the PTB; Orange: Scopes that have to be adapted within 

this work; Green: Scopes that can be directly used; Red: not existing 



 

23 

In order to achieve traceable measurements for superimposed voltages different 

high voltage measurement systems need to be build or qualified, high voltage 

generators need to be constructed and appropriate calibrators are required. 

Additionally, the low voltage levels in the previous figure are necessary, since they 

are the key aspect for the traceability chain down to primary national references. 

Already existing measurement and generation equipment for these tasks is also 

required, which are mainly the following instruments.   

Table 1: Existing high voltage measurement and generation equipment in the 
PTB 

PT400 PZT1000 SGEK 2MV SMR10/770 PZT500 MT100 
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With these instruments and the ones that will be designed and build in this PhD 

work the following main topic will be addressed: 

To develop a traceable measuring system and calibration capabilities (e.g. 

universal high voltage reference dividers) for superimposed voltages. 
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2. Basics 

Step function 

The following section will focus on step functions, which are needed to test a 

sensors bandwidth and also get information about their frequency behaviour. 

Voltage dividers are designed to convert a high voltage into a low voltage, which 

can be measured by a voltmeter or digitizer. By multiplying the digitised voltage 

with the scale factor of the divider, the initial high voltage can be obtained. 

However, if the frequency is increased parasitics will influence the scale factor, 

with the result of measurement errors. 

For the avoidance of these errors the frequency behaviour has to be verified. This 

can either be done by the sinus sweep method, where a voltage with a single 

frequency is applied to the voltage divider and the output voltage is recorded. Then 

the frequency is increased whereas the amplitude remains the same. At low 

frequencies the calculated scale factor should coincide with the DC value. The 

higher the frequency gets the further the output voltage will differ from the DC 

value. When the difference approaches 71 % (3 dB) the cut-off frequency of the 

voltage divider is reached. This method works fine for frequencies below 1 MHz 

and voltages below 100 V. Otherwise expensive amplifiers are required to achieve 

high voltages at high frequencies. Due to the high scale factors of high voltage 

dividers, lower voltages would lead to bad signal to noise ratios. 

A method that does not require high priced equipment is the step-response method 

where a voltage square wave signal or step with a rise time Tr is applied to the 

voltage divider. A step or square wave signal can be analysed with the aid of a 

Fourier transformation. In the following figure is an example illustrated, that shows 

the Fourier approximation for a 1 MHz square wave signal with 1 V amplitude and 

five partial sums of the Fourier row. This means the highest frequency component 

is nine times higher than the fundamental frequency, so 9 MHz. 
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Figure 8: Square wave signal as a Fourier approximation 

 

A perfect step that starts at 0 V, jumps to 1 V and remains stable at this amplitude 

has therefore all frequency components ranging from DC to infinite. In reality the 

upper frequency limit is set by the rise time of the step. So, a voltage divider can 

be tested with a single step for its entire frequency behaviour at high voltages and 

even very high frequencies up to several hundred Megahertz. To find the upper 

frequency limit of the voltage divider it can be tested with a step that is lower in the 

rise time than the calculated rise time of the divider. To get the bandwidth B, the 

rise time Tr of the dividers step response can be measured and calculated as 

follows (Schon 2013): 

 

 

𝑇𝑟 =
0,35

𝐵
 

(1) 
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Cable generator 

In order to verify the bandwidth of voltage sensors they need to be tested with 

frequencies corresponding at least to the declared bandwidth. However, with high 

voltage dividers the bandwidth is in the several hundred-megahertz range and 

voltages in the hundred-volt range are also desirable to achieve an adequate 

output voltage. Both requirements are fulfilled by the cable generator, which uses 

a coaxial cable as an energy storage. The following equivalent circuit diagram 

shows a short length l of a coaxial cable. By charging the cable with a DC voltage, 

energy is stored in the capacitance C. 

 

Figure 9:  Equivalent circuit diagram 

 

The section of a coaxial cable with the length l, the resistance R of inner and outer 

conductor, the inductance L, the capacitance and the conductance reduce the 

voltage u and current i at the beginning of the section to the end of it by the amount 

du and di. The voltage drop is caused by the resistance and inductance: 

 

𝑑𝑢 = (𝑅 + 𝑗𝜔𝐿) ∙ 𝑖 (2) 
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Whereas the current is reduced by the conductance and capacitance: 

 

𝑑𝑖 = (𝐺 + 𝑗𝜔𝐶) ∙ 𝑢 (3) 

 

Resulting in the overall impedance of the coaxial cable Z, often called wave 

impedance: 

 

𝑍 = √
𝑅 + 𝑗𝜔𝐿

𝐺 + 𝑗𝜔𝐶
 

(4) 

 

In the pure DC case the terms 𝑗𝜔𝐿 and 𝑗𝜔𝐶 are zero, so the term simplifies to: 

 

𝑍 = √
𝑅

𝐺
 

(5) 

 

At high frequencies the reactive terms dominate the values R and G and this 

leads to the following equation: 

 

𝑍 = √
𝑗𝜔𝐿

𝑗𝜔𝐶
 

(6) 

 

 

Figure 10: Model of a coaxial line 
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If longer cables are used the equivalent circuit diagram from figure 2 can be 

extended to that in figure 3 with several RLC elements in series. When the switch 

S is closed the first capacitor closest to the load RL gets discharged instantly. 

Afterwards the second capacitance gets discharged through the inductance in 

between it and the load. When the series resistance is neglectable compared to 

the wave impedance Z0 an almost perfect square wave is generated. The rise time 

of the square wave impulse is mainly limited by the parasitic inductance of the load 

RL and the characteristics of the switch S.  

When the switch S is closed a travelling wave is created, which is absorbed or 

reflected by RL depending on its value. If the impedance of RL is the same as the 

wave impedance of the line, the reflection coefficient will be zero according to the 

following equation: 

 

𝑅 =
𝑍0 − 𝑅𝐿

𝑍0 + 𝑅𝐿
 

(7) 

 

This means all the energy gets absorbed by RL. If RL is in the mΩ range as it is the 

case with a shunt then the reflection coefficient is 1 meaning the wave gets 

reflected and propagates back down the line. The amplitude is determined only by 

the wave impedance of the coaxial line, the charging voltage and reflection 

coefficient. 

 

Avalanche breakdown basics 

The avalanche breakdown describes the rapid decrease of the resistance in a 

semiconductor. The requirement for an avalanche breakdown is an electrical field 

sufficient to gain enough energy for an electron moving through the semiconductor 

lattice. The electron can gain this energy on its mean free path L before it interacts 

with atoms in the lattice. The energy ∆𝐸 the electron with the charge q can obtain 

on its mean free path L through the electric field E is expressed in the following 

equation (AN1628 2003): 
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∆𝐸 = 𝑞 ∙ ∫ 𝐸
𝐿

0

∙ 𝑑𝑥 
(8) 

 

When the electrons energy ∆𝐸 exceeds the bandwidth energy of the 

semiconductor (e.g. silicon: 1.1 eV) it can create a new hole-electron pair. This pair 

is also able to gain the required energy ∆𝐸 and further create new hole-electron 

pairs. This amplification in electron-hole pair generation leads to a drastically 

decrease of the resistance. This behaviour is very similar to a spark gap, however 

since this breakdown happens in a solid material, the achievable field strengths 

are far higher than in a gas filled spark gap. Therefore, also faster rise times of the 

breakdown can be achieved, even though these characteristics spread within 

different structures. This avalanche breakdown was found to happen quite often in 

commercially available semiconductor devices, especially in npn transistors. Since 

these are easily available, the following research is focused on npn transistors.  
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Investigations on different npn transistors 

To find suitable transistors for a pulse generator 70 different transistors were 

purchased and tested for their breakdown behaviour. Two different setups are 

used to test the transistors: 

  

Figure 11: Circuit a: Transistor with 

resistor on base to 

ground 

Figure 12: Circuit b: Transistor with 

connection from base to 

emitter shorted 

Both circuits have in common that an input voltage VIN charges the capacitance C 

through the resistor RC. The capacitor C is a 1 m long RG-58 coaxial cable but for 

simplification of the figure it is shown as a capacitance. If an avalanche breakdown 

occurs the transistor becomes conductive and the capacitance C gets discharged 

through the transistor and the output resistor RE. In order to prevent reflections RE 

is chosen to 50 Ω. RC should be higher than 100 kΩ to protect the transistor from 

too high continuous currents from the voltage source. The difference between both 

circuits is the resistor RB. Unfortunately, the Avalanche characteristics are not 

listed in the datasheets of the transistors, therefore all 70 transistors have been 

tested with both circuits. According to these measurements, the majority of the 

tested transistors require RB in order to produce an avalanche breakdown. The 

minority of the tested transistors can be shorted between the base and the emitter 

and still produce the desired avalanche effect. This allows the easier series 

connection for higher output voltages. All the tests with RB in place according to 

(Passon, Schilling, et al. 2019) are done with 10 kΩ as RB. 
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Circuit for Avalanche effect transmission line pulse generators 

In order to build a transmission line pulse generator based on the avalanche 

breakdown a suitable voltage source as well as different components for pulse 

shaping are required. 

To maintain an almost perfect step impedance matching has to be implemented 

on all parts of the circuit. This includes also the printed circuit board PCB on, which 

the transistors are soldered. The easiest way to guarantee an impedance matching 

to the residual system is to design the tracks on the PCB as coplanar waveguides 

(Wen 1969). The following figure shows a coplanar waveguide, which incorporates 

the main conductor with a defined width w, two grounded strips in a distance d and 

a ground plane on the opposite side of the dielectric with the relative permittivity ɛr 

and the height h. 

 

Figure 13: coplanar waveguide 

In (Wadell 1991) the correlation between the physical dimensions of the coplanar 

waveguide to the wave impedance is described using the following equation. 

 

𝑍0 =
60 ∙ 𝜋

√ɛ𝑒𝑓𝑓

∙
1

𝐾(𝑘)

𝐾(𝑘′)
+

𝐾(𝑘1)

𝐾(𝑘1
′ )

 
(9) 
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Where k is the quotient of the width of the copper trace and the width of the 

conductor including the insulation traces. 

𝑘 =
𝑤

𝑠
 (10) 

𝑘′ = √1 − 𝑘2 (11) 

𝑘1 =
𝑡𝑎𝑛ℎ (

𝜋∙𝑤

4∙ℎ
)

𝑡𝑎𝑛ℎ (
𝜋∙𝑠

4∙ℎ
)

 

(12) 

𝑘1
′ = √1 − 𝑘1

2 
(13) 

ɛ𝑒𝑓𝑓 =
1 + ɛ𝑟 ∙

𝐾(𝑘′)

𝐾(𝑘)
+

𝐾(𝑘1)

𝐾(𝑘1
′ )

1 +
𝐾(𝑘′)

𝐾(𝑘)
+

𝐾(𝑘1)

𝐾(𝑘1
′ )

 

(14) 

 

 

 

where K(k) is the complete elliptic integral of the first kind: 

𝐾(𝑘) =
𝜋

2
∑ [

(2𝑛)!

22𝑛(𝑛!)2
]

∞

𝑛=0

2

𝑘2𝑛 =
𝜋

2
∑ (

(2𝑛 − 1)!!

(2𝑛)!!
)

∞

𝑛=0

2

𝑘2𝑛

=
𝜋

2
(1 + ∑ (

(2𝑛 − 1)!

22𝑛−1𝑛! (𝑛 − 1)!
)

∞

𝑛=0

2

𝑘2𝑛) 

 

(15) 

 

 

This step generator based on the avalanche effect and coaxial cables or coplanar 

waveguides enables to evaluate the frequency performance of voltage dividers.  
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2.1. DC high voltage generation 

 

The generation of high direct voltages is most often achieved by rectification and 

multiplication of alternating voltages.  

Greinacher voltage doubler: 

The following circuit is known as the Greinacher circuit and is shown in the 

following figure. It includes a Transformer, which produces an high AC voltage UT, 

two capacitors C1 and C2, two diodes D1 and D2 and the output load with resistor 

RL.

 

Figure 14: Greinacher voltage doubler circuit 

The output signal is shown in the following figure. The output signal U(t) of the 

circuit is shown in red after the Transformer voltage UT is switched on at 0 ms. 
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Figure 15: Greinacher voltage doubler Signals: UT green; UD1 blue; U(t) red 

Under ideal conditions, a DC voltage without residual ripple is established after a 

few periods. When loaded with a load resistor RL, a residual ripple occurs and the 

maximum voltage level is also limited. The voltage difference between the 

theoretically possible value and the value attainable under load is called voltage 

drop. Ripple and voltage drop are mainly dependent on three factors, the 

capacitance values of the push and smoothing capacitor, the output current and 

the switching frequency. The voltage load capacity of the capacitors and diodes 

must each correspond to twice the value of the transformer peak voltage. 

 

The most often used circuit for voltages above 200 kV is the Greinacher voltage 

multiplier circuit. The Greinacher multiplier circuit makes it possible to generate a 

multiple of the transformer peak voltage as DC voltage. This is achieved by 

stringing together Greinacher doubler circuits. An example of such a circuit is 

shown in the following figure. It includes three push capacitors in each push 

column and three smoothing capacitors in each smoothing column. This three-

stage Greinacher multiplier circuit, or cascade circuit, can produce six times the 

value of the transformer peak voltage as the output voltage Ug. The advantage is 
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that an overall voltage many times higher than the transformer peak voltage can 

be generated. However, the individual components must have the dielectric 

strength of twice the transformer peak value. An exception is the capacitor CS,1, 

which must only be designed for the single peak value. To ensure that the same 

charge is stored in all capacitors, CS,1 should have twice the capacitance value of 

the other capacitors. In the event of a transient voltage change, this results in an 

even voltage distribution across all components. The capacitance values of CS and 

CG are usually also chosen to be the same in order to ensure an equal voltage 

distribution across all components in the event of transients (Küchler 2017). 

 

 

Figure 16: Greinacher multiplier circuit 
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3. Impulse voltage measurements 

Transient overvoltages represent the severe stresses in high voltage equipment 

and lead most often to failures within the insulation. Consequently, transient test 

voltages need to be applied on each critical high voltage component in the 

electrical power transmission and distribution system. The test voltage levels are 

recorded with measurement systems to confirm the performance. In turn, the 

measurement systems need to be verified and calibrated accordingly. 

Within this chapter the procedure will be displayed on how primary reference 

dividers for impulse measurements are verified. Therefore, different tools are 

required to examine the frequency behaviour, the linearity, proximity and 

temperature dependence of these dividers. The frequency behaviour is measured 

at low voltages and this test is most often carried out with step generators. The 

measured output from the high voltage divider is referred as step response. By a 

deconvolution method, the frequency response can be obtained (Havunen, et al. 

2017). These step generators are based on mercury wetted relays. Within the 

following chapter an alternative step voltage generator is presented, along with the 

voltage attenuators that were developed with this generator. These generators and 

measurement equipment is further on used to test and calibrate high voltage 

measurement systems. 
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3.1.  Low voltage measurements 

 

In this work a transmission line pulse generator (TLPG) 

for lower amplitudes but far shorter rise times below 

100 ps than step generators with mercury wetted relays 

is developed and discussed. The principle of this new 

pulse generator is based on the avalanche breakdown 

in semiconductors. These step generators are used in 

conjunction with the appropriate measurement 

equipment to calibrate high voltage dividers as 

illustrated in the Figure 17:. 

 

To reduce the rise time to less than 1 ns with a high 

amplitude of several hundreds of volts a standard reed-relay cannot be used. Due 

to the mismatch of the wave impedance between relay and printed circuit board, 

the reed-relay step generator leads to reflections and oscillations within the first 

nanoseconds. As an alternative, a promising effect is the avalanche breakdown of 

npn transistors. This chapter will cover the basics of the transmission lines pulse 

generator that was built with it. Furthermore, a variety of different transistors are 

presented that were tested for their avalanche breakdown behaviour, which is 

shown in the annex. 

The circuit to produce the desired step functions for high voltage divider evaluation 

is also described in the basics. The output pulse of an BSV52 transistor mounted 

on the microstrip waveguide is displayed in the following figure measured with an 

HP54124T oscilloscope. The amplitude of 3.5 V is attenuated with a 20 dB divider. 

Figure 17:  
Structure of this work 
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Figure 18: Output waveform of a single transistor avalanche pulse generator. 

The pulse width amounts to 10 ns at a rise time of 91 ps 

 

Even though, this pulse generator delivers an adequate pulse shape, the amplitude 

of several volts is not sufficient for high voltage divider characterisation, since the 

typical scale factor of high voltage dividers is in the order of 1000 to one as 

indicated in the following figure. An output voltage of at least 100 V should be 

aimed for. Therefore, the next chapter will focus on the increase of the output 

voltage.  

 

Figure 19: Principle of a high voltage divider, attenuator, and transient 

recorder with typical voltage levels 
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Increase of the avalanche-based transmission line pulse generators output 

voltage 

Due to the properties of the individual npn transistors the maximum peak value of 

the output pulse is limited for a single transistor. However, to further increase the 

voltage and current several transistors can be connected in series. To maintain a 

consistent pulse the wave impedance has to be adhered to 50 Ω. Additionally, the 

rise time has to be considered when the series interconnection is carried out. 

Especially, when a lot of transistors are serially connected the length of several 

tens of centimetres of the required PCB trace will lead to propagation speed in the 

nanosecond order. In order to see this effect, the distance between each transistor 

needs to be increased. So, to fully understand the requirements for this 

arrangement a test circuit was designed with four npn transistors and 1 m RG-58 

coaxial cable in between each transistor according to the following figure: 

 

Figure 20: Four stage pulse generator with delay lines in between 

 

This circuitry represents the standard series connection of transistors in order to 

obtain a higher output voltage. The normally short (e.g. 1-2 mm in length) coplanar 

waveguides in between each transistor are replaced with the 1 m long coaxial 

cable sections to be able to see the transient behaviour of the circuit on an 

oscilloscope with 400 MHz bandwidth. The output of the circuit is shown in the 

following two figures. 
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Figure 21: Output voltage of four avalanche transistors in series with 1 m 

coaxial cable in between – breakdown order T1 - T2 - T3 - T4 

 

The figure shows a steep increase and an incremental decrease of the voltage. 

The time segments of the voltage increments coincide well with the travelling time 

of the individual 1 m sections of RG-58 coaxial cable. The rise time is mainly limited 

by the oscilloscope and is equal to a single transistor. In order to obtain this wave-

shape the transistor closest to the voltage source (T1) must undergo an avalanche 

breakdown first. Resulting in a travelling wave that moves towards the next 

transistor. The overvoltage at the next transistor produced by the travelling wave 

forces that transistor to also avalanche and produce a travelling wave in the same 

manner with twice the amplitude. This goes on and on until all four transistors 

undergo an avalanche breakdown and the peak value reaches four times the 

amplitude of that from a single transistor. The incremental decrease indicates that 

the cable sections are charged by the leakage currents to equal voltage portions. 

These incremental steps are cause by the superposition of the reflected and 

incoming travelling waves. 



 

41 

 

Figure 22: Output voltage of four avalanche transistors in series with 1 m 

coaxial cable in between – breakdown order T2 - T1 - T3 - T4 

 

The figure indicates that the second (T2) transistor avalanched first. This leads to 

two travelling waves. One propagates to the left resulting in a drastically lowered 

emitter voltage and therefore overvoltage across T1, which in turn undergoes an 

avalanche breakdown. This can be witnessed by the one fourth reduced amplitude 

at the beginning of the impulse. The other wave travels to the right as before and 

leads to incremental avalanche breakdowns as in the figure prior to this.  
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If the length of the coaxial cable in between the transistors is reduced the steps 

are blurred by the bandwidth of the oscilloscope resulting in a reduced rise- or fall 

time. So, in order to build a transmission line pulse generator with either a fast front 

or tail the first or last transistor has to be switched first. This can be either obtained 

by an active trigger impulse or by a higher leakage of the residual transistor e.g. 

by parallel resistors. An active trigger impulse to imply a low difference in time 

between successive impulses (low jitter) is more difficult to implement when fast 

rise times are required. If still the transistor furthest away from the output gets 

triggered, the rise time is limited to several nanoseconds. Hereinafter only the fast 

front will be discussed.  
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Low voltage attenuators 

 

Low voltage attenuators are available in standard 

attenuations like 6 dB or 20 dB with a bandwidth of 

several tens of gigahertz. Unfortunately, their peak 

voltage for short impulses is often specified for less 

than 100 V. For voltages up to 1000 V attenuators 

must be built with adequate bandwidths. These 

attenuators or dividers serve as reference sensors 

for step measurements and furthermore to reduce 

the output voltage of the high voltage impulse divider 

to a safe level for the transient recorder and they are 

used to calibrate high voltage dividers as illustrated 

in the Figure 23:Figure 17:. Since they will strictly be 

used in 50 Ω transmission systems the wave 

impedance of the divider should be built to accommodate that. Hence, the basic 

structure is based on a 50 Ω coplanar waveguide. The attenuators can be either 

build as π or T designs as shown in the following figure: 

 

  

Figure 11: Equivalent circuit 

diagram for a π-

attenuator 

Figure 24: Equivalent circuit diagram 

for a T-attenuator 

 

If ZIN and ZOUT are the same, the left and right resistors Rπ,1 have the same value. 

The same applies for the T-attenuator. The voltage dividing factor for the π-divider 

Figure 23:  
Structure of this work 
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can be calculated by the parallel connection of the ZOUT and the right Rπ,1 as the 

low voltage arm of a divider. The high voltage arm is formed by Rπ,2. The left 

resistor Rπ,1 is only required to form a uniform wave impedance for the input and 

output of the divider. An equivalent concept applies for the T-attenuator. Both 

designs have in common that the wave impedance is the same from either side of 

the divider. The drawback is that the power dissipation within the resistors is very 

high and therefore limits their life expectancy. To overcome this, a lot of higher 

ohmic resistors can be connected in parallel to form the individual resistors. Still, 

this requires a lot of space and limits the application in a coplanar waveguide. 

Another approach is to construct dividers with a very low attenuation and then 

connect these in series. The dissipated power per attenuator is minimal and due 

to the waveguided design the waveshape is not affected. This approach is chosen 

for the low voltage π-dividers for up to 1000 V in 50 Ω transmission systems. Each 

attenuation stage is formed by a 1 dB π-divider on a 50 Ω coplanar waveguide. 

Twenty of these stages form one 10:1 divider with a total attenuation of 20 dB. The 

following figure illustrates the finished 20 dB divider. 

 

 

Figure 25: Circuit diagram for the 20 dB attenuator 

 

For the divider standard SMD components were used. For Rπ,1, an 866 Ω resistor 

is used and for Rπ,2  a 5.6 Ω. A travelling wave coming from the left to the attenuator 

sees the interconnection of the first 866 Ω resistor parallel to the 5.6 Ω in series 

with the next 866 Ω resistor parallel to the 50 Ω transmission line. 
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𝑍 = ((𝑍𝑂𝑈𝑇|| 𝑅π,1) + 𝑅π,2) || 𝑅π,1 (16) 

𝑍 =
(

50𝛺·866𝛺

50𝛺+866𝛺
+ 5.6𝛺) · 866𝛺

(
50𝛺·866𝛺

50𝛺+866𝛺
+ 5.6𝛺) + 866𝛺

≈ 50𝛺 
(17) 

 

 

The 50 Ω of this arrangement indicates that the interconnection does not influence 

the propagation of travelling waves and therefore does not have an influence on 

the waveform of transients. The finished divider is tested with a HP54124T 

oscilloscope and its time domain reflectometry (TDR) function. This oscilloscope 

includes a step generator with a 17 ps rise time. With the aid of this step generator, 

the reflections from the attenuator as well as its attenuation can be measured 

properly. The match to the 50 Ω impedance as well as the attenuation of 20 dB are 

within 1 %. The minimal rise time is 100 ps resulting in a bandwidth of 3.5 GHz.  

 

In a nutshell, the avalanche-based transmission line pulse generator allows the 

creation of picosecond rise time and kilovolt level step voltages, which can be 

measured by the presented microstrip transmission line attenuators. Hence, these 

instruments set the foundation for the development of reference impulse voltage 

measurement equipment as well as the design of adequate voltage dividers for 

these measurement challenges.  

 

3.1.1. Low voltage wideband attenuators 

For the superimposed measurements the output voltage of the high voltage divider 

needs to be reduced to measurable levels for the digitizer. Direct dividing to voltage 

levels suitable for the digitizer is not possible due to otherwise to high interference 

levels and therefore inappropriate signal-to-noise ratios.  
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Furthermore, the attenuator needs to correct the digitizers frequency 

characteristics, which are most often non ideal. Additionally, the previously 

presented attenuators have an impedance of 50 Ω, which allows them to be used 

with resistive dividers, but not capacitive voltage dividers. The divider intended for 

the superimposed voltage measurements is based on a capacitive voltage divider. 

Therefore, attenuators with a high impedance need to be considered. The following 

figure illustrates the low voltage attenuators that were designed for a National 

Instruments 5124 digitizer with scale factors of 200:1 and 20:1: 

 

Figure 26: Schematic of the 200:1 and 20:1 high impedance attenuator 

 

This attenuator incorporates several divider arms with individual time constants (τ1, 

τ2, τ3) to compensate the frequency behaviour of the digitizer. The resistors RDC 

form the basic scale factor for direct currents of 20:1 and 200:1. All other scale 

factors are oriented on this ratio. Time constants of 500 ns, 50 ns and 1 ns were 

chosen for τ1, τ2 and τ3 in order to achieve an almost flat step response and 

therefore constant frequency response. The time constant τ3 is additionally used 

to compensate the digitizers input capacitance as well as the capacitance of the 

coaxial cable connection from the attenuator to the digitizer. Consequently, this 

attenuator has a constant frequency response, beginning from DC going up to 

100 MHz. The maximum input voltage is designed to be within 2000 V for the 200:1 
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divider and 200 V for the 20:1 divider. In total four of these dividers have been built 

so that they can be used with the step-up procedure that is presented hereinafter.  

 

Now that these attenuators have been designed and constructed, a final calibration 

has to be carried out. Due to this calibration, possible errors and deviations from 

the designated values can be estimated. Since no primary reference for impulse 

voltages, neither for low voltages nor high voltages are existing, secondary 

references have to be used. The following figure illustrates the references that are 

used to obtain the DC scale factor, the impulse scale factor as well as the time 

parameters for impulses.  

 

Figure 27: Traceability chain for superimposed voltages 

 

As indicated from the previous figure, the DC voltage metrology begins with the 

Josephson voltage (Kohlmann und Behr 2011). This primary reference is 

transferred to high voltage levels by the step-up procedure that is explained in the 

chapter for DC voltage metrology. This step-up procedure is also necessary in 

order to gain access to the 1000 V level, that is required for these attenuators. The 

peak value of impulse voltages is mainly dependent on the attenuator’s capacitive 

arms. This peak scale factor is measured with AC voltages in the kilohertz range, 

which are in turn traced back to the quantum Hall effect and Josephson reference 

at the AC-DC transfer laboratory in the PTB (Prange und Girvin 1990).  

For the impulse time parameters two different approaches can be used. 

Traditionally, the first being the step response measurement. This can be done 
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with a mercury wetted reed relay, or the avalanche-based step generator. If such 

an applied perfect step voltage is scaled down, but unaffected in terms of the 

waveform, then the attenuator’s frequency behaviour is well-adjusted. In reality, 

the attenuators output will never be perfect. To estimate the effect of the nonperfect 

step-response, a convolution with a lightning impulse curve can be carried out 

(Havunen, et al. 2017). Due to this, the resulting errors can be estimated.  

The second method is the utilization of a known lightning impulse waveform for the 

calibration of the attenuator. This can be achieved by the use of a calculable 

impulse calibrator (Hällström 2002). The calibrator MIC330 is based on this 

principle. Its internal resistive and capacitive elements are calibrated against 

known references with the aid of an LCR-bridge. These references can be traced 

back down to national references, such as the Quantum-Hall effect and the 

Thompson-Lampard capacitor.  

With the aid of these instruments, all required parameters can be calibrated. 

However, the maximum voltage is still limited to only several hundreds of volts. A 

linearity check with a known DC or AC voltage can confirm the proper functionality 

to higher voltage levels.  

 

3.1.2. High voltage divider impulse voltage measurements 

 

To construct precision impulse dividers and to understand their behaviour different 

research has been done on reference impulse voltage dividers designed for 

lightning impulses. Especially on these reference dividers it is necessary to fully 

understand all influences on the dividers performance and to know all effects on 

the uncertainty of the measurement that is performed with it. 

Additionally, these influences have to be known in the frequency and voltage 

dependency of the divider. So, if the divider is calibrated at low voltages it has to 

be ensured that the performance remains the same at the rated voltage. Also, the 

scale factor is measured with low voltages at the several hundreds of volts in the 
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kilohertz range. Though, the measured lightning impulse voltages include 

frequencies of several hundreds of kilohertz and chopped impulses even a few 

megahertz. 

To extract the properties of the different voltage divider topologies they were 

measured against a reference divider at low voltages and the results are verified 

later on at high voltages. The reference divider used for these measurements is a 

Dr. Strauss 200:1 divider that is directly included in the Dr. Strauss digital recorder 

TR-AS 200-12. This signal is applied to the tested high voltage divider and the 

200:1 reference divider according to the following figure. 

 

Figure 28: Measurement setup for impulse voltage divider calibration at low 

voltage 

This recorder measures the signal of a calibrator Dr. Strauss Kal1000 using the 

200:1 divider on channel 1 and using the test divider on channel 2. Beforehand, 

the error of the reference divider and the difference in the channels itself were 

determined below 10 V, which is the maximum voltage for the direct input of the 

recorder. The impulse calibrator Kal1000 generates 0.84/60 µs impulses as well 

as chopped lightning impulses. The voltage increase of the impulse happens within 

0.84 µs (front time T1) and the time it takes until the voltage has dropped to half 

the peak value is 60 µs (time to half value T2). The time to chopping is set to 500 ns, 

which is the time after which a rapid decrease of the voltage happens. The exact 

calculation of the impulse parameters is given in (60060-1 2010).  
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The connection from the Kal1000 to the high voltage divider is made by a BNC to 

4 mm banana adapter and then with the shortest possible 4 mm banana cables to 

the high voltage line of the divider. Additional banana cables are used to make the 

connection to the 200:1 divider. The high voltage dividers output signal is 

transferred to the digital recorder by a coaxial cable whose influence is also tested. 

In total three different voltage dividers are used within these tests. One is a 

resistive divider (SMR 10/770) and two damped capacitive dividers (PZT500 and 

PZT1000). These are illustrated in table 1.  

The following figure shows the setup of the three dividers in the high voltage 

laboratory where the measurements are performed.  

 

 

Figure 29: Setup for high voltage divider research and calibration 
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The point behind the generator to where all the dividers are connected is from now 

on called the test point. This is also the place where a sphere gap will be located 

to calibrate these dividers with chopped lightning impulses. For the low voltage 

measurements with the KAL1000 the connection from the test point to the impulse 

capacitor was removed in order to reduce the capacitive load from the calibrator. 

The following figure shows the simplified internal electrical design of the dividers. 

In the middle is the test point to which both dividers are connected. On the left is 

the resistive divider with the dampening resistor RD, its high- and low voltage arms 

RH and RL, the coaxial line with the wave impedance Z0 and the termination resistor 

RT at the end of the coaxial cable. The Termination resistor has the value of the 

wave impedance Z0 of the coaxial line. Since for this SMR 10/770 a RG214 cable 

is used Z0 and RT are 50 Ω. 

 

Figure 30: Equivalent circuit diagram for high voltage comparison of resistive 

to damped capacitive dividers 

 

The capacitive damped divider begins right from the test point with its dampening 

resistor RD. In the high voltage arm are the high voltage capacitors CH as well as 

the dampening resistor RH located. The low voltage arm contains the low voltage 

capacitor CL and the corresponding dampening resistor RL. Different to the 

resistive divider the termination resistor RT is not on the end of the coaxial cable 

but at the beginning. Otherwise, the low voltage capacitor would be discharged too 
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fast and result in an incorrect measurement at long impulses. The termination 

resistor RT should have the resistance of 𝑅𝑇 = 𝑍0 − 𝑅𝐿. 

With this setup all the components are changed separately and their influence on 

full and chopped lightning impulses are recorded. At first the dampening resistor 

gets examined. Values from 0 Ω to 200 Ω are studied. The results are shown in 

the following figure. 

 

Figure 31: Influences of the external dampening resistance on a damped 

capacitive divider at low voltages (1000V) with full lightning 

impulses 

 

In the figure the relative deviations in relation to the reference divider are given. 

The relative deviation in percent is calculated by the following equation: 

𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝑉𝑎𝑙𝑢𝑒−𝑅𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑣𝑎𝑙𝑢𝑒

𝑅𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑣𝑎𝑙𝑢𝑒
· 100. It is noticeable that the front time T1 gets longer 

with higher dampening values whereas the peak value UP as well as the time to 

half value T2 remain the same. The same measurements were performed with 

chopped lightning impulses (LIC) and the results are also plotted in the following 

figure. 
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Figure 32: Influences of the external dampening resistance on a damped 

capacitive divider at low voltages (1000V) with chopped lightning 

impulses 

It is visible that with higher dampening values the time to chopping is reduced. 

Apart from the full lightning impulses the peak value is now influenced by different 

dampening resistance RD. This is caused due to the fact, that with the high 

frequency components involved, the dampening resistance has a significant 

influence over the capacitive impedance.  

By changing the high and low voltage capacitors CH, CL only the scale factor is 

affected. This is noticeable by parasitic capacitances, which are often referred as 

the proximity effect.  

By using different cables, different termination resistances may be needed to 

prohibit travelling waves. Therefore, the influence of the termination on the impulse 

dividers performance is addressed next. The termination resistor RT was changed 

from 50 Ω to 75 Ω by using the same 50 Ω - RG214 25 m long cable and no extra 

dampening resistance RD = 0 was used (only the dividers internal dampening 

resistors). 
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Figure 33: Parameters of full lightning impulses in dependency of the 

termination resistance on damped capacitive dividers at low 

voltage (1000V). 

 

By increasing the resistance RT in the termination assembly, the peak value UP 

and time to half value T2 are not particularly inclined to change. The front time T1 

is increased by higher resistances in a linear way. As with the dampening 

resistance also with the termination resistance measurements chopped lightning 

impulses were tested and the results plotted in the following figure. 
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Figure 34: Parameters of chopped lightning impulses in dependency of the 

termination resistance at low voltage (1000V). 

 

By an increase in the termination resistance RT to the coaxial cable a decrease of 

the peak value is noticeable. However, no significant explicit behaviour in the time 

to chopping TC is clear.  

Afterwards different cables were made in lengths of 5 m, 10 m, 25 m and 100 m 

all from the same coil of RG 214 coaxial cable. Also, the same crimp connectors 

are used to create the Type N connections to the dividers. With these differences 

in the cable lengths the dividers are again tested beginning with the PZT500. The 

same cables were used to perform the same measurements on the resistive 

divider and results are shown in the next figures. In the following figure the results 

of the different cable lengths on the damped capacitive divider are illustrated.  
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Figure 35: Parameters of full lightning impulses in dependency of the 

measuring cable length at low voltage (1000V). 

 

By increasing the cable length, the front time T1 gets longer as well as the time to 

half value T2, whereas the peak value UP is reduced. During these measurements 

the scale factor was only determined once, with the 25 m long coaxial cable. The 

peak value deviation originates from the additional or fewer capacitance due to the 

cable capacitance.  

 

With chopped impulses both with the time to chopping as well as the peak value 

show a nonlinear behaviour. The peak value shows a maximum positive deviation 

with the 25 m cable. The chopping time has its positive maximum deviation with 

the 10 m cable. 
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Figure 36: Parameters of chopped lightning impulses in dependency of the 

cable length at low voltage (1000V). 

 

These low voltage measurements allow an efficient way of adjusting a newly 

designed impulse voltage divider, such as the divider for superimposed voltages 

in this PhD work.  
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3.2. High voltage measurements  

After all dividers have been tested at low voltages, 

as illustrated by the Figure 37:, they are measured 

at high voltages against each other in order to verify 

their linearity as well as seeing what influence the 

parasitics of the impulse have on the results. These 

parasitic influences are mainly interferences, 

oscillations and the overshoot at short front times 

T1. The impulse generator is a Haefely 2000 kV 

60 kJ generator that is set up to deliver lightning 

impulses with front times T1 ranging from 0,84 µs to 

1,56 µs. The front time can be changed by adjusting the resistor between the 

impulse generator and the impulse capacitor. This resistor is made of a thin wire 

wound in a meander like structure to reduce its inductance. The resistance can be 

changed by shortening sections of this resistive wire and therefore reduce the front 

time T1. 

The scale factor of the impulse dividers is measured with an EDC460 AC Standard 

at 300 V, 1 kHz. This is the maximum output frequency and voltage of this AC 

standard with all dividers and the impulse capacitor connected. The resistor to the 

impulse generator is removed since it should be shorted and grounded for these 

measurements for safety reasons. It is however necessary to include the impulse 

capacitor since it delivers an additional parasitic capacitive influence to the 

dividers. For the damped capacitive divider PZT1000 this amounts to 0.6 %. 

 

The cable influence is tested equally to the low voltage tests. However, no 5 m 

cable was used, because it was too short to connect the divider to the digital 

recorder at the high voltage measurements, while guaranteeing a safe operation. 

Figure 37:  
Structure of this work 
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Figure 38: Parameters of full lightning impulses in dependency of the cable 

lengths 

 

The front time T1 as well as the time to half value T2 gets longer and the peak value 

Up is reduced in a linear way, which coincides well with the low voltage 

measurements. 



 

60 

 

Figure 39: Parameters of chopped lightning impulses in dependency of the 

cable length 

 

3.2.1. Front Oscillations 

When measuring lightning impulse voltages, quite often oscillations in the front can 

be witnessed. These parasitic oscillations often have their highest amplitude in the 

range of the 30 % range of the peak value. Therefore, they are influencing the front 

time evaluation of the lightning impulse even though they should be filtered out by 

several filter functions from the EN60060-1. However, even interferences with 

frequency components higher than 10 MHz showed a significant influence on the 

front time (Schlüterbusch, Passon und Meisner 2019). The cause for lower 

frequency oscillations around the 30 % value could not be distinguished at first. 

During the construction and adjustment procedure of the coupling capacitor for the 

superimposed voltages, these front oscillations were extremely severe. That 

suggested that the high capacitance in combination with a parasitic inductance of 

the impulse circuit had to be the cause. In the past this parasitic inductance was 

assumed to be in the impulse generator itself. However, during this research it was 
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witnessed, that also the high voltage dividers had a significant effect on the front 

oscillations. Due to this it is assumed that the inductance of the load capacitor and 

the high voltage dividers itself are one source for the front oscillations. In order to 

verify this hypothesis, a dampening resistance was added between the load 

capacitor and the common test point. The result from the addition of 200 Ω as a 

dampening resistance is illustrated in the following figure. 

 

 

Figure 40: Front oscillations of a lightning impulse at 200 kV peak voltage. 

Blue is the original curve and grey with the addition of 200 Ω 

between the common test point and the load capacitor 

 

From this figure the front oscillations are visible, as the blue curve does not follow 

a totally smooth voltage increase. Especially in the beginning a oscillation is visible, 

which happens often at 30 % of the peak value, therefore influencing the front time 

calculation severely. The grey curve was captured with an additional 200 Ω 

dampening resistance and it does not show any oscillations. The dampening 

resistor consists of a series connection of 200 individual resistors with 1 Ω each, 

all encased in a protective tube.  Since this dampening resistance is added 
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between the load capacitor and the common test point, a comparison 

measurement of two voltage dividers is unaffected, besides the eliminated front 

oscillations.  

 

Conclusion 

Finally, most factors that have an influence on damped capacitive dividers are 

researched. Additionally, from earlier research, the proximity-effect due to parasitic 

capacitances and the temperature coefficient have been determined. In the 

following table all these factors are quantified if possible.  

Table 2: Influences on a damped capacitive divider and full lightning 

impulses– the maximum change of the values is based on 

experiences with this divider type within one year 

 

M
a

x
im

u
m

 

c
h
a
n
g
e
 Full lightning impulse 

UP T1 T2 

Coefficient uncertainty Coefficient uncertainty Coefficient uncertainty 

RD 5Ω - - 0.02%/Ω 0.1% - - 

RT 1Ω 0.01%/Ω 0.01% 0.6%/Ω 0.6% 0.01%/Ω 0.01% 

Cable length 0.02m -0.06%/m -0.0012% 0.05%/m 0.001% 0.06%/m 0.0012% 

Proximity 

effect 
- - 0.5% - - 

Temperature 

coefficient 
2°C 0.1%/°C 0.2% - - 

Interferences 0.1% - - - - 

Front 

oscillations 
- - - - - 

The listed values for the maximum change are based on experience with these 

dividers for RD and RT, the cable length is based on additional connectors or short 

additional cables for easier connections. The maximum change of temperature is 

taken from the continuous climatic records of the high voltage lab. The individual 

coefficients are extracted from the measurement results in this chapter. The 

uncertainty is calculated by the multiplication of the maximum change with these 

coefficients.   
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Table 3: Influences on a damped capacitive divider and chopped lightning 

impulses – the maximum change of the values is based on 

experiences with this divider type for one year 

 
M

a
x
im

u
m

 

c
h
a
n
g
e
 Chopped lightning impulse 

UP TC 

Coefficient uncertainty Coefficient uncertainty 

RD 5Ω -0.06%/Ω -0,3% -0.07%/Ω -0,35% 

RT 1Ω -0.48%/Ω -0,48% -0.06%/Ω -0,3% 

Cable length - 0.1%/m - 0.03%/m - 

Proximity 

effect 
- - - - 

Temperature 

coefficient 
2°C 0.1%/°C 0,2% - 

Interferences 0.1% - - 

Front 

oscillations 
 - - 

 

These measurement results indicate that special care has to be taken into account 

on all components of a transient voltage measurement systems. Especially the 

coaxial cables and proximity effects have been studied within the past years. The 

effect of interferences on lightning impulse measurements have been researched 

in (Schlüterbusch, Passon und Meisner 2019). However, due to the high standard 

deviation and the dependency of the measurement setup, no exact values are 

listed here. The problem of the front oscillations could be solved, resulting in no 

additional uncertainty contribution. 

With these insights’ new high voltage dividers for superimposed voltages can be 

designed and optimised and existing dividers improved. 
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4. DC voltage metrology 

 

The DC voltage must be known very precisely for the DC path of superimposed 

voltages. This will be the focus of this section, beginning with a 120 kV reference 

divider to show all the important aspects of high voltage DC (HVDC) metrology. 

Afterwards, a design for a self-traceable high voltage divider is shown. In the end, 

all the results can only be used for higher voltages if the linearity of voltage dividers 

is known exactly.  

4.1. DC Low voltage metrology 

 

One of the most important components of metrology for 

high DC voltages is low-voltage measurement 

technology as illustrated in the Figure 41:. Since high 

voltage dividers only scale down a high voltage, their 

low-voltage output must be measured by a voltmeter. 

There are numerous voltmeters on the market, but only 

a few are suitable for precision voltage measurement in 

the ppm range. 

To measure low DC voltages, the voltmeters must have 

special specifications, which will be described in this 

section. One of them is the ability to measure voltages 

up to 10 V in an uncertainty range below 1·10-6 V/V. 

Often precision voltmeters such as the Fluke 8508a and the 3458A model are used 

in national metrology laboratories. Therefore, the following description is related to 

these two instruments. Within this section the specification of these voltmeters, as 

well as their interactions with the high voltage dividers will be illustrated and 

discussed. At the end their contribution to the overall uncertainty will be presented. 

Figure 41:  
Structure of this work 
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For low voltage DC measurements, with precision voltmeters, the following effects 

must be considered as the main sources of systematic deviations and uncertainty 

contributions: 

• input resistance 

• offsets / gain corrections 

• bias current / pump-out current 

• thermal electromotive force (thermal EMF) 

• leakage currents, external fields and guarding 

• triggers and synchronization. 

 

Input resistance 

Within the 3458A and the 8508A voltmeters, the input resistance is specified to be 

higher than 10 GΩ and is typically in the order of 500 GΩ to 1 TΩ in the voltage 

ranges of 10 V / 20 V. If the measuring range changes or the resistance to be 

measured is higher than 1 MΩ the influence of the voltmeter's internal resistance 

is not negligible anymore. When the measuring range is in excess of the 10 V / 

20 V range, the input resistance is 10 MΩ since an additional voltage divider within 

the voltmeter is used. This internal resistance is in parallel to the low voltage arm 

of a high voltage divider. Therefore, a high voltage divider's low voltage arm with 

100 kΩ relates to a deviation of 1 % of the scale factor at this parallel parasitic 

resistance. In contrast, in the 10 V/20 V range this influence amounts to less than 

0.2 µV/V. Consequently, high voltage dividers should be designed with an output 

voltage of 10 V / 20 V and a resistance below 500 kΩ, when these voltmeters types 

are used. 

Nevertheless, sometimes voltages of more than 20 V need to be measured without 

the influence of an input resistance. A so-called compensation method is then used 

where a second voltage source is connected and a voltmeter between the two 

voltages measures the difference. The voltage source is adjusted until the 

difference becomes zero. This null voltage relates to no current flow and therefore 
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infinite input resistance. The voltage source can be measured directly, since it is 

not affected by an input resistance. 

 

Offset and gain corrections 

Typically, the specifications for DC voltage measurements of precision voltmeters 

are given for different time intervals after the last calibration, e.g. 1 day, 1 month 

and 1 year (Keysight 2020). With these precision voltmeters off the shelf 

measurements up to an uncertainty of 8·10-6 V/V (3458A after 1 year) are possible. 

If more precise measurements are required, the instrument must be calibrated 

before each measurement. This calibration is carried out by measuring the shorted 

input voltage reading (offset voltage), including all required cables for the actual 

measurement. The short circuit connection must be made at the specific point 

where the actual voltage is applied later. This offset voltage is caused by 

electromagnetic and electrostatic interferences or mainly thermal electromagnetic 

forces, or the voltmeters internal corrections and must be subtracted from the 

voltmeters reading.  

Accordingly, the following gain correction must be applied to the instrument. 

Utilizing the assigned connection cables, a known reference voltage standard must 

be connected to the input terminals. By comparing the voltmeters reading to the 

reference voltage standard, a correction factor can be derived to accurately 

calculate further voltage readings.  

𝑀𝑔𝑎𝑖𝑛 =
𝑈𝑟𝑒𝑎𝑑𝑖𝑛𝑔 − 𝑈𝑂𝑓𝑓𝑠𝑒𝑡

𝑈𝑅𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒
 

(18) 

  

The uncertainty of the measurements can be reduced significantly from the 

datasheet specifications by evaluating the stability of the internal voltmeters 

reference. The stability measurement of a 3458A connected to a 10 V reference 

voltage standard over a period of several days revealed that the stability of the 

voltmeter is better than 0.5 ppm, if the ambient conditions remains stable. 
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Consequently, the voltmeter’s gain and offset uncertainty can be specified to less 

than 5·10-7 V/V in a time interval of 24 hours after a calibration. 

 

Bias current 

The bias current is also a parasitic effect that is caused by the operational amplifier 

(OPAMP) of the voltmeter’s input. This operational amplifier is mainly used for high 

input resistance requirements and low distortions. But as a drawback, this OPAMP 

creates a current flow from the input terminals that is in the order of several 

picoamperes. With typical low voltage resistors of high voltage dividers of about 

100 kΩ, this influence is negligible. Utilizing of resistance in the mega ohm range 

however influences the reading stronlgy.  

Especially, during the above-mentioned compensation voltage method, where the 

input resistance of a voltmeter is counteracted, the bias current is the main 

influence on the correct voltage reading. Voltmeters such as the 3458A and 8508A 

have proven to be unsuitable for this task, due to their bias current in the order of 

several picoamperes (Rietveld 2004). A better solution is an electrometer amplifier 

such as the ADA4530 (Analog 2017), which incorporates a bias current of only 

several femtoamperes and therefore reduces the bias current induced 

systematical error by several decades.  

 

Thermal EMF 

The thermal electromotive force is the main reason for offset voltages and if 

neglected a main uncertainty contribution. It is also the cause of the much higher 

costs of high-quality connectors for metrological applications compared to 

standard equipment. A thermal EMF, also described as the Seebeck effect  (E. 

Schrüfer 2014), is generated when two different metals, which are at different 

temperatures come in contact with each other. These contacts might be 

connectors, cables or solder joints. A temperature difference might originate from 
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the input terminals of voltmeters, or a temperature stabilized voltage divider by 

connecting a cable at ambient temperature. Even though, the devices themselves 

have a constant temperature, the ambient temperature might change, resulting in 

a changing thermal EMF. The voltage produced by this thermal EMF is directly 

proportional to the temperature difference and is highly dependent on the material 

combination. For instance, copper, silver and gold have almost the same Seebeck 

coefficients of 6.5 µV/K compared to platinum. Therefore, a negligible voltage is 

produced between contacts of these metals. However, copper oxide has a 

Seebeck coefficient almost one thousand times higher than non-oxidized copper. 

Consequently, copper connectors are almost always plated with gold to prevent 

the oxidation.  

Since gold plated copper is too soft to work as a reliable connector, copper-alloys 

are used. For the most reliable connectors, tellurium-copper or beryllium- copper 

are preferred due to their hardness (Fluke 2013). Consequently, in this work and 

generally in PTB’s HVDC measuring system gold-plated copper-alloy contacts for 

the cables and divider outputs are used.  

 

Leakage currents, external fields and guarding 

Leakage currents are parasitic currents that flow through components other than 

those intended. These might be insulators, the surface of components or even the 

air. The major drawback here is that these effects are mainly temperature, humidity 

and voltage dependent and therefore affect the performance of voltage 

measurements severely.  

Possible countermeasures are good quality insulators, long distances between 

susceptible parts, with by far the best being guarding. A guard is a conductive 

section or geometry that has the same potential as the critical component and also 

encases it. The voltage difference between the component and the guard is ideally 

zero, which in turn does not allow any parasitic current to flow. With the aid of a 
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suitable guard, corona discharge induced currents are deflected and therefore do 

not influence sensitive measurements.  

As the most often used insulator, PTFE has very good insulation performance as 

well as dielectric strength. However, the triboelectric effect, which produces an 

electrical voltage when a force is applied, often makes this material unsuitable for 

some certain applications. As a dielectric for measuring cables, this effect may 

cause severe noise through the slightest movement of the cable. PTFE cables 

must be avoided in precision voltage measurements as a result. 

 

Consideration of the previously described effects 

All these aspects of low voltage metrology were used and applied to calibrate all 

the required equipment for the high voltage measurements. In addition, an active 

trigger generator has been built for all the voltmeters to allow a simultaneous 

readout. To counteract the bias current, a Keysight B2987A electrometer was 

acquired and implemented in PTB’s quality management for compensation 

measurements. New triaxial measuring cables (Belden9222) with triaxial 

connectors were assembled to guarantee the lowest possible noise in combination 

with thermally induced offset voltages and negligible triboelectric effects due to the 

use of polyethylene as a dielectric. In order to test each assembled cable and 

connector, a battery-operated electrometer based on an ADA4530 was built and 

used for insulation measurements up to 1 PΩ. The following table summarizes 

these effects and quantifies their uncertainty contribution if they are not 

counteracted. This table is based on the example of 10 V, a model 3458A 

voltmeter and a 10 MΩ resistor of a low voltage arm, 
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Table 4: Uncertainty contributions for a 10 MΩ resistor of a low voltage arm 

Effect Value Uncertainty 

contribution if 

neglected 

Gain 0,99999494 5 ppm 

Offset 5 µV 0.5 ppm 

Bias current 20 pA (according to 

specs) 

2 pA (measured) 

(20 ppm) 

2 ppm 

Leakage current 1 pA 1 ppm 

Thermal EMF 2 µV 0.2 ppm 

Input resistance 1 TΩ 10 ppm 

Sum  11.41 ppm 

 

In these effects are not counteracted, they relate to 11,4·10-6 V/V. If they are 

properly considered, the overall uncertainty is below 1·10-6 V/V. All these low 

voltage procedures establish the link between the primary national standards and 

high voltage metrology. Therefore, they are key aspects for the traceability chain. 

The most important influencing values for individual effects are included in the 

following Ishikawa diagram. 
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Figure 42: Ishikawa diagram for uncertainty estimation in low voltage dc 

metrology 
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4.2. DC high voltage metrology 

 

In this section all the basic aspects of precise DC high 

voltage measurements and dividers will be given as 

illustrated in Figure 43:. The principle setup and design 

of a HVDC divider are shown in (Passon 2017). The 

application of these precise measuring instruments 

ranges from medical tasks for X-ray generation to 

energy transmission systems and even nuclear physics. 

The latter topic especially requires the best 

uncertainties to explore the properties of the universe 

as in the KATRIN experiment (KATRIN Collaboration 

2020). Within this experiment the mass of neutrinos is 

determined with the aid of the world’s largest spectrometer that uses a high voltage 

potential of 18.6 kV. To measure mass with a sensitivity of up to 0.2 eV, an 

uncertainty of the high voltage of 3 ppm is required.  

Typically, the higher the voltage is, the more the uncertainty will also increase. This 

is reflected in the certified measuring capabilities at PTB with an expanded 

uncertainty of 2 ppm at 100 kV and 10 ppm at 300 kV (BIPM 2019). 

These precision levels can only be obtained with special care in accordance with 

all the aspects beginning with the low voltage measuring instruments up to the high 

voltage dividers. As far as the tractability is concerned, the measuring chain begins 

at the Josephson voltage standard, which defines the volt, the SI unit of electric 

potential difference (BIPM, The International System of Units (SI) 2019). With this 

reference voltage, typical voltmeters like the 3458A and the Fluke 8508A can be 

calibrated according to their gain.  

A high voltage divider can then be calibrated with a step-up procedure from the 

10 V level of a transfer standard up to several hundred kilovolts.  

Figure 43:  
Structure of this work 
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Figure 44: Step-up procedure at the PTB for high voltage measurements 

(Meisner 2019) 

 

 

However, for the most precise results a divider needs to be independent of 

environmental effects like temperature and humidity as well as pressure and 

proximity effects. Also, internal effects like self-heating and linearity need to be well 

known and preferably counteracted. The measures to prevent these effects and 

create precise high voltage dividers will be shown and discussed with the aid of a 

120 kV reference divider that was built during this PhD thesis. This divider was 

built for high voltage measurements in department 3 of PTB and is shown in the 

figure below. It is constructed from 3D-printed parts and temperature stabilized. 

For this PhD work it is used as an example of the influences on precision high 

voltage dividers. 
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Figure 45: 120 kV 3D printed high voltage divider 

This divider for 120 kV DC is built for a measuring current of 0.1 mA, which keeps 

the self-heating as low as possible and reduces the impact of parasitic currents. 

This defines the resistance to 1.2 GΩ. To guarantee the best possible voltage 

dependency either wire wound resistors or metal foil resistors should be used. In 

the case of this 120 kV divider, wire wound resistors were preferred since the 

maximum resistance value of obtainable metal foil resistors was 1.8 MΩ. Thin film 

resistors show a far higher voltage dependency due to their structure (Passon, 

Investigating the properties of precision resistors for the application in high voltage 

DC dividers 2016). When the nominal voltage is applied to the resistors, they 

naturally heat up, which leads to a drift of their resistance value. This drift due to 

the current flow is often referred to as the power coefficient ratio (PCR). One 

countermeasure is the matching of resistor pairs with equivalent but opposing 

PCR’s. The result is a power independent resistance value, which is the foundation 

of precision dividers.  

Furthermore, not only the high voltage arm of a divider is responsible for the 

precision but also the low voltage arm. There, the self-heating is far less important 

since the dissipated power is far less than in the high voltage arm. However, due 
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to the voltage levels below 10 V thermal EMF’s play a major role. Therefore, only 

similar materials with low Seebeck coefficients have been used in the 120 kV 

divider and gold-plated copper contacts have been selected. To ensure that the 

temperature is distributed homogeneously, a ventilation system with active 

temperature control has been installed. The divider therefore, has the same 

operational conditions at all times. The temperature controller’s quality has a direct 

influence on the divider’s performance. The following figure illustrates this through 

a comparison between no temperature regulation, a two-level controller and a 

linear controller. 

 

Figure 46: Stability measurement with a two-level temperature 

regulation and no temperature regulation after 

02:20:00 
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Figure 47: Stability measurement with a linear temperature controller 

 

In the first diagram, the scale factor changes within 5·10-6 V/V due to the two-level 

temperature controller. After about 2 hours, the temperature controller is switched 

off, and the resulting drift in the scale factor amounts to approximately 1·10-5 V/V. 

In the second diagram, a linear temperature controller is used, which leads to a 

constant scale factor within 5·10-7 V/V with an initial drift of 1·10-6 V/V after the high 

voltage is switched on. 

The temperature itself also has an influence on the temperature coefficient of the 

resistors and therefore, on the short-term stability as well as the linearity.  This is 

most often caused by the hyperbolic temperature coefficient over the temperature. 

This can be seen in the drift in the following figure, when the nominal power is 

applied to the wire wound precision resistors at different ambient temperatures. 
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Figure 48: Drift induced by self-heating of a single wire wound resistor at 

rated voltage and different ambient temperatures 

 

Since every resistor behaves differently the drift of the scale factor is influenced by 

the average of all the resistors. Matching can greatly reduce this drift, which can 

be further enhanced by adjusting the operating temperature. These measures 

allowed the construction of a precise high voltage divider with excellent 

performance. The only drawback is that it needs to be calibrated against another 

reference dividers in order to obtain its scale factor. This problem can be solved 

by implementing a modified Hamon principle (Hamon 1954) in a high voltage 

divider, as described in the following section. 

 

Self-traceable high voltage reference divider 

The previous section illustrated how to construct precision reference dividers with 

low temperature dependency, linearity improved temperature control and as a 

result a low drift behaviour. However, these still need to be calibrated in order to 
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obtain their scale factor. This is achieved through a traceability chain down to 

primary references, which can take several weeks and intermediate steps. To gain 

the divider’s scale factor directly, a new approach for a self-traceable reference 

divider is developed and shown here. This modified principle is patented (Passon, 

Spannungsteiler 2019). 

The idea is based on the Hamon principle, which compares resistor values by their 

alternating series and parallel arrangement. Similar devices are available for low 

voltages up to 1000 V (Fluke Corporation 1983). Within the parallel connection 

according to the next figure, all the high voltage resistors of the divider form a 

resistance very close to that of the low voltage arm (S3 and S4 closed).  

 

Figure 49: Diagram of the self-traceable high voltage divider 

 

By the aid of a support divider with an exact scale factor of 2:1 the adjustment can 

be accomplished. This is achieved by matching the resistance ratio of the high to 

the low voltage resistance by comparing it to the support dividers ratio. Afterwards 

the series interconnection leads to a very well-defined scale factor that is only 

dependent on the number of resistors and their quality. 
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The support divider consists of two resistors with the same value being only 

dissimilar due to their tolerance in resistance. The smaller resistor R1 is equipped 

with a high-quality potentiometer RP1 in order to fine-tune its resistance and match 

it to the other. This potentiometer has a temperature coefficient of 15 µΩ/Ω; 

however, its resistance contribution is less than 0.1 % and therefore the 

temperature dependency is negligible. This voltage divider consists of two 

resistors, which can be interchanged with the S2 switch to exchange the high 

voltage and the low voltage arm. If the resistance is not the same the bridge voltage 

will change by switching the S2 switch. When no change in the bridge voltage can 

be seen, the resistances are equal and therefore form a voltage divider with a scale 

factor of exactly 2:1. 

The main high voltage divider can correspondingly be adjusted according to this 

support divider. The parallel-arranged (S3 and S4 closed) high voltage section also 

forms a scale factor close to 2:1 with the low voltage arm also. With the aid of the 

bridge voltage, this scale factor can be matched exactly to the support divider. This 

indicates that the high voltage arm with n resistors in parallel has on average n 

times the resistance of the low voltage resistor. The individual resistances are not 

known, but the averaged resistance is well defined according to the following 

equation. 

𝑅𝐻𝑉,1 = 𝑅𝐻𝑉,2 = 𝑅𝐻𝑉,𝑖 = 𝑅 = 𝑛 · 𝑅𝐿𝑉 (4) 

The series scale factor is also well established according to the Hamon principle. 

A detailed description of the behaviour is shown in  (Passon, Spannungsteiler 

2019). The series scale factor is the squared number n of the high voltage resistors 

plus the low voltage resistor, resulting in the following scale factor M after the 

adjustment procedure.  

𝑀 = 𝑛2 + 1 (4) 

The following image shows the finalized divider for an operating voltage of up to 

100 kV. 
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Figure 50: Image of the entire self-traceable high voltage divider 

 

The entire divider is about 1 m high and weighs approx. 20 kg. The toroids at the 

top and bottom reduce the electrical field strength and therefore prevent corona 

discharges. The aluminium enclosure at the bottom includes a zero-voltmeter a 

temperature controller and a DC power supply. The white internal structure is 3D 

printed using PLA and holds all the precision thin film resistors (Caddock 2017). 

To further increase the insulation resistance, PTFE strips hold the resistors within 

the PLA structure. Due to its low coefficient of friction, PTFE is also used to guide 

the rods, which form the parallel resistor arrangement. Therefore, each resistor is 

equipped with SMD spring-loaded gold-plated contacts. With two gold-plated 

stainless-steel bars, these contacts are connected together for the adjustment 

procedure. At the rated voltage of 100 kV a measurement current of 0.1 mA results 

in thermal losses of 10 W. Due to the self-heating during a high voltage 

measurement, the resistance drift affects the performance of the divider. This is 

counteracted by a circulating temperature control system, which keeps the dividers 
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internal temperature at a constant 30.0°C. To further guarantee an equal 

temperature distribution along the entire divider, every resistor has a constant air 

flow. Only the power coefficient and the voltage coefficient influence the resistance 

in a parasitic manner. In particular, the voltage coefficient is severe due to the thin 

film characteristics of the resistors used. Wire wound resistors would outperform 

these, with the drawback being a larger spread of resistance. The optimal 

conditions could be achieved with foil resistors due to their very low temperature- 

and voltage coefficient as well as the tight tolerances available (Zandman 2001). 

One main drawback is the price of these resistors, along with the highest available 

resistance of less than 2 MΩ. Since the behaviour of the resistors is only known 

from datasheet specifications, measurements have to be taken against a known 

reference.   

 

Measurements 

The following section will concentrate on the measurements against the reference 

divider of PTB, the MT100. It is well known in terms of its scale factor, temperature 

behaviour, short- and long-term stability and voltage dependency (Marx 2001). The 

first measured quantity is the short-term stability of the newly designed voltage 

divider. However, in the first tests, significant steps in the scale factor can be 

observed. Partial discharges in the high voltage arm are the main cause of this. As 

soon as a gas that was better insulating than air (Dodecafluoro-2-methylpentan-3-

one) was filled into the divider, these steps disappeared. A bigger corona ring was 

therefore installed, the low voltage arm was shielded and all sharp points in the 

high voltage arm were removed. As a result, no steps were measurable anymore, 

and the following stability curve is was obtained at the positive voltage of 100 kV. 
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Figure 51: Stability of the self-traceable high voltage divider at 100 kV 

 

From the first reading up to a steady scale factor, the drift amounts to 5·10-6 V/V. 

After one hour, no drift can be observed. The initial drift is caused by the self-

heating of the resistors and the longer drift by the regulation of the temperature 

control unit. It is also evident that the steady state is about 8·10-6 V/V away from 

the ideal scale factor with a relative deviation of 0 V/V. Since the short-term drift 

does not intersect the zero line, temperature effects cannot be the reason for this 

deviation. Offset voltages have also been excluded by a previous offset voltage 

measurement. A statistical misalignment during the adjustment procedure can also 

be excluded since several repetitive measurements lead to the same deviation 

with a standard deviation of less than 1·10-6 V/V. Consequently, the voltage 

dependency of the voltage divider has to be the main reason for this behaviour. To 

further analyse this voltage dependency, a linearity measurement is carried out 

and the results are shown in the following figure. 
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Figure 52: Linearity of the self-traceable high voltage divider from 10-100 kV 

 

For this linearity measurement, the voltage is increased from 10 kV to 100 kV in 

10 kV steps. At each step, the voltage is held constant for a period of a few 

minutes, until at least ten measurements are captured. Hence, an average of the 

scale factor for each voltage step can be determined, by keeping the self-heating 

as low as possible.  

This linearity measurement reveals the clear voltage dependency of the scale 

factor. By rough approximation, this behaviour follows a linear trend. A fit with a 

trendline gives a voltage coefficient of 7·10-8 V/kV, or 0.07 ppm/kV with an offset 

of 2·10-6 V/V. To conclude, the results from the stability measurement can be 

verified and the systematic deviation explained by the voltage dependency caused 

by the thin film technology of the resistors (Passon 2016) (Zandman 2001).  

Of course, with this linearity measurement, there is always the discrepancy 

between the pure voltage dependency and the temperature induced drift, as in the 

stability measurement. However, by keeping the measurement time as small as 
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possible at each voltage step, a reliable statement about the divider’s performance 

can be deduced.  

 

The principle of this type of self-traceable divider was calibrated and compared 

against the reference of PTB (Marx 2001) and amounted to less than 4 ppm. This 

however does not include the voltage dependency since it can be corrected due 

to the very linear trend, and furthermore it is not part of this divider’s principle. 

The main benefit of this type of divider is its self-traceability within several minutes 

down to several parts per million with simple procedures. Especially, calibrations 

outside the conditions found in national laboratories benefit from this principle. 

Additionally, the traceability down to primary national references can be carried out 

several times per year, which reduces possible errors. 
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4.2.1. DC high voltage generation 

 

In order to establish a measurement capability for 

superimposed voltages, appropriate voltage sources 

need to be used as shown in the Figure 53:. The 

lightning generator available in the PTB is sufficient for 

the superimposed lightning on DC voltages. In addition, 

very stable DC power supplies for up to 300 kV are 

available. However, these are vulnerable to transient 

overvoltages and they might be damaged by the 

lightning impulse even with protective measures. 

Therefore, a DC power supply for even higher voltage 

levels has been designed and built in order to generate 

the desired waveforms in a reliable and safe way. The following figure illustrates 

the principle of the power supply. 

 

Figure 54: Schematic diagram of the high voltage direct current power supply 

 

The mains voltage on the left is rectified and smoothed to achieve a DC 

intermediate voltage with almost no ripple. An inverter converts the DC voltage to 

a high frequency voltage with an amplitude of up to 1000 V. This amplitude is 

increased further to 100 kV by a high voltage transformer that feeds the ten-stage 

voltage multiplier circuit. One stage doubles the input voltage. The entire voltage 

multiplier rectifies and increases the output voltage to up to 2000 kV DC. 

Figure 53: 
Structure of this work 
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The DC power supply is described in every detail in this section. Furthermore, 

special focus is placed on the high voltage high frequency transformer, since it is 

also capable of delivering high frequencies at high voltages for several different 

high voltage applications. 

 

Royer inverter 

The inverter in the previous figure needs to turn the rectified main voltage into a 

high frequency AC voltage in order to reduce the ripple factor of the DC output 

voltage and to allow the higher efficiency of the entire circuit. By regulating the 

intermediate DC voltage, the output voltage can also be regulated to improve the 

short-term stability. 

For the sake of pure sine wave generation and a simple setup, a self-resonant 

inverter design is used based on the Royer converter. A resonant capacitor CR 

forms a resonant tank circuit in conjunction with the inductance LP of the high 

voltage transformer. The main benefit of this circuit comes from the low switching 

losses, which allow the use of ordinary switching elements. These might be IGBT’s 

for higher voltages or MOSFETs for lower voltages but higher currents. These 

switching elements only need to feed the ohmic losses to the circuit. The gate drive 

is also produced directly by the resonant circuit feedback according to the figure 

below: 
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Figure 55: Schematic diagram of the Royer converter 

 

The S1 and S2 switches will only change their state during the zero-voltage 

crossing, which almost eliminates the switching losses. Therefore, this circuit is 

often referred to as the “zero voltage switching” (ZVS) circuit. The switching 

frequency of this circuit is determined by the primary inductance LP and the 

capacitance CR. During this work, especially the current-handling capability of the 

capacitors for the resonant tank circuit was underestimated, leading to their 

undesired destruction. For a given aimed switching frequency, the capacitance of 

the resonant tank capacitor CR should be kept small, which results in lower currents 

to prevent currents in the resonant circuit and the primary winding exceeding 

several hundreds of amperes. This, in turn, leads to excessive heating and poor 

short-term stability. 

For the given frequencies within the several kilohertz range, individually insulated 

litz wires were chosen for the primary winding LP to reduce the influence of the skin 

effect and to maximize the effective cross section. The switches have almost no 

influence on the performance of the circuit. However, they need to have at least a 

voltage rating of π times the DC intermediate voltage UIN, which is the oscillating 

voltage’s peak value within the resonant circuit. The inductor LDC in the positive 

DC supply path blocks the high frequency oscillations from the DC intermediate 
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circuit capacitors. If this inductance is designed to be too small, the maximum 

resonant peak voltage will not be achieved. By designing this inductance to be too 

big, a sudden current change will result in high transient overvoltages, which are 

going to stress the switching elements. Experience shows that the ideal value is 

about five to ten times higher than the resonant tank’s inductance.  

The overall switching frequency formed by the resonant capacitor and inductance 

is matched to the self-resonance of the high voltage transformer to achieve the 

best performance. However, a smaller primary resonant frequency than the 

transformer’s secondary resonance frequency should be preferred since load 

changes on the secondary side have led high switching frequencies that are far 

too high as well as excessive heating in the S1 and S2 switches. 

High voltage transformer 

The above-mentioned transformer was completely custom built at PTB as no 

commercially available devices could be found in these voltage and frequency 

ranges. The transformer needs to step up the high frequency voltage of the inverter 

from 1000 V to 100 kV. In order to achieve this efficiently, a ferrite core made of 

36 pieces of Ferroxcube I-cores(Ferroxcube 2008) was chosen. Four of these were 

used in parallel to gain a bigger cross section of 3360 mm². At a frequency of 

25 kHz and a primary winding number of 14 turns, the magnetic field is given by 

the following equation: 

𝐵 =
𝑈1

𝑁1 · 𝐴𝐹𝑒 · 𝜔
 

(19) 

𝐵 =
1000 𝑉

14 · 3360 𝑚𝑚2 · 2𝜋 · 25 𝑘𝐻𝑧
= 0,135

𝑉𝑠

𝑚2
 

(20) 

 

This equation also indicates that the switching frequency of the inverter should be 

high in order to prevent the saturation of the core. It also shows the clear benefit 

of this inverter design compared to 50-Hz-based systems, since the transformer 

can be much smaller. 
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The secondary winding needs to have 1400 turns to produce the needed peak 

voltage of 100 kV. More turns on the primary and secondary windings would 

decrease the magnetic field within the core and therefore reduce the losses. The 

drawback however is the self-resonance of the secondary winding. When more 

turns are wound for the secondary windings, the inductance also increases 

drastically. The output voltage across a capacitive load, like a voltage multiplier, is 

therefore reduced. According to the following figure, the impedance XL and the 

resistance R are mainly formed by the secondary winding. The impedance XC is 

composed of the capacitive load and the parasitic capacitance of the secondary 

windings. The capacitance in conjunction with the inductance forms a series 

resonant circuit. 

 

Figure 56: Equivalent circuit of the high voltage transformer 

 

With this equivalent circuit, the transfer function between the output voltage UC and 

the input voltage of the transformer UP multiplied by the transformation ratio ü can 

be formed. 

𝑈𝐶

𝑈𝑃 ∙ ü
=

1

𝑗𝜔𝐶

𝑗𝜔𝐿 + 𝑅 +
1

𝑗𝜔𝐶

=
1

𝑗²𝜔²𝐿𝐶 + 𝑗𝜔𝐶𝑅 + 1
 

(21) 

 

Which characteristic frequencies are important for the performance of the 

transformer can be seen from the absolute value of the transfer function. 
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|
𝑈𝐶

𝑈𝑃 ∙ ü
| =

1

√(1 − 𝜔2𝐿𝐶)² + (𝑗𝜔𝐶𝑅)²
 

(22) 

 

If the frequency is much smaller than 
1

2𝜋√𝐿𝐶
, the output voltage is almost identical 

to the input voltage. If the frequency is close to the resonance frequency, the output 

voltage increases until it reaches its maximum. By increasing the frequency further 

than the resonance point, the output voltage decreases drastically.  

 

 

Figure 57: Calculated frequency response of the high voltage transformer 

with a secondary inductance of 9 H and a parasitic capacitance of 

50 pF 

 

Therefore, the parasitic capacitance, as well as the inductance of the secondary 

winding, needs to be as small as possible. Also, the primary capacitance and 

inductance have to be taken into account since they will be transformed to the 
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secondary side by the quadratic transformation ratio. With the configuration of the 

N87 ferrite cores of four in parallel and eight of them in series, the measured AL 

value is 4 µH/N². The secondary inductance of the 1400 turns is therefore 9 H, and 

the primary inductance with two times 7 turns is 329 µH. As an insulation, 

transformer oil was chosen since it requires no high-pressure vessel and no 

greenhouse gases like sulphur hexafluoride.  

The entire transformer was built in a steel housing, which is capable of holding a 

vacuum in order to degas the windings and therefore prevent partial discharges. 

The maximum electrical field stress is designed to be less than 3 kV/mm, even 

though the Shell Diala S4 oil  (Shell 2013) has a rated dielectric strength of more 

than 60 kV/mm. However, these ratings only apply for DC and AC voltages within 

power frequency ranges. At higher frequencies, the dielectric strength is 

decreased drastically (Nagel und Leibfried 2006).  

Transient overvoltages introduced by flashovers might furthermore damage the 

insulation, which is the main reason for the generous overvoltage rating for the 

transformer. The material selection is mainly based on the dielectric loss factor. 

The bobbin of the secondary winding is especially exposed to the highest electrical 

fields and would therefore be severely affected by dielectric losses. As a primary 

choice, PTFE would be ideal since it incorporates a low tan δ and good insulation 

properties as well as high heat resistance. But since the desired diameter of 

200 mm is not easily available and is furthermore expensive, polypropylene was 

used as a good substitute. The cover plate of the dead tank design is made of 

PMMA since it allows easy monitoring of the transformers inside. The feedthrough 

made from PVC along with the cover plate are not exposed to high field strengths, 

which allows these materials to be used for this application.  

The ferrite core itself includes sharp corners due to its rectangular cross section. 

These corners have been rounded off and have furthermore been covered by a 

slotted aluminium pipe inside the secondary winding. This allows the best field 

distribution with a large core cross-sectional area. The end of the high voltage 
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winding is completed by a copper ring, which further reduces the electrical field 

strength to a minimum.  

Voltage multiplier 

Within this section, the voltage multiplier, which rectifies and increases the output 

voltage of the transformer, is described. Special focus is placed on the high 

frequency capability of the feeding transformer for the multiplier and the stable 

output voltage as well as the small ripple factor of the voltage. In addition, the 

application is not only studied for the research on superimposed voltages within 

this PhD work but also for extending the certified calibration capabilities to higher 

voltage levels at PTB. 

For the sake of convenience, only a half-wave voltage multiplier was built. The 

half-wave topology is especially beneficial for the modular design. This also allows 

the use of the optimum number of stages to further decrease the ripple factor. The 

high frequency switching of the inverter further helps reduce the ripple, as well as 

the large capacitance of the high voltage capacitors.  

These capacitors have been built by the series connection of 600 individual 47 µF 

400 V electrolytic capacitors for every high voltage capacitor. The capacitance 

amounts to 73 nF with a voltage rating of 200 kV and a 40 kV safety margin. A 

symmetrical voltage distribution along each electrolytic capacitor is guaranteed by 

a 4.7 MΩ resistor. The encapsulation in thick-walled polypropylene tubes protects 

the capacitors and aids the mechanical stability of the entire voltage multiplier. The 

setup of this voltage multiplier can be seen in the following figure. 
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Figure 58: High voltage multiplier setup for 1000 kV positive DC output 

voltage and 800 kV HVDC divider 

 

The diodes are located between the capacitors of the AC and DC columns. Serially 

connected 1N4007 diodes are used. The continuous current capability of 1 A and 

surge currents of up to 30 A allow very reliable operation even under impulse 

exposure. The breakdown voltage of a single diode is 1000 V. The series 

connection of 240 of these 1N4007 diodes leads to a nominal voltage of 200 kV 

with a 20 % safety margin for one high voltage diode. A silicone-rubber 

encapsulation creates mechanical protection and electrical insulation for the 

diodes. Using additional PVC pipes aids the mechanical rigidity between the two 

capacitive columns. This diode setup worked well for 50 Hz and 300 Hz. However, 

during the operation with frequencies above 5 kHz, the uppermost diode in the 

voltage multiplier grew warm. These heating effects were mainly concentrated on 
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the AC column of the multiplier. Therefore, the assumption is that parasitic 

capacitances led to severe overvoltages on the diodes. The placement of a 

grounded sphere next to the diodes increased this heating effect and has therefore 

verified the assumption. An electrode proved suitable as an excellent field control 

solution. This electrode protrudes from the AC column halfway to the DC column 

between the two highest diodes. This arrangement was a suggestion made by Apl. 

Prof. Dr.-Ing. Hergo-Heinrich Wehmann from the Technical University in 

Braunschweig. Therefore, from now on, this electrode arrangement will be called 

the Wehmann plate. 

The above-mentioned effect is based on the unequal AC field distribution on the 

topmost diodes due to the corona ring, which is connected directly to the DC 

column. Therefore, the diodes suffer from an unequal AC voltage distribution and 

an overvoltage at the side of the AC column. The diodes further down the multiplier 

do not suffer from such overvoltages because the symmetrical arrangement of the 

capacitors and diodes forms a uniform electrical field between the AC and DC 

columns. The Wehmann plate works so well, as it mirrors this uniform field 

distribution due to the equipotential field that this plate represents. The entire 

HVDC power supply together with a voltage divider for 1600 kV is shown in the 

following picture. 
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Figure 59: High voltage multiplier setup for 2000 kV positive DC output 

voltage and 1600 kV HVDC divider 
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5. Superimposed voltages 

Drawing on the previous chapters, this chapter focusses on the superposition of a 

lightning impulse on HVDC. The steps taken to do so are based on the traceability 

necessary to establish a certified measurement capabilities (CMC). 

The generation of the voltage forms in the combined circuit will be discussed first, 

including the generators as well as the coupling and protection elements used in 

this process. The following sections will focus on the entire set of measurement 

instruments, and specifically on high voltage dividers and transient recorders to 

which the evaluation software is applied. The uncertainties achievable will be 

estimated, and possible error sources discussed. Finally, practical 

recommendations as well as normative guidelines will be deduced to calibrate 

dividers designed for this specific task. Based on this, a theoretical calibration 

process for superimposed voltage measurement systems will be proposed. 

5.1.  System Approach 

 

For the combination of HVDC voltages and impulse 

voltages a suitable generator has to be built according to 

the Figure 60:. The high voltage standard (60060-2 2010) 

states the procedure for the generation of superimposed 

voltages according to the following schematic.  

Figure 60:  
Structure of this work 
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Figure 61: Principle for the generation of superimposed voltages 

 

Although, principles are given, no specific procedures for the generation, setup or 

measurements of superimposed voltages are contained in the above standard. For 

calibration purposes, repeatable and controllable generation is of particular 

relevance. To this end, the voltage sources and measurement instruments used 

are important, as are the coupling elements. 

Since this work is based on impulses in HVDC systems, only DC voltages upon 

which lightning and switching impulses are superimposed will be discussed. These 

lightning and switching impulses are superimposed on an HVDC voltage by means 

of coupling elements, such as coupling capacitors, resistors, inductors and spark 

gaps. These coupling elements need pass one voltage form and block the other. 

Therefore, they need to withstand the voltage form they need to block and do not 

affect the voltage form, which is passed through. The individual voltage forms and 

the combined voltage signals are measured as illustrated by the following figure. 
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Figure 62: Detailed principle for the generation and measurement of 

superimposed voltages 

 

An impulse voltage generator with a charging controller impulses with peak values 

from 10 kV to 2000 kV to be generated, with front times ranging from 0.84 µs to 

1.56 µs. No modifications were required for this already existing generator, which 

was already installed and operational at PTB.  

It was necessary to design and build a new DC power supply that was stable 

enough for this task. The detailed design of this power supply has been described 

in Chapter III and in (Schilling, et al. 2019). The capacity of this DC power supply 

ranges from 1 kV to 2000 kV even though the high-voltage lab itself limits the 

maximum voltage to 1000 kV due to its dimensions. 

 

5.1.1. Coupling Elements 

 

For the protection of the DC power supply from the lightning impulse generator 

and vice versa, different coupling/blocking elements are needed. In this section, 

the effects of these elements on the measurements and their drawbacks are 

discussed. 
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Impulse blocking resistor and inductance 

To prevent the lightning impulse from reaching the DC power supply an element, 

such as an inductance, must be used. A simpler solution is to use resistor whose 

resistance is much higher than the impedance of the composite high-voltage 

divider at transient voltage frequencies. The following figure shows the circuit 

diagram for the blocking elements as well as the equivalent circuit diagram for the 

voltage dividers. 

 

Figure 63: Schematic of the high voltage circuit for the generation of 

superimposed voltages 

 

Such a resistor was designed and custom built. Below, the theoretical 

dimensioning is described. A lightning impulse voltage with a front time in the 

microsecond range and a corresponding frequency component of approx. 100 kHz 

yields an impedance of roughly 1 kΩ for the PT400 divider with an entire 

capacitance of ~ 1,5 nF. To keep the influence of the coupling resistor below 0.1 %, 

a resistance value of 1 MΩ is used. This resistor must insulate the impulse voltage 

but must also be able to withstand the high peak power when the DC power supply 

is discharged through it. This takes place when a spark gap is used as a coupling 

element. As soon as the spark gap is triggered by the lightning impulse, the 

conductive channel allows the DC power supply to completely discharge. The 

resistor for this measurement setup is designed for 400 kV, which yields a peak 
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power of 𝑃 =
400 𝑘𝑉2

1 𝑀𝛺
= 160𝑘𝑊. Due to the DC power supply’s high capacitance of 

73 nF per stage, the dissipated energy of more than 2 kJ also stresses the resistor. 

Therefore, thin-film resistors are not suitable for this task. Carbon mass resistors 

have shown a change in resistance, while wire-wound resistors in this resistance 

range are not easy to obtain. Based on these requirements, 500 2 kΩ ceramic 

resistors were used to construct this 1 MΩ coupling resistor.  

In contrast to a resistor with a fixed impedance, an inductor can be used to couple 

the HVDC voltage into the circuit and block the transient voltages from the HVDC 

power supply. A drawback exists in the form of the dominating frequency of the 

transient voltage and the corresponding impedance of the inductor. In order to 

achieve an impedance of 1 MΩ at a dominating frequency of 100 kHz, an 

inductance of 1.6 H is required. For the construction of such an inductance, no 

magnetic cores can be used as these are all conductive. Insulation for voltages up 

to 400 kV is therefore complicated and leads to far higher costs compared to 

coupling resistors. Thus, only a cylindrical air core inductor is suitable for this task 

even though several thousand turns are needed to form an inductance in the Henry 

range. To reliably insulate transients, the inductor should be long, which is 

detrimental to the inductance value. Using an inductor that can also block switching 

impulses, entails too many disadvantages compared to a resistor. Consequently, 

only a coupling resistor is used within the research section of this PhD work.  

In a nutshell, as coupling elements for the HVDC side resistors or inductors can 

be used. These should be designed for an impedance passes only 0.1 % of the 

impulse to gain a sufficient protection for the DC power supply.   

 

Coupling capacitor and spark gap 

The coupling capacitor is suitable for decoupling the DC voltage from the DC 

power supply to the impulse voltage generator as shown in the previous figure. To 

this end, it must allow transients to pass through without any significant influence. 

Therefore, a high capacitance with a low parasitic inductance is preferable. As a 
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minimum requirement, this capacitor must insulate the full DC voltage if voltages 

with the same polarity are generated. If the DC component and the transients have 

opposing polarities, their sum is the required rated voltage. 

These requirements make suitable coupling capacitors expensive. Therefore, 

spark gaps are often used instead of capacitors, especially if the device under test 

has a high capacitance, such as high voltage cables.  

Spark gaps are required to have a repeatable breakdown for transients as well as 

a DC insulation whose performance if reliable. Since the DC insulation is mainly 

dependent on the distance and diameter of the spheres, spark gaps are a more 

cost-effective solution. However, this results in a higher standard deviation and in 

voltage-dependent peak and time parameters. The following results show this 

drawback of the sphere gap when compared to a coupling capacitor, measured 

with a superimposed voltage divider and a damped capacitive divider as a 

reference as shown in Figure 63: 

Table 5: Comparison of a sphere spark gap and a coupling capacitor at 

different DC voltages at a + 200 kV lightning impulse voltage. The 

relative deviations from a refence impulse voltage divider are 

shown 

 Capacitor (6 nF 100 kV) Sphere spark gap 

DC voltage ΔUp ΔT1 ΔT2 ΔUp ΔT1 ΔT2 

+0 kV -26.0 % -11.6 % -2.6 % 0 % -46 % -1 % 

+20 kV -25.9 % -11.6 % -2.5 % -11 % -43 % -16 % 

+40 kV -25.8 % -11.6 % -2.3 % -26 % -36 % -35 % 

+60 kV -25.8 % -11.6 % -2.6 % -46 % 5 %  -58 % 

+80 kV -25.6 % -11.6 % -2.7 % -72 % 52 %  -87 % 

+100 kV -25.6 % -11.8 % -2.5 % -9352 % 11 % -14 % 



 

102 

 

From this table it is evident, that the coupling capacitor has a large initial deviation 

however, this deviation remains constant when a DC voltage is applied. The peak 

value deviation is the result of the voltage divider, formed by the coupling capacitor 

and superimposed divider. For the sphere spark gap, the deviation of the peak 

voltage and the time to half value (T2) rises with higher DC voltages. Additionally, 

the standard deviation of the front time T1 is increased. At a DC voltage of +100 

kV, the spark gap does not trigger at all, resulting in the high deviation in the peak 

value. Therefore, only a parasitic capacitive coupling provides a measurable result. 

Due to the breakdown of the spark gap, the interferences to the reference impulse 

voltage divider are also significant and result in a high standard deviation. This 

effect can be seen in the following two figures: 

  

Figure 64: 200 kV negative lightning 

impulse superimposed 

on +60 kV DC by a spark 

gap 

Figure 65: Signal of resistive divider 

on the pure lightning 

impulse side 

 

The superimposed signal on the left shows slight interferences at the beginning of 

the impulse. Moreover, the lightning impulse divider has a standard lightning 

impulse voltage until the spark gap fires, resulting in a sharp bend followed by a 

slow voltage increase. By changing the impulse voltage level, the DC voltage level 

or the spark gap distance this sharp bend changes its position within the front part 
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of the impulse. Creating a repeatable impulse for calibration purposes is therefore 

challenging due to the excessive standard deviation.  

Due to these drawbacks, only the coupling capacitor will be used in the remaining 

sections of this work. The capacitor from the table above has a capacitance of 6 nF 

with a rated voltage of 100 kV. In order to ensure the impulse is disturbed to the 

smallest extent possible, the capacitor should have a high capacitance and a low 

parasitic inductance. Due to these requirements and the limited rated voltage of 

100 kV, a new coupling capacitor is constructed for up to 400 kV and a comparable 

capacitance. This new coupling capacitor is designed to serve as a damped 

capacitive divider in order to measure the voltage drop across this coupling 

element. 

This coupling divider includes polypropylene film capacitors with a rated voltage of 

3 kV DC at 100 nF. 144 of these capacitors form one strand for 400 kV with a 32 kV 

safety margin and a 695 pF capacitance. Nine of these strands were connected in 

parallel to increase the capacitance to 6.25 nF. Unfortunately, it is not possible to 

construct a coupling capacitor, which does not influence the impulse voltage, since 

it would be too expensive. Therefore, only a compromise could be achieved 

between a cost-effective solution and the least amount of influence. In this work, a 

20 % influence level is acceptable since it remains constant and can be corrected 

for. To dampen oscillations within the divider and counteract the parasitic 

inductance, a series resistance of 47 Ω, following the calculation in the table, is 

added via the uniform distribution of 72 0.66 Ω resistors within the coupling divider.  

 

Partial value / total value 

CHn = 900 nF, CH = 6,25 nF 

RPHn = 68 MΩ / RPH = 4,83 GΩ 

RDHn= 0,66 Ω / RDH = 47 Ω 

CL = 6,25 µF 

RDL = 0,047 Ω 

RPL = 1 MΩ 

UH = 400kV / UL=400V 
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Figure 66: 400 kV coupling capacitor for superimposed voltages 

 

To measure the voltage drop across this coupling capacitor, it is built as a voltage 

divider, which can measure the voltage via a galvanically isolated digitiser across 

UL. In the following figure the superimposed voltage of 100 kVDC and -170kVLI 

using the capacitor described above as the coupling device is shown. Because it 

was not possible to observe the oscillation described above, which uses a sphere 

gap in these measurements, the custom-built capacitor was used for further 

measurements. 
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Figure 67: superimposed waveform with a coupling capacitor 

 

5.2. Measurement equipment 

 

For the measurements of superimposed waveforms, 

such as DC and lightning impulses, a high-voltage divider 

with a wide frequency range is essential and needed as 

shown in Figure 68:. Purely resistive dividers are used for 

HVDC measurements and yield typical resistance values 

of 1 GΩ/100kV. However, for LI measurements a far 

smaller resistance is necessary in order to counteract 

parasitic capacitances, such as measuring cables in the 

low-voltage arm. Capacitive voltage dividers can 

measure both AC voltages and slower impulses. If capacitive and resistive voltage 

dividers are combined to form a mixed voltage divider, the measurement range 

Figure 68:  
Structure of this work 
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from DC to several hundred of kilohertz is useable. By using appropriate 

dampening components within the capacitive divider, even several megahertz can 

be measured correctly. In the following table, a recommendation for a divider for 

superimposed voltages is given as an example of a 100 kV divider. 

Table 6: Divider recommendation for 100 kV superimposed voltages 

Component Value Advantage 

Output 

voltage 

> 100 V 

 Increased signal-to-noise ratio  

→lower interference levels 

< 1000 V 
Easier accessibility for the low-voltage arm 

components  

Capacitance 

> 100 pF Fewer proximity effects  

< 1nF 
Lower component costs and less interaction 

on the residual impulse circuit 

Dampening 

resistance 
> 2√

𝐿

𝐶
 

Fewer oscillations due to the reduced effects 

of the inductance(Bergmann and Hällström, 

Impulse dividers for dummies 2003) 

Parallel 

resistance 
200 - 500 MΩ 

Low scale factors attainable with moderate 

self-heating effects 

 

 

The PT400 high-voltage divider, which is used within the scope of this work, 

incorporates a mixed voltage divider without an internal dampening resistance. 

Furthermore, it includes a shield arm, which counteracts parasitic capacitances. 

The precision divider was designated for this task because it is mainly used for 

HVDC calibrations and measurements  (Passon 2017). The 10 MΩ precision 

resistors are in parallel with 100 nF capacitors, are arranged in a helix around a 
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central insulating column. In order to counteract an inductive coupling to the shield 

arm, the shield is made up of two counter-rotating helices. The schematic diagram 

of the precision divider is given in the following figure. 

 

Figure 69: High voltage divider for superimposed measurements (PT400); 

red indicates the high-voltage arm and blue the low voltage arm. 

The faint colours (left) indicate the transient part of the divider, the 

medium colours (centre) the AC part and the strong colours 

(right) the DC part 

The divider scales down the high voltage by its scale factor. Ideally, this factor will 

stay constant within the entire frequency and voltage range. Three different 

sections ensure this characteristic. The first low-resistive section forms the fast-

transient scale factor. The second capacitive section represents the AC scale 

factor and the third (high-resistive) section forms the DC scale factor. The transition 

between these factors is defined by the impedance of the individual paths. With a 
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dampening resistance RDH of about 700 Ω and a capacitance CH of 250 pF, this 

transition frequency amounts to 0.9 MHz. The transition from the AC scale factor 

to the DC scale factor takes place at about 0.1 Hz.  

For pure HVDC measurements, this design has been demonstrated to be highly 

suitable. Nevertheless, for impulse measurements modifications have been made. 

Specifically, to counteract interferences the divider must be enhanced, as shown 

in the following figure taken from a lightning impulse measurement with the 

standard configuration of the PT400 for HVDC measurements.  

 

Figure 70: Interferences measured at a standard 200 kV 1.2/50 µs lightning 

impulse voltage with a scale factor of 40000:1 

 

The following measures can be undertaken to reduce the interference level below 

1 %. 

1. Increasing the Signal to Noise Ratio (SNR) 

By increasing the output voltage of the divider by decreasing the scale 

factor, the signal to noise ratio can be improved.  
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2. Radiated interferences  

A Fourier analysis of the interferences revealed the dominant frequency to 

be 33 MHz. The source of these interferences was found to be the high-

voltage lab itself. The approximate size of the lab of 10 m x 20 m x 12 m 

forms a fundamental mode of a propagable wave with this characteristic 

frequency (Schlüterbusch, Passon und Meisner 2019). 

The frequency of 33 MHz is able to couple directly into the high-voltage arm 

since it serves as a λ/2 dipole. Therefore, the measured interferences have 

a common mode characteristic. As a countermeasure, ferrite can be placed 

around the coaxial cable between the divider and transient recorder.  

 

3. Inductive coupling in the low-voltage arm 

An inductive coupling in the low-voltage arm can cause a differential mode 

interference. An axially symmetrical arrangement in the low voltage arm is 

therefore the best countermeasure. Additionally, surface mount devices 

(SMD) can be beneficial since the inductance of standard through hole 

components is significantly higher.  

 

4. Common mode earth currents 

When performing high-voltage measurements, a transient recorder must be 

grounded as a safety measure. However, this additional ground connection 

often forms a ground loop with the coaxial cable and the divider’s ground 

connection. In order to prevent these parasitic currents, a completely 

insulated transient recorder was designed based on a National Instruments 

5124 digitizer. A second housing was installed around this insulated 

recorder to guarantee safety for the operator(T. C. Schlüterbusch 2018) 

A scale factor, which is as small as possible should be aimed for, in order to 

suppress interferences. Unfortunately, due to the high-voltage resistance and the 

input impedance of a transient recorder of 1 MΩ the scale factor is limited to 

4 000:1. From the components and these geometries, the following values can be 

deduced: 
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Table 7: Nominal and measured values of the PT400 divider for 

superimposed voltage measurements 

Precision arm (scale factor 4 000:1) 4004.1:1 

 Section Nominal Value Measured 

Values 

H
ig

h
-v

o
lt
a

g
e

 a
rm

 

Capacitance 250 pF 249.96 pF 

Parallel resistance 4 GΩ  

Parasitic inductance ~ 25 µH (internal) 

~ 6 µH (external) 

 

Optimum dampening resistance 700 Ω  

L
o

w
-v

o
lt
a

g
e

 

a
rm

 

Capacitance 1 µF 1000.6 nF 

Parallel resistance 1 MΩ 1.0000 MΩ 

Dampening resistance 0.175 Ω  

Shield arm (scale factor 2475:1) 2477.6:1 

H
ig

h
-v

o
lt
a

g
e

 a
rm

 

Capacitance 1333 pF 1296.9 pF 

Parallel resistance 2.475 GΩ  

Parasitic inductance ~ 2 µH (internal) 

~ 6 µH (external) 

 

Optimum dampening resistance 155 Ω  

L
o

w
-v

o
lt
a

g
e

 

a
rm

 

capacitance 2.666 µF 3211.7 nF 

Parallel resistance 1 MΩ 1.0000 MΩ 

Dampening resistance 0.075 Ω  
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As mentioned above, the transient recorder determines the scale factor due to its 

input resistance of 1 MΩ. As this is the only fixed value, the adjustment of the entire 

voltage divider is oriented according to it. The adjustment’s procedures aim is to 

align the transient scale factor and the AC scale factor to the DC scale factor. The 

divider is fully adjusted, if all scale factors have the same value over the needed 

frequency range. The adjustment procedure for the high-voltage divider for 

superimposed voltages is described in the following section: 

1. DC scale factor adjustment 

To achieve results comparable to those of different transient recorders, the 

input resistance needs to be the same. If this is not the case and the 

resistance is higher than 1 MΩ, an adjustable parallel resistor can be 

mounted to compensate for this. Once a low-voltage resistance of 1 MΩ has 

been guaranteed for the divider, the scale factor of the entire divider can be 

measured by applying a DC voltage of e.g. 1000 V and measuring the 

output voltage with a T-connector. To this end, the transient recorder’s input 

resistance is included in this measurement. A voltmeter for this task must 

have a far higher input resistance than 1 MΩ, (e.g. > 10 GΩ) in order to 

avoid systematic errors. This measurement must be performed for both the 

precision and shield dividers. The ratio between the input- and output 

voltages of the dividers is the DC scale factor, which is also needed for the 

second step. 

2. AC scale factor adjustment 

Since the DC scale factor is known from the previous step, the capacitive 

arm of the divider can be adjusted accordingly by adding or removing 

capacitive elements in the low-voltage arm of the precision and shield 

dividers. For this adjustment, the measuring cable should also be taken into 

account. The input capacitance of the transient recorder is negligible, since 

its capacitance of less than 100 pF, is far lower than the over 100 nF in the 

low-voltage arm. When properly balanced, the AC scale factor should be 

the same as the DC scale factor. This procedure needs to be carried out for 

the precision and shield dividers. 
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3. Dampening adjustment 

The overall dampening of the voltage divider arms is defined by their 

capacitance and inductance. In order to fine-tune this dampening 

resistance, either the high-voltage resistance or low-voltage resistance can 

be aligned. For the PT400, the high-voltage resistor was adjusted 

accordingly. A coarse adjustment can be performed via a step response 

measurement and fine-tuning via a high-voltage comparison to a reference 

divider at lightning impulses. This matching must take place for both divider 

arms. The perfect dampening resistance should be 2√
𝐿

𝐶
. 

 

4. Conclusion: 

After this procedure both divider arms do not necessarily need to have the 

same scale factors, but the same behaviour compared to a reference 

divider. The transition between the DC and AC scale factors takes place at 

a few hertz. The capacitive dominated scale factor covers a frequency 

range up to 100 kHz. Then, the dampening resistance in conjunction with 

the capacitive and inductive elements determines the divider’s 

performance.  

5.3. Measurement results 

 

Once all the equipment required for the superimposed voltages has been compiled 

and is operational, several different measurements can be conducted for 

verification purposes. The first measurement checks the frequency response of 

the superimposed PT400 divider. Afterwards, the PT400 high-voltage lightning 

impulse divider is compared to a reference divider. Thereafter, a DC voltage is 

applied to generate the desired superimposed voltages. By varying the DC voltage 

at constant lightning impulse peak values and vice versa, the divider is further 

characterized.  
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The frequency response reveals whether the transition between of the DC and AC 

scale factors in conjunction with the dampening has been carried out properly. The 

frequency response can be obtained via two different methods. The first is the 

convolution method from the measured step response and the second is the sinus 

sweep method. The convolution calculation from the step response is often carried 

out for impulse voltage dividers (Havunen, et al. 2017). However, due to the 

calculation’s susceptibility to noise many step responses must be recorded and 

averaged to cancel out the noise. Because the frequency range must cover both 

high frequencies and lower frequencies up to DC, the voltage step required has a 

repetition rate of several seconds or even minutes. The sinus sweep method is 

preferred since in this case it is less time consuming and provides better accuracy. 

A Fluke 5700 calibrator applies the input voltage to the divider. The output voltage 

is measured by the transient recorder in the oscilloscope mode. This recorder has 

already been fully characterized (T. C. Schlüterbusch 2018)and is therefore an 

ideal measuring tool. The result of this sinus sweep is illustrated in the following 

figure: 
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Figure 71: Frequency response of superimposed divider 

 

Because the frequency response is flat all frequency components are divided 

equally up to a frequency of 10 kHz. This allows transient signals such as switching 

impulses to be measured properly. The decrease in the scale factor above 10 kHz 

may also originate from the 3458A reference voltmeter used. Another method of 

verifying the frequency behaviour is a step response measurement with a 

convolution of a known lightning impulse waveform. A PTB's step voltage 

generator, which has been well-described in (Bergmann 2017) is used to generate 

the ideal step voltage. An amplitude of 420 V was the highest voltage, which did 

not result in the relay contacts bouncing. These steps were applied to the divider 

using a setup comparable to that of the high-voltage measurement. The setup is 

shown In the following figure.  
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Figure 72: Step response measurement setup 

 

The length of the high-voltage line and that of the copper return conductor coincide 

with those of the high-voltage measurements, when a coupling capacitor is added 

to the circuit. The repetition rate is set to 1 Hz; 100 step voltages are captured by 

the transient recorder. An average of 100 step voltages is required in order to filter 

out and reduce the noise. The averaged curve is shown in the following illustration.  
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Figure 73: Step response normalized to an amplitude of 1 in order to easily 

perform a convolution with a lightning impulse 

 

Based on this step response, a rough estimation of the superimposed voltage 

divider’s performance can be carried out. Initially, the curve does not show any 

overshoot, implying that this divider is not yet at its maximum bandwidth. An 

overshoot would result in a faster response time, but with the drawback of a higher 

oscillation tendency. The oscillations at the beginning of the curve are caused by 

the step-generator and by the measurement setup. Additional measurements have 

shown, that the distance to the test point has a significant influence on the 

performance of the voltage divider. Parasitic capacitances cannot be the source of 

this behaviour since the overall capacitance of more than 1.6 nF overpowers any 

parasitic influence. Unfortunately, this high capacitance can easily lead to 

oscillations with any given inductive component. The high-voltage test circuit itself 

adds an inductance with every additional meter of about 1 µH, thus necessitating 

additional research. The convolution of this averaged step response is performed 
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in LabView with a lightning impulse A1 and A2 from the 61083 and the deviation 

calculated (61083-1 1991). 

 

Table 8: Results of the convolution with a lightning impulse voltage 

Impulse Up deviation T1 deviation T2 deviation 

A1 0.84/60 + 0.5 % 2.8 % - 1.1 % 

A2 1.69/47 + 0.4 % - 0.6 % - 0.7 % 

 

The peak value deviation as well as the time to half value deviation is within 

acceptable limits however, the front time deviation T1 with 2.8 % is not within the 

measurement uncertainty range of 2 %. 

In order to verify this result for high voltages, the divider for superimposed voltages 

is connected directly to the impulse voltage generator together with a well-qualified 

reference divider, the PZT1000. This setup is used for standard lightning impulse 

calibrations for impulse voltage dividers. It is schematically shown in the following 

illustration and comparable to Figure 29. 

 

Figure 74: Lightning impulse calibration of the superimposed voltage divider 

against the PZT1000 reference impulse divider 
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A standard lightning impulse calibration is carried out on the superimposed divider. 

This calibration includes impulses at a 200 kV peak value with front times of 1.2 µs 

± 30 %. To cover the entire front time spectrum, this time is set to 0.84 µs, 1.2 µs 

and 1.56 µs. The time to half value cannot be easily adjusted and therefore stays 

constant. Both polarities are tested; the results of this calibration are illustrated in 

the following table. 

Table 9: Results of the direct comparison to the reference PZT1000 at 200 kV 

Impulse Up deviation T1 deviation T2 deviation 

0.84 µs 0.3 % - 0.7 % - 1.2 % 

1.56 µs - 0.0 % - 1.1 % - 0.8 % 

 

These measurements coincide well for the peak value Up and time to half value T2. 

Only The front time T1 differs from the convolution results. These results are 

caused by front oscillations, which influence T1. The same measurements are 

additionally performed with the coupling capacitor and coupling resistor in place. 

Additionally, the HVDC power supply is connected, even though it is not active. 

The configuration can be observed in the following figure. 

 

Figure 75: Complete setup for the generation of superimposed voltages. The 

impulse voltage is blocked from the HVDC power supply by the 

coupling resistor, which is indicated by the yellow background 
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As expected, this results in a reduced peak value due to the capacitive voltage 

divider formed by the divider for superimposed voltages and the coupling 

capacitor. The voltage drop across the coupling capacitor can be measured due 

to the fact, that this coupling element is designed to serve as a capacitive voltage 

divider. However, the low-voltage measurement output is located on the high 

potential of the divider for superimposed voltages. For this reason, only a battery-

operated digitizer, which sends the measured data to the transient recorder via a 

fiber optical cable can be used. No ground connection is needed, and this 

potential-free digitizer is located directly inside the corona ring of the coupling 

capacitor. In the steady state, the sum of the peak voltages across this coupling 

capacitor and the superimposed divider should equal the voltage of the lightning 

impulse reference dividers peak value. The results of such a measurement are 

presented in the following table. 

 

Table 10: Peak value results with a coupling capacitor 

Front time 

T1 in µs 

Reference 

peak value Uref 

in kV 

Superimposed 

voltage peak value 

US in kV 

Coupling 

capacitor peak 

value UC in kV 

Relative deviation 

𝑈𝐶+𝑈𝑆

𝑈𝑟𝑒𝑓
 in % 

0.84 196.4 156.9 43.1 1.8% 

1.2 194.9 153.6 42.1 0.4% 

1.56 193.7 152.6 41.8 0.3% 

 

It is noticeable, that the fast front time leads to higher peak value deviations. At the 

nominal lightning impulse front time of 1.2 µs the deviation amounts to less than 
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0.5 %. This behaviour is caused because the oscillations at the front of the impulse 

induce an overshoot in the peak value. However, the time parameters also change 

drastically, as shown in the following table: 

 

Table 11: Influence of the coupling capacitor on the time parameters 

Front time T1 ΔT1 ΔT2 

0.84 11.9 % -6.2 % 

1.2 -14.0 % -0.8 % 

1.56 -22.3 % 0.3 % 

 

It is evident, that the time parameters are influenced significantly by the coupling 

capacitor. The remaining question is whether the superimposed voltage divider still 

measures correctly with the coupling capacitor in place. To prove the proper 

functionality of the superimposed divider, another lightning impulse reference 

divider is connected to the superimposed divider. It is not possible to use the 

PZT1000 due to the limited space and because all the equipment needed for the 

superimposed measurements, such as the HVDC power supply, DC reference 

divider and coupling resistor is also included in this measurement. Instead, a 

smaller resistive SMR10/770 lightning impulse divider manufactured by 

"Transformatoren- und Rötgenwerke (TuR)" is used. Both dividers are connected 

via the coupling capacitor to the impulse voltage generator and via the coupling 

resistor to the HVDC power supply. This setup is shown in the following picture. 
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Figure 76: Top view of the high-voltage comparison setup 

 

Compared to the previous measurement, only the position of the reference impulse 

voltage divider is different. In this setup, this purely resistive reference impulse 

divider is located behind the coupling capacitor, at the same voltage potential as 

the superimposed divider. For clarification purposes, this is shown in the following 

diagram. 
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Figure 77: Complete setup for the generation of superimposed voltages. The 

impulse voltage is blocked from the HVDC power supply by the 

coupling resistor, which is indicated by the yellow background 

 

During these measurements, the HVDC power supply is connected but not turned 

on. Its influence is also considered in the measurements. During these 

measurements, the relative deviations coincide with the measurements without the 

coupling capacitor proving that the superimposed PT400 divider functions correctly 

with the coupling capacitor in place. 

The next step is to test the influence of an applied DC voltage in conjunction with 

an impulse voltage. To this end, the 1 MΩ coupling resistor connects the 

superimposed divider to the HVDC power supply described in chapter III. This 

setup for superimposed voltages is shown in the following diagramm.  
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Figure 78: Complete setup for the generation of superimposed voltages. The 

pure impulse voltage is indicated by the yellow background 

(right), the pure HVDC by the blue background (left) and the 

superposition by the green background (middle) 

 

The DC voltage is adjusted to a positive polarity of 200 kV, while the lightning 

impulse peak value is varied from 100 kV to 400 kV. This test ensures the linearity 

of the voltage divider over its entire measurement range up to 150 % of its rated 

voltage (400 kVDC). This is especially important since varistors, which might 

interfere at higher amplitudes are installed in the low-voltage arm. The following 

figure shows the result of these measurements: 
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Figure 79: Lightning impulse linearity from 100 kV to 400 kV positive 

impulses at 200 kV positive DC voltage 

 

Following these measurements, a DC linearity with a constant lightning impulse 

peak value is carried out. An impulse peak value of 200 kV is used, and the DC 

voltage is adjusted from 0 kV up to 300 kV. As the reference for the DC voltage 

measurement, an 800 kV voltage divider (PT800) is used. This divider is calibrated 

beforehand against the MT100 reference divider to gain a precise scale factor.  
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Figure 80: DC linearity with positive impulses and positive DC voltages 

 

From this figure, it is evident that the highest deviation exists within the smallest 

DC voltages, even though an offset correction has been carried out. This behaviour 

may be caused by the digitizer and not by the high-voltage divider. 

Another source of this behaviour may be from the measurement procedure itself. 

In order to measure the DC voltage of the reference divider, the reading is taken 

two seconds before each impulse voltage. The averaged DC reading of the 

superimposed voltage divider is taken 10 µs to 0 µs before the lightning impulse 

voltage, thus making synchronous measurement impossible. Due to the positive 

impulses and positive DC voltages, the DC generator gets charged with every 

impulse even though the coupling resistor blocks the major part of the impulse. 

This charging effect is more significant at lower DC voltages and higher impulse 

levels. This behaviour is explained by the high capacitance of the HVDC power 

supply and the long-time constant. Opposing polarities should not lead to this 
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effect; however, this could not be proven due to the limited time available in the 

high-voltage lab.  

 

Finally, all measurements are repeated with switching impulses, to allow the most 

frequently used transient test voltages to be covered in this research project. The 

following switching voltages are produced with the same setup and impulse 

voltage generator, but different internal and external resistors. With the external 

resistor, the front time can be adjusted from 125 µs through 165 µs to 200 µs, 

yielding peak times of 250 µs ± 20 %. Therefore, this covers the entire front time 

range for 250/2500 switching impulses. The time to half value cannot be adjusted 

with this generator. As with the lightning impulse voltages, the switching impulses 

are also directly calibrated against the known PZT1000 reference impulse divider 

in accordance with the following diagram. 

 

Figure 81: Switching impulse calibration of the superimposed voltage divider 

against the PZT1000 reference impulse divider 

 

As indicated, no coupling elements are used. In the following diagram, the results 

of the direct calibration against the PZT1000 reference impulse divider are shown.  
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Figure 82: Switching impulse calibration of the divider in dependence on the 

front time 

The results show small peak values Up and time to peak value Tp deviations. The 

front time deviation T1 is higher even though it stays well within the measurement 

uncertainty of the reference divider (2 %). The time to half value T2 also stays 

within this uncertainty. However, the constant value most likely originates from a 

systematic error of the reference divider. Since this reference divider is a damped 

capacitive divider, the low-voltage arm is discharged by the transient recorders 

input resistance (1 MΩ). The superimposed divider does not have this problem, 

since it has a parallel resistance, which compensates this effect. Then, the 

coupling capacitor and the HVDC power supply are added, even though no DC 

voltage is applied.  



 

128 

 

Figure 83: Complete setup for the generation of superimposed voltages. The 

impulse voltage is blocked from the HVDC power supply by the 

coupling resistor, which is indicated by the yellow background 

This measurement is performed merely to estimate the influence of the coupling 

elements and the additional HVDC power supply.  
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Figure 84: Switching impulse calibration of the divider for superimposed 

voltages (PT400) in dependence on the front time with all 

coupling elements connected. As a reference, a damped 

capacitive divider (PZT1000) is used 

From this measurement, it is evident that the coupling capacitor and the 

superimposed divider act as a voltage divider as expected. The impulse voltage 

from the generator measured by the reference impulse divider URef is split by the 

coupling capacitor in UC and the divider for superimposed voltages in US. Since 

the superimposed divider has about one-fourth the capacitance of the coupling 

capacitor, the peak value decreases by about one fourth.  
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Figure 85: Equivalent circuit showing the capacitive voltage divider that the 

coupling capacitor and the voltage divider for superimposed 

voltages form. 

Furthermore, the time to half value is significantly influenced by the coupling 

resistor and the capacitive behaviour of the HVDC power supply. However, this 

deviation is not due to the performance of the superimposed divider but to that of 

the coupling network. A direct comparison of the superimposed divider to a 

reference divider behind the coupling capacitor already shows that the proper 

functionality of the superimposed divider is the same as when lightning impulses 

are used. If similar dividers are calibrated, such deviations will not be measurable, 

since the divider to be calibrated is directly connected to the superimposed 

reference without any coupling elements in between. To determine an additional 

influence of a DC voltage applied to the superimposed divider, a DC linearity test 

is performed with the following measurement setup.  
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Figure 86: Complete setup for the generation of superimposed voltages. The 

pure impulse voltage is indicated by the yellow background 

(right), the pure HVDC by the blue background (left) and the 

superposition by the green background (centre) 

 

 

Initially, no DC voltage is applied and the deviation to the references is measured. 

Afterwards, the voltage is increased up to 200 kV. The results of this measurement 

are illustrated in the following figure. The individual values are normalized to the 

initial DC voltage of 0 kV. The non-normalized value is represented in the previous 

figure.  
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Figure 87: Positive DC linearity measurement at a 200 kV positive switching 

impulse. All values are normalized to a relative deviation of 0 % at 

0 kV 

The influence on the superimposed divider in terms of the peak value Up, the front 

time T1 and the time to peak Tp are below 0,5 % and therefore well within the 

measurement uncertainty. Only the time to half value T2 shows a clear trend to a 

deviation of more than 1 %. However, this is more likely due to the poor 
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performance of the coupling resistor instead of being a property of the 

superimposed divider. The switching impulse with a time to half value of 2.5 ms 

leads to a reduced blocking effect of the coupling resistor. This is caused by the 

high impedance of the divider compared to the blocking resistor. Finally, the DC 

value deviation also agrees with the measurement at lightning impulses and 

amounts to 0.5 % at 50 kV and 0.1 % at 200 kV.  

Overall, these measurements show the functionality of the divider under lightning 

and switching impulses with a simultaneously applied DC voltage. Furthermore, it 

is evident that the measurement must be performed at the point where the 

waveforms are superimposed. Measurements in front of the coupling elements 

show no significant results for the impulse side.  

Using the coupling capacitor as a voltage divider shows no real advantage other 

than a proper peak value measurement. Time parameter measurements with the 

coupling capacitor are not possible, probably due to slight differences in the time 

constants of this coupling capacitor and the superimposed divider.  

It is not advisable to further improve this coupling capacitor; by adding a divider 

under test to the superimposed circuit, the time constants are significantly detuned 

as described above. 

For some waveform combinations, the transient recorder along with its evaluation 

software demonstrates problems when the impulse voltage is evaluated. These 

problems can be solved in advance by adding corresponding test data curves to 

the standard for transient recorders (61083-1 1991). This and other research is 

part of the ongoing Euramet project EMPIR 19NRM07 HV-com² (EURAMET 

2019). 
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5.4. Uncertainty budget 

 

The aim of an uncertainty budget is to quantify “errors”, 

estimate their influence and deduce an overall 

uncertainty of the measurement or measuring system. 

The uncertainty budget for superimposed voltages 

according to Figure 88: is hereinafter carried out. The 

overall goal is to attain a certified measurement 

capability (CMC), which allows this measurement 

system to be used to carry out official calibrations.  

The following uncertainty budget according to 

(ISO/IEC 2008) includes the contributions to the 

uncertainty for the peak value. 

Table 12: Uncertainty budget for the peak value of the superimposed measuring 

system 

 Type Uncertainty in % 

Statistical spread A 0.2 

Uncertainty of the reference impulse 

measuring system 

B 
0.5 

Influence of the coupling elements  B 0.1 

Uncertainty of the reference HVDC 

measuring system (MT100) 

B 
0.0001 

Non-linearity of the measurement system A 0.29 

Interferences B 0.1 

Temperature dependence of the 

superimposed divider 

B 
0.1 

Figure 88:  
Structure of this work 
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Proximity B 0.3 

Long term drift  B 0.1 

Combined standard uncertainty A+B 0.7 

Combined extended uncertainty (k=2) A+B 1.4 

 

The expanded uncertainty of the new reference measuring system for 

superimposed voltages amounts to 1.4 %, with a coverage factor of k=2. The 

statistical spread is based on the standard deviation from ten superimposed 

measurements. The uncertainty of the reference impulse system amounts to 

1 % for the peak value and 2 % for the time parameters as registered at (BIPM, 

www.bipm.org 2019).  The coupling elements have an effect on all parameters, 

including the peak value. Not considered is the spark gap as a coupling element 

since it introduces too severe distortions to the impulse. The DC scale factor of the 

superimposed divider is calibrated against the MT100 reference divider, whose 

expanded measurement uncertainty amounts to 2·10-6 V/V. The linearity was 

directly measured at different voltages and in comparison, to the lightning impulse 

reference divider PZT1000. The influence of interferences has been reduced as 

far as possible and an interference test revealed an interference level below 0.1%. 

Consequently, their influence is also estimated to be below 0.1 % The 

temperature dependence is based on datasheet information for the 

polypropylene capacitors used within the divider. They have a temperature 

coefficient of 1·10-4 Ω/Ω. The divider’s internal temperature may increase to a 

maximum of 5 °C above the laboratory temperature (21 °C ± 2 °C) due to HVDC 

being applied over an extended period and to the resulting resistive heating. The 

proximity effect includes parasitic capacitances as well as parasitic inductances. 

This inductance originates from the proximity to the common test point. At last, the 

long-term drift is estimated to be within 0.1 %. This estimation is based on the 

results with the DC scale factor over the last three years and the experiences with 

the used dampening resistances.  
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6. Conclusion and future work 

In this PhD work, instruments for DC voltage metrology, impulse voltages and 

superimposed voltages have been designed, built and calibrated. With this PhD 

work also the foundation for traceable superimposed voltage is composed. Due to 

the limited laboratory time in the high voltage lab, not all research topics for this 

research-area could be covered. One major issue is the temperature coefficient 

determination of the superimposed divider’s AC scale factor and the temperature 

dependence on the dampening resistance. Both, the AC scale factor and 

dampening resistance need to be matched to the DC scale factor. A temperature 

induced drift could lead to severe uncertainty contributions, especially at on-site 

calibrations were no laboratory conditions can be adhered to. 

For the increase of the test voltage levels, also the stack of two high voltage 

modules of the superimposed divider needs to be considered and the same 

research carried out. With the additional height of the second module, also the 

proximity effect must be closer examined. The consideration in terms of the 

parasitic capacitance is less important due to the huge internal capacitance of the 

shield divider. More importance needs to be focused on the inductance due to the 

increased high voltage circuit. The step response measurements already revealed 

a significant dependence on the distance to the common test point and therefore 

the length of the high voltage infeed line.  

Since the superimposed divider is capable to measure DC voltages up to lightning 

impulses, also HVAC voltages with superimposed transients can be measured. 

However, beforehand the continuous AC withstand voltage of all the internal 

components needs to be properly estimated. By comparison with compressed gas 

capacitors, the linearity of the divider can be calibrated and transferred to lightning 

impulse voltages. The already tested linearity of the divider showed the highest 

deviation at low voltages, which is assumed to be caused by either the digitizer or 

the coupling elements. In the project EMPIR 19NRM07 HV-Com² this linearity 

measurement will be repeated, and the origin located.  
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This leads to the last unsolved problem in the area of high voltage metrology, the 

linearity of HVAC and HVDC measurement equipment. If these last obstacles can 

be overcome, a complete chain of the traceability from the primary references up 

to the highest voltage levels is achieved. With this PhD work also the foundation 

for traceable superimposed voltages is composed.  

 

 

6.1. Conclusion 

The aim of this PhD work was to establish a metrology infrastructure for 

superimposed impulse voltages on HVDC. Therefore, it was identified that 

calibrations for superimposed voltages measuring systems can only be performed 

by a direct comparison with superimposed voltages as presented in this work. 

Separate calibrations for HVDC voltages and impulse voltages are not suitable, 

since Interferences as well as the linearity of voltage dividers lead to measurement 

errors. For superimposed impulses on HVAC voltages, especially switching 

impulses are challenging since the frequency components are too close to 50 Hz. 

This does not allow the usage of blocking elements. For HVDC voltage 

superpositions, spark gaps are not useful for metrology level measurements since 

they introduce severe distortions within the front of impulses. Due to this the time 

parameter evaluation is seriously hindered. But also with a coupling capacitor the 

time to half value is influenced, depending on the HVDC voltage, impulse peak 

and the polarity of both. 
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In terms of the DC metrology, a new ultra-stable voltage divider was constructed, 

and the measurement results presented.  

Table 13: Precision DC divider  

Precision DC divider – PT120 

 

Nominal voltage:  

Extended uncertainty:  

Mechanical design: 

120 kV 

5·10-6 V/V 

3D printed 

 

 

With the aid of this divider, measurements outside the HVDC laboratory of the PTB 

can be performed with the lowest uncertainties possible. The scale factor 

determination of this divider can be performed with the aid of the self-traceable 

voltage divider.  

 

 

 

 

 



 

139 

Table 14: Self-traceable divider 

Self-traceable divider– PTJ100 

 

Nominal voltage:  

Extended uncertainty: 

Temperature regulation: 

Scale factor   

100 kV 

5·10-6 V/V 

± 0.2 °C 

patented 

 

 

Within less than one hour a traceable calibration down to primary references can 

be performed. The principle, which is existing for decades was transferred to high 

voltage levels and this transfer was patented (Passon, Spannungsteiler 2019).  

A suitable HVDC power source was the last missing equipment for the calibration 

of equipment above the several hundred kilovolt level. The power source 

presented in this work is capable of producing voltages up to 2000 kV with low 

ripples voltages and a high stability in the parts per million range.  
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Table 15: HVDC power supply 

HVDC power supply 

Nominal voltage:  

Ripple factor:  

Stability 

modular design 

2000 kV 

< 1·10-4 V/V 

< 1·10-5 V/V 

 

 

 

Accordingly, this makes it one of the most precise voltage sources at these voltage 

levels. The modular design and the rugged setup makes it ideal for the generation 

of superimposed voltages, without any negative drawbacks. Additionally, with the 

high frequency transformer for the input voltage, the entire system remains 

compact and easy to transport. 

 

Table 16: High frequency transformer 

High frequency transformer 

Nominal voltage:  

Operating frequency 

Ferrite cored transformer 

100 kV 

7 kHz 
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The traceability of transients has been done with a commercially available 

calibrator that was precisely adjusted and traced back to national references. All 

the impulse measurement equipment was calibrated against this traced back 

reference calibrator. By a step-up procedure all measuring ranges and attenuators 

were qualified. The high voltage dividers that have also been qualified with this 

procedure have further on been compared against other dividers in an international 

intercomparing measurement.  

With the transient and HVDC voltages being verified, the foundation for the 

superimposed voltages is established. The junction of both voltage forms is done 

by coupling elements that also have been examined from a metrology standpoint. 

One of these coupling elements is the coupling capacitor, which is designed as a 

voltage divider.  

 

 

 

Table 17: Coupling capacitor 

Coupling capacitor 

Nominal voltage:  

Capacitance: 

Capacitive voltage divider 

400 kV 

6nF 

 

 

These coupling elements allow the separation of the superimposed voltages from 

the opposing voltage source. As a result, the superimposed divider was traced 

back down to national references, enabling a completely new metrological area 
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and certified calibration capabilities CMC for these voltages. This superimposed 

divider, which was previously build has been adapted to measure these signals 

with the best uncertainty possible.  

 

 

Table 18: Superimposed divider 

Superimposed divider - PT400 

 

Nominal voltage:  

Peak uncertainty (k=2): 

- Superimposed 

- HVDC 

 

 

Measurement capability:  

Greenhouse friendly insulation 

400 kV 

 

1.4 % 

0.001 % 

 

DC to LI 
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Along with the HVDC power supply and the modular wideband divider modules 

(PT400) following CMC’s can be achieved: 

Table 19: Measurement capabilities originated from this PhD work 

Measurement category Until now From now on 

HVDC on-site measurements 400 kV 1600 kV 

HVDC measurement systems 300 kV 2000 kV* 

Superimposed voltages (peak) - 400 kV 

*with a fifth divider module that is under construction right now 

Calibrations for these quantities can be supplied to the industry and other NMI’s. 

Especially, the high voltage testing industry and high voltage laboratories across 

Europe benefit from these calibration capabilities, since they wishfully requested 

for HVDC cable, transformer and GIS testing. As a final result CMC’s are 

requested to fully implement these capabilities within the calibration portfolio of the 

PTB. 
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Annex 

Table 1. npn transistors that show the desired avalanche breakdown with their 

output voltage according to the previous figure. 

Type of transistor Output in V Type of transistor Output in V 

10 kΩ between base and emitter Base to emitter shorted 

BFP840FESDH 1,3 BFP450H 0,8 

BFU910FX 2 BFR520 3,6 

BFR92PE6327HT 2 FMMT591 11 

BFU590GX 5 BSV52 16 

BFP196WH 5 2STR1215 24 

BFS17 8 SMBT3904 32 

PBSS4032 30 PDTC144 33 

2SD2675TL 35 DTC114EET1G 38 

BCV71 35 2PD601BRL 41 

BCX70G 35 PUMX1 42 

BC847 40 DTC123 42 

BC848BLT 42 BCX70H 44 

2SD1782KT146 42 DTC143 44 

2SC4081 44 MMUN2233 46 

PMST2222A 46 FMMT491 57 

BCW72 47 2DD2656 58 

PBSS4160 49 ZXTN2038 59 

BCX19 50 FMMT493 82 

2SC4617TLS 52   

BC817 53   

2DD2679 55   

BCW66 55   

ZXTN2031 55   

KST43MTF 128   

FZT857 150   

FMMT459 191   

 


