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1 Executive summary  

Testing of high-voltage (HV) equipment is routinely performed by the manufacturer to prove that it will withstand 
the rigours of electrical stresses that can occur in service. Increasing demands on capacity and reliability of 
the very large energy transmission systems has led to an increase in supply voltages, which has resulted in 
present-day calibrations not being able to fully cover the required needs. Power electronics involved e.g. in 
high-voltage DC (HVDC) transmission, pose a need for reliable measurement of current transients, where 
calibration infra-structure is rudimentary. The international focus on the need to reduce green-house effects 
has also led to demands on traceable measurement of losses on HV equipment such as power capacitors, 
reactors, cables and power transformers. In the latter case the European Ecodesign Directive (2009/125/EC) 
is codified in Regulations as specific requirements on permissible losses. However, present-day infrastructure 
in these cases is also rudimentary and cannot meet the demands.  

In response to these needs this project has developed:  

¶ Reference measuring systems for lightning impulse (LI) up to 1000 kV with best uncertainty for the test 
voltage value of 0.5 % and 1 % for the time parameters.  

¶ A reference measuring system for very fast transients (VFT) of 500 kV and 200 ns and designed such that 
a standardised setup for the puncture test is encouraged. 

¶ Calibration facilities for current transients in the sub-microsecond regime at currents up to at least 100 A 
that have been compared and are now available as services for industry. 

¶ New measurement devices for measurement of losses of power capacitors and reactors which have been 
verified by intercomparisons.  

¶ Calibration systems for power transformer loss measurement (TLM) systems which have been verified by 
intercomparisons.  

¶ New methods to perform reliable measurement of the AC resistance of extremely low-loss cables. This is 
because AC resistance of power cables can be 30-40 % higher than DC resistance.. 

¶ Converter stations for HVDC exhibit losses, which have previously only been possible to assess from 
component tests and estimations. Building on previous work a method and suitable equipment have been 
identified enabling direct measurement of the loss as the difference between input and output power. 

LI calibration capabilities developed in the project, which have been proven to apply at least up to 2700 kV, 
are now available both for on-site calibration at manufacturersô laboratories and as well as in-house calibrations 
by the NMIôs. New/revised entries to the Bureau International des Poids et Mesuresò (BIPM) table for best 
calibration measurement capability (CMC) will or have been submitted. Findings from the project have been 
announced in the relevant technical committee of the International Electrotechnical Commission (IEC), TC42, 
through direct participation. The measuring system for VFT has been adopted by partners VTT, RISE and ABB 
(formerly STRI) and sold to one external test laboratory, Verescence La Granja in Spain, which uses it in 
testing of insulators. 

Calibration facilities for fast current transients have been developed and verified. The new capabilities will be 
posted on the CMC tables in the next revision. Communication of the findings to standardisation in IEC TC42, 
is through the convenor of maintenance team MT12, who is a project partner. 

Two reference measuring systems for the calibration of transformer loss measuring systems have been 
developed, with excellent characteristics that are/will be posted on the CMC tables in their next revision. One 
of the systems has been demonstrated at a major transformer manufacturerôs premises (Smit 
Transformatoren, the Netherlands) in a full-scale calibration. Feedback from this work to IEC TC14 has been 
given. 

Novel systems for measurement of losses of power capacitors and reactors have been developed based on 
sampling techniques. This way, lightweight but precise measurement systems have been realised.  

The research on losses of power cables has extended previous work to also enable measurement for so-called 
low-loss cables with individually insulated strands. The results will feed into relevant work in the International 
Council on Large Electric Systems, (CIGRÉ), where NKT HV is active in WG D1.54 regarding power cable ac 
resistance measurement and has informed the WG about the activities in this project. 

Assessment of loss power of a HVDC converter station was studied in a previous EMRP project ENG07 HVDC. 
A more general method has been studied now where the AC power and DC power are measured directly with 
such accuracy that the losses can be calculated. Feedback to standardisation is through the Swedish mirror 
committees 
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Finally, in support of station loss measurement, a non-invasive current transformer has been developed to 
permit live on-site calibration of existing current transformers.  

2 Need for the project 

In the production of equipment for HV grids, dielectric testing is performed to verify that the equipment can 
withstand the operational environment, including HV and high current impulses. Methods and schemes for 
calibration have been identified primarily in IEC 60060-2, High-voltage and high-current test techniques. 
However, system voltages have increased to levels higher than those covered by this standard, and there is 
an urgent need to extend the traceability of the test methods into the ultra-high voltage (UHV) range. In support 
of this need, the convenor of the responsible IEC TC42 has stated: 

ñéthere are several issues related to measurement systems for high voltages, and especially impulse 
voltages that need to be solved by specialists in measurement techniques. With the increasing test 
voltages, new needs for calibration techniques emerge, e.g. the need for reliable extension of the result 
of a calibration at, say, 20 % of the actual test voltage. IEC TC42 would welcome a concerted effort from 
National Measurement Laboratories to provide solutions in the field of high voltage measurements. Such 
solutions will inevitably feed into IEC written standards.ò 

Traceability of measurements in HV testing is an important tool to ensure high quality and reliability of the 
tested products. For example, lighting impulse voltage measurement systems are typically calibrated at 
500 kV, together with additional measures to extrapolate the linearity up to 2500 kV. Increasing transmission 
voltage levels requires testing at voltages exceeding 2500 kV, as being studied by CIGRÉ. These increased 
voltages have led to new demands for calibration, which could not be met with previous methods. 

Another extreme in impulse testing is the application of very fast transients, e.g. in puncture testing of insulators 
for HV lines, where the test voltage can reach 500 kV within a couple of hundred nanoseconds. Prior to the 
start of this project NMI capabilities, as reported in CMC-tables did not extend to front times below 0.84 µs and 
there were no documentary standards regulating how such calibrations should be carried out. In addition, 
current, compatibility of tests performed in different locations is questionable and strongly indicated a need for 
further research and development.  

Similarly, NMI capabilities were limited to the measurement of current impulses where calibration requires that 
characteristics are verified in the sub-microsecond regime (e.g., transformer testing). Prior to this project, NMI 
capabilities did not extend to the generation of sub-microsecond step currents that exceed 10 A. Furthermore, 
the latest generation of DC converter valves demanded accurate measurement of fast changing voltage and 
current signals in order to determine losses. Such switching losses entail measurement of fast current and 
voltage transients to determine the energy consumed during the switching process.  

Loss measurements on large transformers and reactors are performed by manufacturers, using complex 
commercial measuring systems that rely on extremely precise voltage and current transducers connected to 
advanced power meters. For large power transformers, it is necessary to measure the active power with an 
uncertainty of better than 3 %, at a power factor that may be 0.01, which leads to an accuracy requirement of 
0.03 % of the apparent power. Piece-wise calibration of the components in the commercial loss measuring 
system is not sufficient for calibration of such systems since it does not cover possible systematic effects of 
the overall system and prior to this project there are no calibration facilities in Europe that provide a system 

calibration service for this purpose with sufficient accuracy (i.e. that is better than 0.01 % or 100 mrad in phase). 

Triggered by the Ecodesign Directive and the relevant Commission Regulation (EU) No 548/2014, IEC has 
started a Working Group charged to revise ñRules for the determination of uncertainties in the measurement 
of losses in power transformers and reactorsò , which has been under development for some time both in IEC 
and CENELEC. The coordinator of this project is convenor of this Working Group.  

The previous EMRP project ENG07 HVDC, studied the possibilities of measuring losses of converter stations 
for HVDC and identified a method to do this. Unfortunately, this method required two converters in the same 
station that can be connected together in such a way that power is circulated between them on a temporary 
link. In this method the external power fed to the system is a measure of the total loss power, and it can be 
readily measured. However, such a measurement is rarely possible, (even though project partner RISE has 
been awarded a contract to perform such a measurement in Sweden) and generally the only alternative for 
direct measurement is to develop measuring systems that are able to measure the input and output power in 
both DC and AC sides simultaneously. The accuracy required for this is very demanding and an uncertainty 

http://eur-lex.europa.eu/LexUriServ/LexUriServ.do?uri=OJ:L:2009:285:0010:0035:en:PDF
http://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=OJ:JOL_2014_152_R_0001&rid=1
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for both DC and AC power of approximately 0.01 % is needed, at transmission system voltage levels. Currently, 
it is not clear if this is attainable. 

 

3 Objectives 

The overall goal for the research has been to underpin sustainability of electrical energy systems in accordance 
with the aims of the EUôs 2020 goals. The goals were sought by improving HV testing of equipment for HV 
grids, both as regards electrical withstand, and as regards control of electrical losses. 

The project therefore had the following objectives; 

1. To develop methods to extend the voltage range of traceable LI testing to the ultra-high level of 3500 kV 
with a target uncertainty of better than 1 %.  

2. To develop hardware and methods for the traceable calibration of impulse voltages, using combinations 
of amplitude and front time, such as those used in puncture testing on insulators (500 kV, 200 ns). As well 
as, to develop reference calibration circuits for impulse current measuring systems with ultra-fast rise-
times in the sub-microsecond range and a peak value range of 50 A to several kA, with 0.5 % uncertainty.  

3. To produce facilities for the loss measurement of large power transformers, reactors and power capacitors 
and AC cables. This should include the measurement of active loss power at low power factors in 
industrial conditions with extreme phase accuracy of 10 ɛrad and with target uncertainties better than 50 
µW/VA at voltages and currents up to 150 kV and 2000 A, respectively. Determination of skin effects for 
three-phase cables will also be studied with the aim to quantify losses incurred.  

4. To develop a measurement system for the accurate determination of total HVDC converter station losses 
by simultaneous measurement of AC and DC power. The target is to measure a 1 % loss with a relative 
uncertainty of 3 %. In order to facilitate on-site measurements, a non-invasive current sensor should be 
developed as part of the measurement system with an uncertainty smaller than 50 ɛA/A in current and 
50 ɛrad in phase angle. 

5. The output of the project will be disseminated via publications in international journals, presentations at 
scientific and industry conferences, organisation of workshops, and by active participation in international 
standardisation committees. Together with an active stakeholder committee, this will ensure that the 
project outputs are effectively disseminated to, and exploited by the electrical power industry and it will 
facilitate an early take-up of the technology and measurement infrastructure developed by the project. 
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4 Results 

4.1 Objective 1, Ultra-high lightning impulse voltages 

 Rationale 

Testing of equipment for use in HV grids for electrical transmission is performed to prove that it can withstand 
over-voltages that can occur in service. Increasing need for energy has driven industry to ever higher 
transmission voltages, in fact so high that it has been questioned if calibration of measuring systems can be 
reliably carried out for the highest test voltage now in use in UHV regime, where impulse testing is needed at 
least up to 2700 kV. 

The purpose of this objective was to extend the capabilities of NMI to provide calibration at least up to 20 % of 
2800 kV and preferably up to 3500 kV. The goal was to reach 800 kV for reference calibration of LI. In order 
to prove performance of UHV measuring systems, methods must be available to prove linearity from 20 to 
100 % of the maximum voltage, necessitating research into linearity extension methods. Finally, methods to 
perform the calibration on-site in UHV testing laboratories were identified and validated. 

 Reference measuring systems with an enhanced voltage range  

 Overview 

The existing CMCs before the start of the project were summarised using the ñelectricity and magnetismò 
CMCs list of the BIPM.  

The branch and service ñHV and currentò and the sub-service ñpulsed HV and currentò was chosen. In the 
individual service ñLIò the voltage parameters and the following time parameters were taken into account. 

Table  1: CMCs for Euramet NMIs for LI peak values and time parameters (22.05.2015)  

  

 Capabilities of PTB 

The LI impulse measuring systems of PTB consist of LI dividers, connection cables, voltage probes as 
secondary dividers and transient recorders. A setup for calibration is shown in Figure 1, and a list of dividers 
available for measurements at PTB is in Table 2. 
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Figure 1: Setup of the LI calibration of PTB 

 

Table 2 Overview of existing dividers at PTB 

Designation Type Maximum voltage in kV Height in m Manufacturer 

PTB1 Damped capacitive 300 1.5 PTB 

PTB2 Resistive 2000 8 PTB 

PTB3 Damped capacitive 1000 5 PTB 

PTB4 Damped capacitive 1500 8 Haefely 

A new standard impulse voltage divider (PTB3) was developed in this project by PTB for traceable calibrations 
up to 1 MV. 

The output voltage is restricted by the maximum input voltage of the transient recorder system to be less than 
300 V. The response time of the whole divider is required to be suitable for the break-down time of chopped 
LI, i.e. in the range of few tens of ns. 

The electrical circuit of the 1 MV damped-capacitive divider, including the parasitic capacitors CEô and CSô, is 
shown in Figure 2. The whole HV arm consists of two separate modules each with 20 RC-stages. Each stage 
includes a capacitance CHn = 6000 pF and a resistance RHn = 7 Ý. This results in a capacitance of 300 pF per 
module and an overall capacitance of 150 pF. With a resistance of 140 Ý per module and a damping resistance 
RC = 70 Ý in the HV connection, the overall HV arm resistance is 350 Ý, leading to an RC-constant of 52.5 
ns. These values are summarised in Table 3. 
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Figure 2 Simplified schematic diagram of the divider including the coaxial cable and transient recorder 

To obtain an output voltage value of 300 V the divider needs to have a scale factor of 3333.3. Furthermore, 
the low voltage arm of the divider must match the HV arm RC-constant of 52.5 ns. This leads to a capacitance 
CL of 500 nF and a resistance RL of 0.105 Ý. Travelling wave reflections are reduced by using a matching 
resistor RT between the low voltage arm and the coaxial cable. 

 

Table 3 Overview of the specific values of the new divider 

 conductor& parasitic per stage per module × 

Resistance in Ý 70 7 140 350 

Capacitance in pF As shown in Figure 2 6000 300 150 

Inductance in µH ~12 - - ~12 

 

There are four measuring instruments at PTBôs HV laboratory: (i) Tektronix DSA 602A, (ii) AMOtronics system 
with six isolated measuring heads each 100 MS/s and 14 bit, (iii) Dr. Strauss TRAS 200-14 and (iv) a self-
made transient recorder system based on the National Instruments PXI-5124 (200 MS/s, 12-bit) digitiser. 

 Capabilities of RISE 

The HV laboratory at RISE has two test areas, one area for smaller voltages up to 400 kV and another for 
voltages up to 2 MV. Three resistive reference dividers for LI are available, (i) one very small for 10 kV, but 
with very fast response, (ii) one HighVolt SMR 500 kV and (iii) one Passoni Villa for 750 kV. In addition, there 
are mixed RC dividers from Haefely for nominal voltages of 1 MV and 2.4 MV. The impulse voltage dividers 
available for measurements at RISE are listed in Table 4. 
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Table 4 Overview of existing dividers at RISE 

Designation Type Maximum voltage in kV Height in m Manufacturer 

 Resistive 10 0.5 RISE 

SP1 Resistive 500 3 HighVolt 

SP2 Resistive 800 3 Passoni & Villa 

SP3 Damped capacitive 2400 12 Haefely 

 

Measurement cables from dividers to transient recorders are 75 ɋ tri-axial camera cables connected with outer 
and inner screens to earth point of the divider, outer screen to cabinet of transient recorder housing and inner 
screen to earth point of transient recorder. Secondary proprietary attenuators are mounted directly on the 
measuring instrument. 

The main transient recorder is a National Instrument NI5124 with 12 bit resolution and 200 MSamples/s. It is 
housed in a screening cabinet with EMC performance up to approximate GHz range. Software for impulse 
evaluation is proprietary RISE software. A Tektronix 3054 with 500 MHz bandwidth, 9 bit resolution and a 
maximum sampling rate of 5 GSamples/s is used for measurement of very fast transients. 

 

Figure 3: RISEôs NI5124 transient recorder in screen box (less front mesh cover) 

 Capabilities of VTT 

VTT has capabilities to generate and measure voltages up to 200 kV in their HV laboratory. For higher voltage 
work, laboratory time is leased from nearby industrial laboratory as needed. LI voltages up to 160 kV are 
generated using a refurbished Hipotronics IG200-.75 impulse generator.  

LI voltages up to 400 kV can be measured using a shielded resistive impulse divider HUT- 400 and National 
Instruments PXI-5124 (200 MS/s, 12-bit) digitiser. Homemade attenuators are used at the end of the triaxial 
measuring cable to match the maximum input ranges of the digitisers. The NI digitiser is installed in a rack, 
which is connected to a PC by a fibre optic cable. The digitiser is controlled with custom software, which 
corrects the step response of the digitiser by deconvolution and calculates the impulse parameters. The VTT 
system, which was used as a reference in this project, is shown in Figure 4.  

In this VTT system, digitisers are calibrated using a calculable impulse voltage calibrator. Both lightning and 
switching impulses can be calibrated using different calibrator heads, which generate impulses up to 300 V or 
1000 V depending on the type of the calibrator head.  
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Figure 4: LI voltage divider HUT-400 (left) and the PXI-5124 digitiser (right). 

 Intercomparisons up to 1.5 MV 

The transient recorder from RISE was used to digitise and analyse the signals from seven different dividers, 
three dividers from PTB, three dividers from RISE and one from VTT. The results are from two measurement 
campaigns at PTB, one in Nov-Dec 2016 and one in July 2017. Figure 5 shows the resulting relative scale 
factors between the systems. The circles give the product of three scale factors, giving an indication of the 
measurement uncertainty, which could be reached. The target was an expanded measurement uncertainty 
better the 0.5 % for the peak value. In a three step intercomparison the expanded uncertainty means that we 

should achieve a value within ЍσϽ0.5 % = 0.87%. This was fulfilled since the largest circle product error is 
0.51 % from unity. 

 

Figure 5 Scale factor intercomparison between RISE, VTT and PTB. Values on arrows show the results 
of one-to-one comparison, and values within circles show the results of closing the triangles. 

The measurement uncertainties of the front time errors were also studied. Figure 6 below shows that the target 
of better than 1 % for the front time was in some cases reached, i.e. where higher deviations were noted in 
cases where SP3 and PTB3 were involved. Considering that these dividers are not reference dividers and 
have quite large front time errors, the results are quite satisfactory. When measuring the front time parameter 
errors, it was discovered that they strongly depend on the front time of the impulse. There are indications that 
at the shorter front time, damped front oscillations may lead to discrepancies due to different response of the 
dividers.  
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Figure 6 Front time error intercomparison between RISE, VTT and PTB. Values on arrows show the 
results of one-to-one comparison, and values within circles show the results of closing the triangles. 

Resistive dividers often detect the oscillations whereas the damped capacitive (and larger resistive dividers 
e.g. PTB3) have a slower response and average these out. Often the 30 % point on the front is reached earlier 
in time than with a curve lacking the oscillations. The resistive dividers detect this shift and the damped 
capacitive does not. In the Figure 6 below some fronts were faster than others and some contained oscillations. 

As an example, the error grows from 6.2 to 7.7 % when the front time is shortened from 1.2 to 0.9 ms between 
PTB3 and SP1. 

 Conclusions 

The measurement system comparison in this research project confirms that it is possible to achieve expanded 
uncertainties of 0.5 % for peak voltage and 1 % for calibration on voltages up to 1 MV. However, it was also 
observed that even small oscillations on the front of the curve might lead to large front time errors. Large 
dividers are typically slower, and they do not detect the front oscillations, contrary to fast responding 
measurement systems. Due to slower response of the large dividers, it was not possible to reach as good 
agreement on the comparison on voltages from 1 MV to 3 MV. These problems might be to some extent due 
to the evaluation method defined in IEC 60060-2:2010. Revision of this standard has just been started by 
IEC TC42, and the projectôs findings have been relayed to the committee.  

Table 5: Capabilities for the partners after the project 

NMI LI Peak 
Value 

Relative 
expanded 

uncertainty 

Front time 
range 

 Front time Relative 
expanded 

uncertainty 

Tail time Relative 
expanded 

uncertainty 

 kV % µs  µs % µs % 

PTB 1000 0.4   >0.5 2 <60 2 

RISE 500 0.5 0.84-10  0.84-10 1 40-60 1 

RISE 750 0.5 0.84-10  0.84-10 2 40-60 1 

VTT 400 0.5 0.84-1.56  0.84-1.56 1-2 40-60 0.5-1 
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 Linearity extension methods 

 Review of methods 

IEC 60060-2: 2010 describes five methods for extending impulse voltage test value calibration for voltage 
levels, where reference systems do not exist. One of them does not actually use HV, two others lead to circular 
definition, and only two are applicable for this study. 

One method is based on detecting the field generated by the impulse voltage, and the other on measurement 
on the DC charging voltage of the generator. These two methods were tested by the project during three 
measurement sessions described below. 

  Field probe 

Damped capacitive divider as a field probe  

Figure 7 shows the ratio between the readings from a PTB damped capacitive divider used as field probe and 
RISE resistive divider. The PTB damped capacitive divider was not connected to the circuit, but it was placed 
so that its HV electrode detected the electric field of the impulse. Corona is apparent above 1000 kV where 
the ratio changes non-linearly. However, there seems to be corona even at lower voltages, as the ratio is not 
constant. With an accelerating drop of the scale factor above 1000 kV, one can even suspect a presence of 
streamers. The 1 MV damped capacitive divider worked reasonably well as a capacitive field probe, but only 
up to a point where corona became apparent. 

 

Figure 7: Comparisons between PTB damped capacitive divider as a field probe and RISE 1 MV damped 
capacitive divider. Vertical scale shows the normalised ratio between the measured test voltage values. 

 

In another test, the RISE 1 MV damped capacitive divider was used as a field probe for studying the linearity 
of ABB (formerly STRI) 3 MV damped capacitive divider. Figure 8 shows that the results are linear to about 
+1500 kV using positive polarity, and up to about -2000 kV using negative polarity. Again, we conclude that 
the field probe suffers from the influence of corona.  

 

 

Figure 8: Linearity for positive impulses (left), and negative impulses (right) 
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Circuit board as a field probe  

Figure 9 shows a comparison between a field probe based on piece of circuit board and the RISE 1 MV 
damped capacitive divider for -500 kV and -700 kV impulses. An onset of corona, or possibly a small streamer 
can be seen just before the peak of -700 kV impulse measured by the field probe. One can also see when the 
discharge extinguishes in the tail at approx. 50 µs / -320 kV. As with the divider field probe measurement, the 
scale factor is also not constant. However, in this case the scale factor is larger than one, meaning we are 
losing charges detected by the circuit board field probe instead of gaining signal as in the case of the capacitive 
divider field probe. 

 

Figure 9: Comparisons between the circuit board as a field probe and the RISE mixed divider. Black and 
blue: -500 kV and -700 kV impulses measured by the field probe. Green and violet: Respectively for mixed 
divider. 

Linearity by charging voltage method 

In this method the DC charging voltage of a multistage impulse voltage generator is measured before the 
triggering of each impulse. First the built-in DC measurement of the control unit measuring was calibrated 
using reference dividers as shown in Figure 10. The charging voltage measurement of the bipolar charging 
was calibrated using two dividers.  

 

Figure 10: Calibration of the charging voltage measurement of impulse generator. Base of multistage impulse 
voltage generator in the centre, with the two calibration dividers connected by aluminium tubes on both sides. 

 

Figure 11 shows the result of a comparison between the generator charging voltage and the test voltage value 
measured by the 3 MV damped capacitive divider. The figure shows the ratio deviation from a reference value. 
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Three different references were tested, with very similar outcomes. Using method 3 (i.e. linear regression 
line).we have linearity within 1 % to full voltage and both polarities.  

  

Figure 11: The curves show the deviation from the apparently linear curves when plotting impulse generator 
charging voltage against the CR3000 measured impulse for both polarities. for positive polarity (left) ansd 
negative polarity (right). Ratio deviation is referenced to mean of all readings (method 1), to reading on lowest 
voltage (method 2), or linear regression line (method 3). 

 

 Conclusions 

One 3 MV divider was found to be linear within ±1 % for voltages up 2.7 MV. The charging voltage method 
was found to work best for the determination of linearity of a UHV divider. The charging voltage method works 
well, when care is taken that all levels of the generator are fully charged. The field sensor method is difficult to 
use for UHV systems, as corona will cause significant interference. However, this means a field probe is a 
good tool for corona detection.  

 

 Characterisation of UHV measuring systems 

 General 

The aim was to provide tools to characterise UHV class dividers, in particular using their pulse response. A 
characterisation of the pulse response was performed at low voltages, thus allowing investigation of many 
possible spatial arrangements in a reasonable time-frame. The methods were applied, together with 
IEC 60060-2:2010 compliant calibrations, to actual (on-site) UHV dividers to determine the achievable 
accuracy. 

The step response of each measuring system was measured on each setup used during HV measurement. 
These step responses were then used in simulations, in order to predict the errors during actual HV 
measurements. 

 Study of influencing factors of a 2 MV damped capacitive divider 

Divider connection 

Various geometries for the connection between small lower voltage reference divider and large higher voltage 
test divider are shown in Figure 12. For step response measurement the step generator was placed on the 
feed point, where the lead from impulse generator meets the input leads of the two dividers. 

 

     

Figure 12: Side view of three measurement geometries. 




















































































