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1 Introduction

The efficiency of electrical drives is a key issue in reducing the energy consumption of
industrialised countries in the world. Since three-phase AC induction motors consume
about 35 % to 40% of the generated electrical power [1], these countries make an effort
in reducing energy use and harmful emissions. Further, electric-motor systems convert
nearly half of the worldwide electric energy into the mechanical energy ultimately used
in the final application or process [2].

Energy efficiency classes are definitions for motors with voltages below 1 kV and a
rated power up to 1MW. The International Electrotechnical Commission (IEC) as
standards organisation for all electronic and related technologies, defined procedures
for determining the motor losses and their efficiency classes. The IEC 600034-30-1 and
IEC 60034-30-2 defines the energy efficiency classes for sinusoidal and converter supply
[3, 4]. The latter one is currently published as a Technical Specification (TS). The basic
determination of motor efficiency with a sinusoidal supply is described IEC60034-2-1
[5], in IEEE standards the test methods are seperated for induction and synchronous
machines [6, 7]. Further, there is a TS 60034-2-3 [8] which defines the determination
of additional harmonic losses for converter fed induction machines. Another group of
standards for motors and drive systems are the European standards – EN 50598-1, EN
50598-2, EN 50598-3 [9–11] – which define procedures for determining the motor losses
and the whole drive system losses with the converters included. The standards also
define their efficiency classes. More information on the actual standard EN 50598-2 for
determination of motors and converters efficiency is given in [12]. The IEC 61800-4 gives
ratings for the efficiency determination of Medium Voltage (MV) drive applications
[13]. The Technical Specification and standards for drives have long been in discussion
[14–20]. Since the introduction of energy efficiency classes, the uncertainty for the
determination of efficiency and the necessary electrical power measurement are an
emerging issue [21–25].

Currently, energy efficiency classes are not considered for drives above 1MW. However,
they are practical as the combined losses can be a three-figure kilowatt range dependent
on the machine dimensions and make massive reductions in the consumption of electrical
energy possible. The change of losses and electrical energy consumption per year due
to different efficiencies of a few tenth percent is shown in Table 1.1 for a MV motor.

This thesis gives an overview of sources of uncertainty during the power measurement
on MV drives. The influence of measurement transducers, voltage dividers, power
meters and data acquisition boards are considered. Special methods are shown to
assess the measurement setup uncertainty. Further, a possibility is shown to do
quantitative uncertainty estimations which are verified with measurements through
different measurement setups.
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1 Introduction

Tab. 1.1: Medium Voltage Machine with Different Efficiency

Rated Power Efficiency Losses Energy Consumption
PN η PV per year in MWh

12.5MW 97.9% 262.5 kW 2299MWh
12.5MW 97.6% 300.0 kW 2628MWh

Difference 0.3% 37.5 kW 329MWh

1.1 Research Review

The influence of uncertainty on drives above 1MW is analysed with a compressor drive
in [26]. The power measurement is analysed dependent on the influence of voltage
and currents effective values. The relationship between uncertainty due to deviation
of harmonic frequencies up to 300Hz and the influence of the phase angle between
voltage and current was also analysed. The measurement transducers show the major
contribution of uncertainty on the active power measurements.

The defined efficiency classes International Efficiency (IE)1-4 in IEC600034-30-1 are
a challenge for motor manufacturers and suppliers. The German national institute
of metrology Physikalisch-Technische Bundesanstalt (PTB) indicates the influence of
the measurement uncertainty on the determination of efficiency and their methods for
small machines below 375 kW. The identification of the uncertainty shows the impact
on the classification in the IE-classes [27] [25]. In a further publication of Aarniovuori
the uncertainty of efficiency measurements according 60034-2-1 of five different small
machines [23] is shown. The increase of accuracy of instrumentation is discussed as
well the correct use of multifunctional power analyser devices. Calorimetric systems
used for loss determination of electric motors and drives are often discussed [28, 29].
There are four categories of calorimetric systems, which can have different measurement
uncertainties.

The results in [22, 30] indicate that the uncertainty of the direct test method for
the determination of efficiency is in general higher than that of the indirect test
method. The analysis in [23] concludes direct testing method is not recommended
for the determination of induction motors efficiency. The article [20] has discussed
the importance of the power measurement uncertainty for the additional load losses
determination. Especially the direct test method is emphasised as unusable for the
determination of high power motors efficiency.

Since the beginning of the electrical energy use from generation, transmission to
consumption, the measurement transducers are proven power flow measurement devices.
They are designed for the operation with grid frequency 50/60Hz. The transfer
behaviour of the commonly used measurement devices is the topic for research and
investigations since the power quality is an upcoming discussion [31–35]. The modelling
and measurement of the voltage transformers frequency response are discussed in
several publications [36–42]. Further, there are investigations to increase the linearity of
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1.1 Research Review

voltage transformers with the focus using them as the essential instrument for harmonic
measurement in the grid [43–47]. The calibration of transformers, the used calibration
methods and test voltage generation for calibration are the main topics concerning the
harmonic voltages in the grid [48–51]. The investigations on alternative measurement
devices regarding the potential separation are discussed when dividers are used [52–54].
Since the presence of harmonics in the grid, the current measurement devices and
their performance are discussed [55–61]. The topics are the possibilities to improve
the transfer behaviour of the measurement devices considering a defined frequency
range and used measurement setup. Investigation on the design of voltage dividers is
done concerning shielding and SF6 composed [62]. Further, the usability of upcoming
electronic current measurement devices is proven for their use in medium and high
voltage applications [63–65]. The research fields of harmonic measurement devices
in the scope of distorted waveforms is an ongoing discussion[66–70]. Especially the
calibration in a defined frequency range or adjustments in uncertainty limits of new
measurement devices are the main topics in the working groups of standards. The
latest investigations show a combination of two current measurement principles: The
combination of high accuracies with the ability to measure currents in the kiloampere
range in one measurement device [71].

The data acquisition and processing of a measurement system is a major part used in
the digital era. Different sampling methods, real-time algorithms, filters and windowing
are commonly used and discussed in the field on the measurement of electrical quantities
[72, 73]. There are several articles, books and publications on the correct use of Fourier
Analysis or determination of quantities from sampled data. A few papers are named
here which relate to the relevant topics utilised in this section.

A general question is the signal bandwidth of the used measurement devices or electronics
for the measurement of converter signals. The articles [74, 75] have shown a relation
between required analog bandwidth to reach a specified relative uncertainty. Further,
three active power calculation methods with different sampling methods in three different
scenarios of a measurement setup is analysed [76]. The article showed the simple power
calculation, which means the used discrete integration method in this work, is the best
solution if synchronised sampling is applied.

A systematical approach has been proposed by Avallone [77] for uncertainty evaluation
in active power measurements under highly distorted conditions, including transducer
errors. The article showed the influence of angle and amplitude errors by a fixed sample
frequency and amount samples, as well the variation of phase angle of the base frequency.
The analytical expression of the discrete integration method is advised to be used for
the power measurement on high-efficiency variable speed drives. There are further
publications relating to the uncertainty of samples on the power measurement using
real-time algorithms [78]. However, uncertainties due to different signal processing
algorithms used for the analysis of periodic signals are described by Betta [79, 80]. For
example, the quantisation errors are analysed which can influence the determination of
harmonics. The effect of an integration interval selection is shown by Langella [81, 82].
The results give information about the number of samples to use for the determination
of a root mean square value with high probability.
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1 Introduction

The power measurement and the uncertainty of measurement transducers are primarily
discussed in the low voltage range [83]. Also there are discussion on physical definition
of power measurement [84]. Since the upcoming feeding of renewable energy into the
grid the topic has been discussed in the MV range due to the increased harmonic content
of the grid voltages [85]. More and more applications are occurring where power are
fed through converter, e.g. solar inverters [86]. The harmonic content in the grid is
important for grid operators. The limitation in exact measurements of harmonics, when
using transducers was analysed by Cataliotti [85, 87]. The experimental analysis of the
effects of current transformer in the measurement of harmonic active power identified
the phase shift between harmonic voltage and harmonic current can be responsible for
large errors, especially if the phase shift is getting close to ±90°.

There are typical measuring systems available especially designed for the high voltage
range by the company Highvolt. The system is used for the losses measurement on
power transformers. The frequency range is specified up to 200Hz, which is sufficient
for the losses measurement of power transformers with a specified uncertainty of 0.08%
and 0.1%.

The uncertainty of the determination of losses on converter operated drives with regard
on the measurement equipment is discussed in the articles for the low voltage range
[88–90]. The major speed variable MV drives uses multilevel converters [91–95], which
requires a discussion about uncertainty requirements for the harmonic active power
measurement of these drives.

1.2 Outline of the Thesis

The focus of this work is the measurement uncertainty of the active power measurement
to be used for the determination of efficiency of MV motors. Since the development of
multilevel converters with high power ratings, the power measurement is becoming an
important issue to investigate, with their application with MV motors. Due to the high
voltages and currents, the use of dividers or measurement transformers is necessary,
which introduces additional uncertainty.

First, the typical test bench for MV motors is described, and an overview of conven-
tional multilevel converters is given in chapter 2. The consideration of uncertainty
in measurements is described in chapter 3, which is used for the whole uncertainty
investigations in this thesis.

The focus of chapter 4 is the data acquisition and processing. The digital signal
processing is analysed and the possibilities to reduce its uncertainty contribution on
an active power measurement. Further, a sensitisation on influence factors of the
active power measurement is made, which is necessary for the design of a measurement
setup.

In chapter 5 analysis is made of the conventional measurement transducers and devices in
the MV-range. The transfer behaviour of the devices is investigated with measurements
and their uncertainty characteristics.
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1.3 Research Concept

Chapter 6 shows with measurement on typical medium voltage drives and an uncertainty
analysis, the essential aspects of an active power measurement. The results show the
importance of the performance of a used measurement setup. The results of the
investigations on the drives are used to indicate the impact on the determination of
efficiency in chapter 7.

1.3 Research Concept

The starting point of this thesis is the significance of the measurement uncertainty for
active power measurements of inverter supplied MV drives. A better understanding is
desired of influences on several measurement components in a measurement chain.

The first investigations are realised in the a voltage laboratory with the investigation of
the transfer behaviour of the voltage and current transformers. An important issue is to
analyse the properties of the most used measurement devices for 50/60Hz applications
in the medium and high voltage range. Further, the measurement of electrical power
due to a data acquisition and calculation unit is analysed with analysis of uncertainty.

After the above mentioned investigations a classification of measurement devices is
possible and a basis for the influence of uncertainty for the whole measurement system
is realised.

The most important task is the investigation of a complete drive application. The
modulation of converter applications has been used to obtain an estimation of the ex-
pected voltage and current forms. Measurements are applied to different test benches to
investigate several issues necessary for the active power measurement. The investigations
lead to a better understanding of power measurement for MV converter drives.

The work gives a significant input for further standardisation processes. The handling
of measurement uncertainties for the active power measurement of drives is shown with
regard to the permanent topic of energy saving and its efficient use. The work shows a
way to handle the categorisation of electrical drives in energy efficiency classes and to
make their determination comparable.
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2 Medium Voltage Drives

In this chapter the considerations are made for the electrical power measurement and
their corresponding devices generally used in motor test benches. Important issues like
the monitoring of vibrations or temperatures are not part of this thesis. Measurement
of torque and speed to get the output power of a machine under test is only considered
for an investigation on the efficiency in section 7.1. These investigations are part of this
work as the considerations of the uncertainty in determination of efficiency is treated.
There are torque transducers applicable for drives with a high power density, which
normally are represented by medium voltage drives, but for this power category and
high efficient motors the use of testing methods with less uncertainty is preferred. The
determination of efficiency by the direct method which needs a torque measurement is
associated with a higher degree of uncertainty for high-efficiency drives [22]. Due to the
verification of a high efficiency with a full-load test requires a torque transducer for a
high power and a low uncertainty, which become more difficult the more efficient the
motors are.

The measurement system used for the active power measurement of inverter supplied
motors requires careful consideration. Great care must be taken to ensure that the
measurement uncertainty is kept to a minimum. To determine the active power, values
collected from a defined number of discrete measurements and the calculated RMS
values, a more complex analysis of the drive system would require to know the harmonic
content of the measured values. Especially for inverter supplied drives a detailed analysis
allows design for minor losses or rather a different distribution of losses between motor
and inverter [12, 96].

In the field of low voltage drives with a rated voltage up to 1 kV many manufacturers offer
power meters. These devices include signal conditioning, analog to digital conversion
and a calculation unit based on microprocessors or computers. In principle, any of the
currently used measurement systems can be used for three phase power measurement
providing a minimum of four analog signals are available.

The three phase power measurement requires all three phase voltages and currents to
record, however the Aron circuit needs two line voltages and two phase currents for the
active power determination of a three phase system, see figure 2.1 and the following
equation PAron:

PAron = U12 · I1 + U32 · I3 (2.1)

The features of the Aron circuit and its use are described in detail in section 6.2. In
general, the buildup of a test bench for an active power measurement and a further
determination of efficiency is a question of user-defined requirements. Here the following
aspects are named:
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2 Medium Voltage Drives

L1
I1

A

VU12

L2

VU32

L3
I3

A
L
oad

Fig. 2.1: Aron Circuit

Low Measurement Uncertainty Measurement system with low uncertainty for the
use in the laboratory and for the approval of new constructed machines

On-Site Measurements Portable system taking on-site measurements and commis-
sioning of drives. The measurement devices are simple to install.

Cost-Effective System Measurement system getting a valuable result with less mea-
surement devices and satisfactory result for a measurement question.

The selection of a measurement system is often a compromise between a system with
low measurement uncertainty and low costs. In the following section the requirements
for active power measurements on drives in the medium voltage range are described.

2.1 Test Bench Requirements for Medium Voltage
Drives

Typical medium voltage drives can have rated line voltages up to 11 kV and currents
up to 4 kA. It is essential to have measurement transformers or voltage dividers
for the recording of signals with a PC equipped with a data acquisition card or a
conventional power meter. More and more medium voltage drives are supplied by
multilevel converters, which produce pulsed non-sinusoidal voltages and currents against
the relating ground potential, see also in [97, 98]. A typical voltage form of a commonly
used converter is depicted in figure 2.2. These waveforms show an application for a
60Hz machine, what infers from the period time of 16.7ms.

There are several voltage peaks visible due to the switching of the power semiconductors,
which result in oscillations. These unintentional oscillations are caused by long cables
between the converter and the machine. Parasitic capacitances, the inductances of the
motor cables as well the impedance of the motor create an oscillatory circuit. A harmonic
active power can be only produced by harmonics in voltage and current with the same
order. The shown voltage forms are extremely challenging conditions for an accurate
active power measurement. The measurement devices need an expanded frequency
range compared to usual sinusoidally supplied drives, but especially a zero-crossing
detection is needed to detect the base frequency.
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Fig. 2.2: Line Voltages of a Multilevel-Converter

A measurement system has to fulfil the following requirements necessary for the deter-
mination of harmonics and active power [99, 100]:

- Usable for the highest expected frequency of the signals contributing electrical
power,

- insulation resistance against expected voltage peaks,

- a sufficient common mode rejection [101–103],

- a sufficient sample time and recording time of the signal processing,

- a galvanic isolation against high voltages for the protection of the measurement
devices and the operating personnel,

- correct evaluation of the sampled signal and zero-crossing detection, especially for
a Fast Fourier Transform (FFT) analysis.

2.2 Measurement System Setup

The named requirements in 2.1 have to be considered if a low measurement uncertainty
is desired, which is also the focus of the further investigations in this thesis. In figure
2.3 a principle setup of a measurement system for medium voltage drives is shown.

The machine under test (MUT) is supplied by a multilevel converter with a nonsinusoidal
waveform. The performing of a load test requires a mechanically connected load machine.
The measurement setup consists of voltage and current transformers, nevertheless voltage
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Measurement System
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Data Acquisition

Power Meter

MUT Load

Fig. 2.3: Active Power Measurement System

dividers can be used to transform the medium voltage into low voltage levels. The
recording of the signals is usually realised with a data acquisition unit which can be a
power analyser or measuring cards with analog to digital converters. In principle the
choice of these individual components is dependent on the measuring requirements. The
use of a non-sinusoidal power supply required different measurement devices than those
typically used for 60/50Hz testing. Transformers with a frequency independent transfer
behaviour is necessary. The sample frequency and resolution of the data acquisition
unit have to be sufficient to record the expected frequencies: The voltages and currents
which produce active power.

Further, the instrumentation of the whole test bench has an essential influence on the
accuracy and repeatability of the taken measurement. The control of the motor and
load can induce additional variations of speed, torque or active power, see section 3.1.

The choice of a measurement setup and its components is a compromise of different
requirements which have to be respected. The performance testing of an inverter
supplied motor needs a consideration of basic aspects, which are partly discussed in [88,
89]. There are different tests used to categorise the drive performance like the indirect
methods. The short circuit and no load test of a synchronous machine can both be
done with current transformers able to record the rated current. However it is possible
to use a smaller current transformer with a few percentage of the rated current for the
no load test to get a better uncertainty. The measurement analysis in chapter 3 is a
guidance on the handling of uncertainties to configure a measurement system.
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2.3 Multilevel Converters

Converters are used in several industrial processes. At the beginning of the semicon-
ductor development, applications for low voltage drives have been build, but within
the further development process more and more for medium voltage drives. There is a
wide variety of converter types which is a result of specially developed applications with
their individual requirements. A few authors have summarised the different converter
applications [104–108] used in the medium voltage range. A classification according to
[106, 107] is shown and summarised in figure 2.4.

High Power DrivesHigh Power DrivesHigh Power Drives

Direct Indirect (DC-Link)Indirect (DC-Link)Indirect (DC-Link)

Current Source

PWM-CSI LCILCILCI

Voltage SourceVoltage SourceVoltage Source

Multilevel InvertersMultilevel InvertersMultilevel Inverters High Power 2L-VSIHigh Power 2L-VSIHigh Power 2L-VSI

M2CM2CM2CFLCFLCFLCCHPCHPCHPNPCNPCNPCMXCCCVCCVCCV

Fig. 2.4: Classification of Converter Topologies [106, 107]

Multilevel converters are used in industry as one of the preferred choices for electronic
power conversion. Medium or high power application like the high power AC motor
drives shown in figure 2.4 exist in the apparent power range of 0.3 kVA and 72MVA.

A distinction is made between direct and indirect topologies. The grey blocks in figure
2.4 characterise the inverter topologies that are most used in the market of high power
drives. Direct converters connect the electrical network and the electric machine without
using an additional energy storage device such as an inductance or a capacitor. Indirect
converters have an additional energy storage to decouple the grid and the machine. The
basic arrangement is a rectifier connected to the dc-link which is connected through an
inverter with the motor, see section 2.3.1.

The most used direct topology, also named direct converter, is the Cycloconverter (CCV)
which is a line-commutated thyristor converter. The converter connects a three-phase
grid with a three-phase machine. The Matrix Converter (MXC) is a self-commutated
converter, which can connect all three phases of the grid with each of the three motor
phases [109–111].
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Indirect topologies, respectively indirect converters, have a dc-link with a capacitor or
an inductance as energy storage. The latter one is a current source converter where
a current supplies the load causing the energy flow. The converters with a capacitive
dc-link are voltage source converters. The voltage supplies the load which influences
the energy flow.

There are two current source converters which are used for a high power drive application.
A Load Commutated Inverter (LCI) is used for synchronous machines as pumps,
compressors or fans. The LCI is a network controlled or load commutated thyristor
converter, in which the grid or the machine voltages cause the commutation of the
currents. The Pulse Width Modulated Current Source Inverter (PWM-CSI) uses
switches which can be actively switched on and off instead of the passive switching off
of thyristors [112].

Indirect converters with a capacitor as a decoupling energy storage device are divided
into two-level and multilevel converters. The 2-Level Voltage Source Inverter (2L-VSI)
consists of three half-bridges, each consisting of two active switches. The switches are
usually Insulated-Gate Bipolar Transistors (IGBTs) or Insulated-Gate Commutated
Transistors (IGCT) each of them can have an inverse diode added.

The 2L-VSI is common used converter topology for drive applications in industry or for
traction drives[113]. Due to series connected IGBTs the voltage can be increased which
makes high power and high voltage applications possible. The latest research has even
shown a medium voltage high frequency two-level converter design realised with 10 kV
SiC MOSFETs [114].

The multilevel converters are categorised in four different topologies:

- the Neutral-Point Clamped Voltage Source Converter (NPC VSC)

- the Cascaded H-Bridge Voltage Source Converter (CHB VSC)

- the Flying Capacitor Voltage Source Converter (FLC VSC)

- the Modular Multi-Point Converter (M2C)

The topologies are commonly used for high power drives. The M2C is a new converter
which has some advantages compared to the first three listed topologies[115]. The
M2C has several voltage levels realised with semiconductors and components typical in
the serial production industry. The properties of a M2C allows an almost sinusoidal
voltage form compared to the other multilevel topologies. The investigations of the
M2C topology are used and further made in the low voltage range [116]. The converter
topology is described in section 2.3.2.

The main reason of using multilevel converters is to eliminate cost intensive transformers
in high power applications. The use of multilevel converters has advantages due to
nearly sinusoidal current waveforms, lower common mode voltage, lower voltage peaks
and low additional losses compared to a 2L-VSI. This turns into reduced stress on
motor bearings and windings. More detailed description of these power converters, their
advantages and disadvantages are given in [104, 106, 107, 117–120].
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2.3 Multilevel Converters

Special applications exist for motors which are supplied with a number of converters to
reach high power ratings[92]. The motors have several winding systems forming inde-
pendent three-phase systems. There are various applications and converter topologies,
respectively. The important issue for a power measurement system is the voltage and
current waveform with their harmonic content. The following two section describe the
converter topology used in this thesis for to show the typical waveforms.

2.3.1 Converter Topology and Waveform

The figure 2.5 shows a converter topology used for high power drives with a dc-link.
Depending on the requirements for a high power drive the individual components are
used, e.g. the Line- or Motor-Filter to smooth the waveforms. A transformer with
multiple secondary windings is often used, as the following described five-level cascaded
H-Bridge (HB) converter shows. The Voltage Source Converter (VSC) consists of a
rectifier, a dc-link and an inverter. The rectifier converts the ac supply voltage to a
dc voltage, which is commonly realised with multipulse diodes, thyristor rectifiers or
Pulse Width Modulated (PWM) rectifiers. The dc link has a capacitor, as depicted in
figure 2.5, providing a voltage for a drive. Current source converters have an inductance
placed as dc-link.

Grid
Line-
Filter

Trans-
former Rectifier Inverter

VSC

Motor-
Filter Motor

Fig. 2.5: Indirect Converter Topology with DC-Link

This section describes the 5 Level Cascaded H-Bridge Voltage Source Converter (5L-
CHB VSC) to give a comprehension of the voltage and current waveform. The increasing
of the voltage level is realised with a combination of several VSC. The 5L-CHB VSC
contains two HB for each phase, see figure 2.6.

The dashed lines mark the modular expandability. Each HB-cell has its own dc-link
which is supplied from a rectifier, depicted in figure 2.6. The rectifiers can be energy
recoverable if the appropriate semiconductor switches are selected. All converters consist
of a rectifier and are potential separated to each other. The converter level l of the
CHB VSC corresponds to the amount of HB-cells necessary for each motor phase m,
see table 2.1.

The shown converter topology is implemented in a PLECS model[121], which is an
additional tool of Matlab Simulink. The model is used to simulate an expected waveform
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Fig. 2.6: 5 Level-Cascaded H-Bridge Voltage Source Converter

Tab. 2.1: The CHB VSC with l-Level
Levels of Levels of HB-cells

Level Phase Voltage Line Voltage per Phase
3 3 5 1
5 5 9 2
7 7 13 3
l l 2l − 1 m = l−1

2
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2.3 Multilevel Converters

of voltage and current to analyse the harmonic content. The model includes the 5L-CHB
VSC connected to inductive load which is a typical motor, see table 2.2.

Tab. 2.2: Data of the Motor and Converter used for the PLECS Simulation Model
Symbol Value

Load-Resistance RLoad 5Ω
Load-Inductance LLoad 9mH

Switching Frequency fIGBT 375Hz

A specific chain conductor model, described in [122, 123] , for a precise prediction of
harmonic active power is not implemented due to the focus on the measurement setup.
Therefore the harmonic content of the voltage and current waveform is essential and
shown in this chapter. The waveform of the phase voltages are shown in the figure 2.7
with the reference signals uUVW,Soll. The five voltage levels are visible as well as the
PWM modulated signal.
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Fig. 2.7: 5 Level Cascaded H-Bridge Voltage Source Converter (5L-CHB VSC)- Phase
Voltage
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2 Medium Voltage Drives

A FFT analysis delivers the harmonic content of the signal, see figure 2.8 with the
harmonic order h. The PLECS model has ideal switches implemented, which means
no switching edge modulation and current dependent transfer behaviour is included.
Some harmonics have an amplitude of 10% referred to the base frequency. The PLECS
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Fig. 2.8: 5L-CHB VSC - Phase Voltage - Harmonics

simulation with the load data gives corresponding harmonics in the current, see figure
2.9. The harmonic amplitudes are almost up to 1% referred to the base frequency of
the current. Whether these harmonics result in harmonic active power is dependent on
the phase angle between each harmonic in current and voltage, which means a detailed
model as described in [122, 123]. Significant for the further investigation on uncertainty
determination is the expected value of harmonics in voltage and current.
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Fig. 2.9: 5L-CHB VSC - Phase Current - Harmonics

It is necessary to do investigations on the active power measurement uncertainty
dependent on the sample rate of measurement devices. The generated waveforms with
PLECS are used for further considerations in section 4.3.

2.3.2 Converter Topology of Modular Multi-Point Converter

The Modular Multi-Point Converter (M2C) is a multilevel converter with several
converter cells connected in series in each leg. The figure 2.10 shows the topology of the
converter, which has several Submodules (SMs). A Half-Bridge Submodule (HBSM) is
shown in figure 2.10 which is a typical used SM for an M2C [107]. There are modules
with Bypass-Thyristor, Full-Bridge Submodule (FBSM) or Clamp Double Submodules
(CDSMs), which are also used for M2C converters [124].

Each SM and their functionality in an M2C converter is summarised in [125]. The
disadvantages of a converter with one dc link are listed below, e.g. Voltage Source
Converters (VSCs):

- Short circuits of the dc link due to faulty switching commands that lead to the
failure of the IGBTs.

- The steep switching edges of the output voltage and long cables can lead to
resonances, which can lead to failures in the stator windings.

- The common mode voltage usually has high frequencies can cause bearing damage.

- The effort of filtering on the grid side.

All the listed disadvantages are avoided with the use of an M2C.
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Fig. 2.10: Modular Multi-Point Converter with HBSM

The Figure 2.10 shows the several installed submodules. The dashed lines mark the
modular expandability. The medium voltage motor in chapter 6 is fed with an M2C,
which has 48 SMs installed1. The measured voltage and current wave form are shown
in the appendix 9.4.1.

The output voltage is divided into several SMs in one phase, which allows the use of
low-priced standard IGBTs with 1.7 kV blocking voltage. Due to the distribution of
the output voltage on several SMs the steep voltage edges are low in amplitude, so the
problem of resonance with long motor cables is reduced.

The typical problem of a VSC with one dc link is the current change between different
circuits. Due to parasitic inductances, the current change is more difficult. This problem
of current change does not exist for the M2C, and parasitic inductances have do not
affect.

The recharging of the capacitors voltages in the SMs is achieved by internal circular
currents, which realises the required energy exchange. The switching procedure and
control methods are also described for applications in [115, 116].

1This means 16 submodules in one phase

18



3 Consideration on the Uncertainty
in Measurement

The Guide to the Expression of Uncertainty in Measurement (GUM) [126] is a com-
pendium for the determination and declaration of measurement uncertainties to get
international comparable measurement results. GUM is used in this thesis for the
theoretical uncertainty determination of measurement systems. Further, the guide
is used to characterise measurement devices and compare results of different power
measurement setups.

The general proceeding is separated in the following steps:

a) Creation of a model of the measurement setup,

b) Determination of uncertainties of the input quantity,

c) Determination of the measurement uncertainty for the output quantity,

d) Providing the measurement uncertainty.

a) Model of Measurement

b)

Typ A - Evaluation Typ B - Evaluation

Standard Uncertainty Standard Uncertainty

c) Standard Uncertainty of

the Output Quantity

d) Expanded Uncertainty

Fig. 3.1: Uncertainty Determination According to GUM
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The general concept of GUM is shown in figure 3.1, which is based on modelling the
measurement with a mathematical function. The function has input quantities with
corresponding standard uncertainties, which can be evaluated by statistical analysis
(Type A) or the use of reliable data (Type B). All uncertainties are combined by an
error propagation and given with probability distribution. The next sections describe
the individual steps of an uncertainty determination for the active power measurement
using GUM.

3.1 Model of the Measurement

Input quantities that influence the measurement are necessary to create a mathematical
model of the measurement. Therefore the input quantities have to be structured and
assessed. An Ishikawa-Diagram is a proven method to show all possible influences
on a measurement. As an example the figure 3.2 shows a diagram for active power
measurement on medium voltage drives, which represents the output quantity.

Active Power

Transformers/Dividers

Phase

Amplitude

Deviation

Evaluation

Integration Time

Sampling Frequency

Zero Crossing Detection

Method FFT/
Integral

Converter Control

Control Strategy

Modulation Schemes

Current Measurement

Speed Measurement

THD Supply Voltage

Power Meter/Measuring Card

Phase

Synchronous Sampling

Common Mode Rejection

Amplitude

Fig. 3.2: Ishikawa-Diagram for the Input Quantities Influencing the Active Power
Measurement

The influence of the converter control is difficult to quantify and can only be analysed
by viewing the results of the measurement in figure 3.3. Dependent on the control
procedure, the output quantity, respectively the active power, can have an enormous
variation[127]. To characterise the uncertainty of the active power consumption of a
motor a constant operation point is assumed. Therefore often a speed and current
measurement is necessary which can provide a further uncertainty to the control loop.
Hence the considered output quantity is affected with that uncertainty.

The figure 3.3 shows the determined active power of a motor driven with a multilevel
converter. There are 1000 cycles recorded in which the active power values are calculated

20



3.1 Model of the Measurement

0 100 200 300 400 500 600 700 800 900 1 000
3.7250

3.7300

3.7350

3.7400

3.7450

3.7500
·106

Cycles

A
ct
iv
e
P
ow

er
P

[W
]

Phase 3
Phase 2
Phase 1

Fig. 3.3: Influence of Converter Control on the Active Power Measurement

from 10 periods of the motor base frequency - which corresponds to a record window of
200ms per cycle. The influence of the converter control is visible as oscillation of the
active power P values between a maximum and minimum value. In all three phases the
values are in a range of 5kW, which is 1 ‰ of the mean value, see in figure 3.3.

The sum of all phases, the total active power PTotal, is depicted in figure 3.4, where
a periodic oscillation is difficult to identify. However an oscillation of the determined
active power values is still visible and even larger in amplitude compared to the power
values of the individual phases, but in relation to the mean value still 1 ‰.

The measurement system uses the voltages and currents of the motor supplying converter
to determine the active power. If a comparison between two measurement systems is
focused, an uncertainty contribution of the converter is not respected with the model
equation, but is included in the measurements.

However a quantification of uncertainties is a complex task by the means of recorded
currents and voltages evaluation. In principle it is possible to reduce the influence of
uncertainty on a measurement if known principles of the signal processing are observed.
A sufficient sample and integration time must be selected to get sufficient information
of the recorded signals. The integration time defines the amount of base frequency
periods whereof an average value is calculated. The sample frequency choice fS defines
the maximum analysable frequency fmax, which is given through the Nyquist-Shannon-
Criterion.

fS = 2 · fmax (3.1)

A further aspect is the synchronisation to the base frequency in order to detect the signal
zero-crossings correctly. The synchronisation allows an accurate determination of the
phase shift and the integration interval for the active power determination. In a channel
which is independent of the measuring channels, the basic frequency is determined from
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Fig. 3.4: Influence of Converter Control on the Total Active Power Measurement

several zero crossings. For this purpose filters and phase lock techniques are frequently
used in power analysers, which allow an accurate zero-crossing detection in the case of
non-sinusoidal input quantities [128, 129].

The used transformers or dividers are calibrated, whereby measurement deviations
and uncertainties are quantified, respectively can be derived from the protocols. For
example, according to IEC 60044-8 [130] uncertainties for electronic current transformers
are given with amplitude and phase in the certificates. These figures can be used for
an uncertainty consideration and combined with the uncertainty of other uncertainty
sources.

The measurement board or power meter uncertainty is defined differently.Values of
uncertainty are given for amplitude or phase depending on the measured value and
the measuring range. A power meter or a measurement board must digitise the signals
synchronously. A time offset between current and voltage would cause a phase error,
which in turn influences the determination of the active power.

The mathematical model for the measurement of an average active power P over a
period sinusoidal signal result from the root mean square values of voltage U , current I
and the phase angle φ, φh.1 The model is only valid for one harmonic or rather one
frequency component of all input quantities, e.g. the base frequency.

P = f (U, I, φ) = U · I · cos(φ) (3.2)

The model in equation 3.2 considers the determined active power for one phase.

1Phase angle between voltage and current φ = φU − φI
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3.2 Determination of Measurement Uncertainty

3.2 Determination of Measurement Uncertainty

The equation 3.2 is now used to determine the measurement uncertainty of P by
error propagation. A combined standard measurement uncertainty results from the
uncertainties of the input variables δ(U), δ(I) und δ(φ).

δ(P )2 =
(
cU · δ(U)

)2
+
(
cI · δ(I)

)2
+
(
cφ · δ(φ)

)2
(3.3)

The uncertainties are multiplied by sensitivity coefficients cU, cI and cφ , which results
from the partial derivations of the model equation 3.2.

cU =
∂P

∂U
= I · cos(φ) (3.4)

cI =
∂P

∂I
= U · cos(φ) (3.5)

cφ =
∂P

∂φ
= −U · I · sin(φ) (3.6)

The uncertainty of the input variables can be determined by repeated measurements
according to GUM Type A, see in figure 3.1. This corresponds to the empirical standard
mean value deviation out of several measurements. The principle for Type A evaluation
of standard uncertainty is shown in section 3.4. In this work an uncertainty analysis
according to GUM Type B is applied in which quantified data is used. This data
is taken from protocols of calibration or measurement uncertainty provided by the
manufacturer. This is the usual procedure for an uncertainty analysis in order to
determine the accuracy of a measuring system. The GUM Type B is usually used for
the worst case evaluation before measurements are done.

The uncertainties of the input variables usually consist of several components of the
measuring chain. In this example the uncertainties have to be derived from a current
transformer δ(ICT), a voltage divider δ(UVD) and a power measurement device δ(UPM).
According to GUM, several uncertainties of an input variable are combined by means
of a sub-model. Using the active power measurement as an example, voltage, current
and phase have the following equations for their uncertainty contribution.

δ(U) =
√

δ(UPM)2 + δ(UVD)2 (3.7)

δ(I) =
√

δ(IPM)2 + δ(ICT)2 (3.8)

δ(φ) =
√

δ(φPM)2 + δ(φVD)2 + δ(φCT)2 (3.9)

Usually the data in calibration protocols are given with a probability density distribution.
If this information is not available, a rectangular distribution is assumed for these
uncertainties, which represents the worst case distribution.
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3.3 Specification of Measurement Uncertainty

The expanded measurement uncertainty δ95% can be obtained by multiplication of
the combined standard uncertainty δ(P ) with the coverage factor k. For a coverage
probability of 95.45%, according the Gaussian distribution, the value k = 2 is chosen.
The coverage probability of a measurement uncertainty specification indicates the
probability in which the measurement uncertainty range contains the true measurement
value.

δ95% = 2 · δ(P ) (3.10)

The expanded measurement uncertainty δ95% is given with the assigned coverage
factor or the coverage probability, as shown in table 3.1. The example uncertainty
calculation of active power determination is examined for the base frequency since
all uncertainty contributions of higher harmonic components are expected according
to their amount lower than the contribution of the base frequency. The harmonic
components of a drive application fed by a multilevel converter are low compared to
the base frequency component, which the uncertainty components are also applied
to. However, a measurement uncertainty analysis is helpful for determining individual
harmonics of a power oscillation. There are known loss calculation models using a
voltage spectrum to calculate additional losses by harmonics [131, 132]. An uncertainty
analysis on such models are an useful method to evaluate these calculations.

Tab. 3.1: Example for a Measurement Uncertainty Budget - one Phase

Quantity Value δ(U,I,φ) Probability c(U,I,φ) Contribution of
distribution uncertainty Total MU

U 2190V 4.471V Rectangle 214.5A 553.7W 73.07%

I 280A 0.3185A Rectangle 1677.6V 308.49W 22.68%

φ 40° 0.0336° Rectangle 394 kW 133.45W 4.25%

Measured Quantity P
Value 469 kW

Expanded Measurement Uncertainty δ95% ± 1.3 kW

Coverage factor k 2

The measurement uncertainty budget in the table 3.1 summarizes the elements of the
measurement uncertainty determination. It contains the measurement uncertainty
contributions of the input variables and the effect on the output variable. The budget
clearly demonstrates the individual influence of the uncertainty contributions and can
be used to evaluate them. Individual measuring devices can be analysed in different
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3.4 Statistical Analysis of Measurement Series

operating points and be replaced as required. The uncertainty of the overall active
power is calculated by the following equation:

δ95%,3Phase =
√

(δ95%,PhaseU)
2 + (δ95%,PhaseV)

2 + (δ95%,PhaseW)2 (3.11)

3.4 Statistical Analysis of Measurement Series

A correct statement on the measurement uncertainty of measurement setups and
measurement devices needs an accurate consideration of errors, which in turn gives the
possibility to minimise these errors. In the section before GUM Type A is named as
a method to determine the measured quantity standard uncertainty. The method is
based on a statistical analysis of a measurement series, which is commonly used for the
characterisations of a measurement.

In measurements, differentiation between systematic measuring errors and random
measuring errors is required. The systematic errors are predictable and therefore
correctable. The random errors can only be quantified with probability distributions.

A further classification in measurements is done between static and dynamic errors.
While the static errors refer only to the static properties of the measuring device, the
dynamic measurement errors are the deviations resulting from the non-ideal transmission
characteristics of the measuring system, which results in a deviation of the true time
dependent measurement quantity[133]. The analysis on the transfer behaviour of
measurement devices in section 5.1.2 shows the determination of static and dynamic
errors.

The described method in GUM does not distinguish between systematic and random
uncertainty components. If possible, the elimination or correction of systematic errors
is assumed, otherwise this error is added to the whole uncertainty. The expected value
of a quantity to be measured corresponds to the arithmetic mean value of a number of
repeated measurements.

x̄ =
x(1) + x(2) + · · ·+ x(n)

n

x̄ : Mean value
x(1), x(2), ..., x(n) : Observed measurement values

n : Number of repeated measurements

The standard uncertainty is the empirical standard deviation of the mean value deter-
mined with a number of n observations. The number of observations n should be large
enough to ensure that mean value x̄ is a reliable estimate of the expected value [126].
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3 Consideration on the Uncertainty in Measurement

σ =

√
(
x(1)− x̄

)2

+

(
x(2)− x̄

)2

+ · · ·+
(
x(n)− x̄

)2

n− 1
(3.12)

The variation of the measured values should be determined and covers the random
variable errors with the calculated standard uncertainty. If only random errors are
present in a measurement, the mean value is equal to the true value of the measured
quantity. In practice often only a limited repetition of the measurement is possible and
a certain variation of the mean values exists. The methods of GUM, especially the
Type B estimation, shows the determination of a measurement uncertainty which still
covers a variation of the mean value. The GUM Type B is an efficient and less time
consuming method to characterise an measurement setup uncertainty. The methods of
GUM were used and compared in this thesis with the results of the determined standard
uncertainties of active power measurements.
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4 Data Acquisition and Processing

This chapter is divided into four sections, which are necessary for the determination
of active power values with the measured signals. The Data Acquisition and Signal
Conditioning are essential to prepare the signals for the digital signal processing.

4.1 Data Acquisition and Signal Conditioning

The data acquisition requires basically a signal conditioning in power technology
applications. Signal conditioning is necessary to convert all measurable signals to a
recordable format for an Analog Digital Converter (ADC). Using the active power
measurement on electrical drives, the following aspects of signal conditioning are
important:

Amplification/Attenuation
A shunt used for the measuring of a current provides a voltage signal in the range
of 0 to 10mV. This signal has to be amplified to a voltage matching the range of
the used ADC, e.g. 0 to 10V. The opposite is the attenuation of a signal with
hundreds of volts adapted to the ADC input range.

Electrical Isolation
Electrical isolation usually called galvanic isolation is an important issue in power
technologies. It isolates the signal input to the output by an optical or magnetic
coupling. A differential measurement is possible if a line voltage measurement is
focused on. Additionally undesired ground loops are avoided which can influence
the measurement of a signal by a voltage drop between ground and reference of
the input channel.

Common Mode Rejection
Common Mode Rejection (CMR) is essential for the power measurement of
converter applications, otherwise the measured voltage or current can be incorrect.
Converters have steep voltage edges in the output signal, which can result in
common mode voltages. Due to parasitic capacitances of the parallel motor lines,
capacitive interference currents can occur and lead to signal distortions at the
input resistor of a measurement device. Power meters use differential amplifiers or
instrumentation amplifiers to realise a CMR. Common mode voltages can reach
maximum a third of the dc-link voltage and have often steep switching edges, so
they occur at high frequencies [103, 125, 134].
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4 Data Acquisition and Processing

Filtering
Filters in power measurement are often used to prevent aliasing effects caused by
the influence of high frequency signals. Anti aliasing filters cut off the frequency
components above the Nyquist-Shannon frequency which is specified by the
sample frequency of the ADC, see equation 3.1. Filtering and keeping the Nyquist-
Shannon criterion is essential for the correct harmonic power analysis. Filtering
should not influence the active power measurement, which means the active power
components in the signals should not be limited due to a low cutoff frequency of
the filter. In general, it is possible as the active power components of medium
voltage motors are below 1 kHz, see the measurements in chapter 6.

Sampling
It is not unusual to use a multiplexer to enable one single ADC to digitise two or
more signals. However, for an active power measurement, a simultaneous sampling
is recommended to determine the exact phase angle between voltage and current
signal. If they are not simultaneously sampled, additional uncertainty to the
active power measurement can be induced.

Excitation
Some current sensors require an excitation voltage to operate. Especially flux
compensated current transducers are often used in measurements with non-
sinusoidal currents in power technologies. If the voltage supply is reliable, there
should be no influence on the active power measurement.

4.1.1 Analog Digital Converter

Digital computers are used for processing the voltage and current signals. The analog
signals have to be digitised with an ADC into amplitude and time discrete signals. The
significant quantities are given below:

Sampling The sample frequency fS is defined as inverse of the sampling time tS, which
is the time between two samples.

Number of samples N
The number of samples in one sequence or a defined time.

Resolution
The number of bits gives information about the resolution of an ADC input range.

The selection of the sampling frequency is important for digital signal processing due to
the described aliasing effects in section 4.1. If the Nyquist-Shannon theorem of equation
3.1 is not respected, aliasing occurs which means overlaps in the frequency spectrum of
the sampled signal. The following sections give an overview on the ADC uncertainty of
the amplitude and phase.
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4.1 Data Acquisition and Signal Conditioning

4.1.2 Measurement Uncertainty of ADC

The evaluation on uncertainty of an ADC and its testing is described in a standard
[135]. This standard is a guideline to identify the error sources which are influencing
the conversion of an analog signal to digital one. Some manufacturers of ADCs
give a maximum uncertainty for an error source. This allows a quantification of a
standard measurement uncertainty for an operation point of an ADC. Power meters
have uncertainties defined for the determined power quantities where the ADC errors
are already included. However, the section here will summarise these errors to give
an overview of the influence on measuring quantities. According to several articles
[136–140] five parameters are sufficient to calculate the total uncertainty:

- Offset,

- Gain,

- Total Harmonic Distortion (THD),

- Total Spurious Distortion (TSD),

- Noise Floor (SNR).

These parameters have been analysed with measurements and compared to an uncer-
tainty modelling by a Monte Carlo approach [141]. A Monte Carlo approach is used
to evaluate a probability density of uncertainty for a quantity with the random combi-
nation of several uncertainty sources. However it is possible to model all the relevant
parameters with the proposed guideline of GUM to get uncertainty for a quantity.

The uncertainty of the phase depends on the duration of the ADC conversion process.
The conversion time causes a phase delay between the input and output signals. The
maximum sample frequency can be calculated from the acquisition time Taq, which is
the sum of the aperture time, the settling time and the conversion time. In [133] the
conditions for a minimum acquisition time and the basic evaluation of ADC requirements
are given. The requirements are dependent on the effective number of bits (ENOB) and
the maximum frequency expected fmax in the signal, with the condition of minimum
error of a half significant-bit voltage ULSB.

The aperture time is also named as jitter time tjit and is defined with the equation:

tjit =
1

(2ENOB − 1) · 2 · π · fmax
(4.1)

The jitter time defines the maximum sample frequency and can used to assume the
phase uncertainty for an ADC. An uncertainty for the phase can be assumed with:

δφ = tjit · 360° · fmax (4.2)

In the case power measurement devices or oscilloscopes, there are one or more ADC
modules installed to measure several signals. Time delay between these channels result
in a measurement uncertainty for the phase, which can be dominating dependent on
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4 Data Acquisition and Processing

the measurement device and its ADC’s [142]. Manufacturers indicate these uncertainty
and define a sum of all measurement uncertainties in their device specifications. The
equation 4.1 and 4.2 can be used to estimate the phase measurement uncertainty.

4.2 Data Processing

The sample frequency influences the active power determination and the corresponding
measurement uncertainty, which is summarised in the research review section 1.1. The
two well-known determination methods for active power in section 4.2.1 and 4.2.2 are
analysed on the uncertainty with the methods of GUM. Data processing is not expected
as an uncertainty source if the algorithm and the calculations are implemented correctly.
However, there are conditions to respect to have no uncertainty contribution for a
measurement quantity. This section describes the different processing method to get
correct active power quantities from sampled voltage and current signals with high
probability. A general overview and comparisons of the existing Power Definitions are
given in the book of Emanuel [143].

4.2.1 Discrete Integration Method and its Uncertainty

The discrete integration method is the simplest method to implement for the active
power determination since the sampled voltage and current signals are multiplied to
get the instantaneous power. The sum of the instantaneous power values over a defined
averaging time gives the mean value of the active power. The defined averaging time is
known as cycle time or cycle period in measurements. The active power mean value P
is defined for continuous signals:

P =
1

T

∫ T

0

u(t) · i(t) · dt (4.3)

There are different discretisation methods [73], here the forward Euler method is used,
the active power PDI is determined from the sampled values of the voltage and the
current with the amount of samples N . The amount of samples is defined depending
on the highest frequency to measure and the amount of base frequency periods to
record. The more samples per base frequency period the higher is the probability of a
determined value PDI, see figure 4.2 in section 4.3.

PDI ≈ 1

N

N∑

n=1

un · in (4.4)
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In three phase systems the active power of all phases has to be summarized.

PDI,3 ≈ 1

N

N∑

n=1

(
uU,n · iU,n + uV,n · iV,n + uW,n · iW,n

)
(4.5)

The three phase power measurement with the use of the discrete integration method is
also be done with different configurations, e.g. measure the line voltages instead of the
phase voltages using a delta-wye conversion. Further, the Aron circuit can be used with
the discrete integration method, which needs two line voltages and two phase currents
for the active power determination, see section 2.

Uncertainty of Discrete Integration Method The uncertainty analysis starts build-
ing a mathematical model of the focused measurement. The equation for active power
4.4 is the model equation:

PDI =
1

N

N∑

n=1

un · in =: f(un,in,N) (4.6)

The following equation is used to determine the uncertainty of the active power.

δ2PDI
=

N∑

n=1

(
(cu,n · δu,n)

2 + (ci,n · δi,n)2
)
+(cN · δN )2 (4.7)

The sensitive coefficients cu,n, ci,n and cN are given with the partial derivation of the
model equation:

cu,n =
∂PDI

∂un
=

1

N
· in ci,n =

∂PDI

∂in
=

1

N
· un

cN =
∂PDI

∂N
= − 1

N2

N∑

n=1

un · in +
uN · iN

N
= −PDI

N
+

uN · iN
N

(4.8)

The derivation of the model equation according to the number of samples is calculated
with the product rule and the parameter integral. 1

The sensitive coefficients can be set into the equation 4.7. The measurement uncertainty
for a voltage sample δu,n is assumed as the same for all samples δu, corresponding to
all current samples δi. The measurement uncertainty for the determined active power
results from the standard measurement uncertainty of every individual sampled point.

1 ∂
∂X

∫ X
a f (t) dt = ∂

∂X (F (X)− F (a)) = f (X)
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4 Data Acquisition and Processing

The uncertainty dependent on the sample frequency decreases with a higher number
of samples. The uncertainty contribution of δN is decreasing significantly compared
to the voltage and current part, see equations 4.9 and 4.8. In the article of Betta [79]
the uncertainty is analysed with different signal processing algorithms used for the
measurement of periodic signals. The uncertainty of the algorithms are analysed on
quantisation errors and methods of undersampling of signals. The focus of this thesis
is to find the lowest uncertainty for the active power dependent on the dominating
uncertainty sources. The uncertainty of the algorithms are not investigated and the
quantisation error is negligible, which leads to an uncertainty equation in a reduced
form without the uncertainty δN .

δ2PDI
=

N∑

n=1

((
1

N
· in · δu,n

)2
+
(
1

N
· un · δi,n

)2
)

+

(
− P

N
+

uN · iN
N

)2

· δ2N (4.9)

δPDI =
1

N
·

√δ2u ·
N∑

n=1

i2n + δ2i ·
N∑

n=1

u2n (4.10)

The uncertainty for the three phase active power is given as the geometric sum.

δPDI,3 =
√
3 · δPDI (4.11)

4.2.2 Harmonic Active Power Determination and its
Uncertainty

The active power can be determined from its harmonic components. The sampled
voltage and current signals are transformed from the time domain with a Discrete Fourier
Transform (DFT) or Fast Fourier Transform (FFT) to get the frequency components
of the signals.2 The methods of Fourier Transform and the derivations are many
times described in the literature e.g. [144]. First, the section here describes the basic
equation for the Fourier Transform to show the dependency on the harmonic active
power determination from a sampled signal. The complex Fourier coefficient Ch is
expressed as:

Ch =
1

T0

T0∫

0

f(t) · e−j·2π·h·f0·tdt (4.12)

The time T0 is defined as the length of the recorded signal which has to be a multiple
integer of the base frequency period. The harmonic order is given by h, the base

2The FFT efforts N = 2m samples in a signal to analyse and has the advantage of a shorter
calculation time compared to the DFT
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frequency with f0 and the given signal to analyse f(t). With the use of the forward
Euler method, the complex Fourier coefficient is determined from the sampled values
with a number of samples N .

Ch =
1

N

N∑

n=1

fn · e−j· 2π
N
·h·(n−1) (4.13)

The phase angle of the signal equates the one of the Fourier coefficient.

The lowest frequency fmin to analyse, which is the frequency resolution ∆f of the
frequency spectrum, is given by the reciprocal of the record length with the sample time
tS and the number of samples N . The maximum frequency to determine is provided by
the half of the samples N

2 .

fmin = ∆f =
1

N · ts
fmax =

N

2

The result of a FFT or DFT will be a mirrored frequency spectrum and needs a
multiplication with the factor two to calculate the correct value of the harmonic
components. The harmonic component Ah is a peak value, respectively the peak value
of the voltage Ûh and the current Îh. The active power of a harmonic with the order h
is calculated with the determined coefficients and following equation for one phase.

Ah = 2 · Ch (4.14)

Ph =
Ûh · Îh

2
· cos(φh) (4.15)

Only components of voltage and current of the same order h contribute to active power.
The phase φh is the phase shift between the voltage and current harmonics.

φh = φu,h − φi,h (4.16)

The harmonic components are calculated with the equation 4.13 and 4.14 dependent
on the samples with the following equations.

Ûh =
2

N
·
⏐⏐⏐⏐⏐

N∑

n=1

un · e−j· 2π
N
·h·(n−1)

⏐⏐⏐⏐⏐ (4.17)

Îh =
2

N
·
⏐⏐⏐⏐⏐

N∑

n=1

in · e−j· 2π
N
·h·(n−1)

⏐⏐⏐⏐⏐ (4.18)

The harmonic components have to be summarized to get the active power PH of one
phase.

PH = P0 +

N
2∑

h=1

Ph (4.19)
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The dc component P0 is included setting h = 0 and is given with the following equation:

P0 = U0 · I0 (4.20)

with

U0 =
1

N

N∑

n=1

un I0 =
1

N

N∑

n=1

in (4.21)

The determination of the whole active power of a three phase system PH,3 is given with
the sum of all phases.

PH,3 = PH,U + PH,V + PH,W (4.22)

Starting from these, the corresponding measurement uncertainties were determined using
the methods of GUM. The harmonic active power determination is often implemented
in power meters and makes a quick analysis of the harmonic power content possible.

Uncertainty of Harmonic Method The DFT method is used to determine the active
power of its several harmonic components.The harmonic components of voltages and
currents are given with amplitude and phase. In this section, the uncertainty due to
the harmonic active power determination is determined with the equation 4.15, which
is the model equation:

Ph =
Ûh · Îh

2
· cos(φh) := f (Ûh, Îh, φh) (4.23)

φh = φUh
− φIh (4.24)

The uncertainty of the harmonic active power components is given with:

δPa,h
=

√(
cû,h · δÛa,h

)2
+
(
cî,h · δÎa,h

)2
+
(
cφ,h · δφa,h

)2
(4.25)

The sensitivity coefficients are given with the derivation of the individual input quantity.

cû,h =
∂Ph

∂Ûh

=
Îh · cos(φh)

2
=

Ph

Ûh

(4.26)

cî,h =
∂Ph

∂Îh
=

Ûh · cos(φh)

2
=

Ph

Îh
(4.27)

cφ,h =
∂Ph

∂φh
=

−Ûh · Îh · sin(φh)

2
= − Ph

cos(φh)
· sin(φh) (4.28)
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Inserting the coefficients cû,h ,cî,h and cφ,h into the equation 4.25 leads to the sum of
relative uncertainties.

δPh
= |Ph| ·

√(
δÛh

Ûh

)2

+

(
δÎh

Îh

)2

+ (tan(φh) · δφh)
2 (4.29)

The equation 4.29 describes an uncertainty when a harmonic active power is available.
In the appendix 9.1 the equations 4.17 and 4.18 are used to determine the uncertainties
of the harmonic components of voltage and current. In a further article of Betta [80]
the uncertainty reasoned by quantisation errors and signal processing components
is analysed. There are conditions for a Fourier analysis like the Nyquist-Shannon
criteria and the complete recording of periods, which is described in [144] with further
background knowledge of Fourier analysis. The effects of aliasing and leakage are well
known for an incorrect determination of frequency components. For further investigation,
the uncertainty due to the number of samples is not taken into account.

The derivation in the appendix 9.1 lead to an uncertainty for the voltage harmonic δÛh

and the current harmonic δÎh .

δÛh
=

√
2 · δ2u
N

δÎh =

√
2 · δ2i
N

(4.30)

δφh =

√ 2

N
·
(
δ2u ·

N∑

m=1

1

Û2
h

+ δ2i ·
N∑

m=1

1

Î2h

)
(4.31)

The uncertainty for the voltage samples δu, the current samples δi and the number
of samples N is used. The mean value active power is determined by the sum of
all harmonics and the dc component, see equation 4.19. The uncertainty of the dc
component is given as relative uncertainties with equation 4.20.

δP0
= |P0| ·

√(
δU0

U0

)2

+

(
δI0
I0

)2

(4.32)

with

δU0
=

√
δ2u
N

δI0 =

√
δ2i
N

The uncertainty of the active power determined with the harmonic method is the sum
of the uncertainties of all components.

δPH =

√
N
2∑

h=0

δ2Ph
(4.33)
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The uncertainty of the three phase active power is given as the geometric sum.

δPH,3 =
√
3 · δPH (4.34)

4.3 Active Power Determination and Uncertainty

The simulation model of the drive presented in chapter 2.3.1 is used to analyse the active
power determination and the uncertainty in data processing. The two determination
methods and their uncertainty estimation are used, which are introduced in the sections
4.2. The model is implemented to vary the sample frequency and the record length.
The scenarios with different sampling frequencies in the range of 1 kHz to 1MHz is
shown in table 4.1.

Tab. 4.1: Simulation Scenarios - The Given Sample Frequency fS, Cycle Time Tcycle
and Number of Samples N

Tcycle [s] fS [kHz] N = fS · Tcycle

0.2 1 200
0.2 5 1000
0.2 10 2000
0.2 50 10000
0.2 100 20000
0.2 500 100000
0.2 1000 200000

In figure 4.1 are more than the seven scenarios calculated due to the less computation
effort of the used discrete integration method. The cycle time Tcycle defines the number
of recorded periods of the base frequency, which is kept constant in the scenarios. If the
number of samples N matches in the defined recorded periods, a scenario is calculated
for a range of sample frequencies fS.

The more time-consuming simulation whose results are shown in the figures 4.3 to 4.6,
only the seven listed scenarios are used. In every scenario, the sampled voltage and
current measurement signals are used to determine the active power using equation
4.5 described in section 4.2.1. The values PDI,3 in figure 4.1 are normalised to the
determined active power value P1MS with the highest sample frequency of 1MHz. With
the increase of the sampling frequency, the active power value reaches the true value.
The recorded voltage has frequency components with a minimum of 0.1% base frequency
amplitude up to 40 kHz and in the current up to 3.5 kHz. Base frequency amplitudes
below 0.1% can be neglected due to their neglectable contribution to the whole active
power. The active power has doubled frequency components due to the multiplication of
voltage and current signals. These frequency components define the possible harmonics
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Fig. 4.1: Determination of Active Power with Different fS

active power to measure. Figure 4.1 shows almost no deviation with a sample frequency
fS above 48.9 kHz. The investigations lead to the derivation of the equation 4.35.

The sample frequency and cycle time influence the determination of active power
dependent on the signal to record. An equation can be defined which provides a sample
frequency fS dependent on the focused uncertainty δAP , the cycle time Tcycle, the period
time of voltage base frequency t0 and the maximum frequency expected fmax in the
power signal.

fS = 2 · fmax · 2 250 (0,01−δAP ) · (e−
Tcycle

t0
−1

+ 1) (4.35)

An accuracy of 0.2% can be realised with a cycle time of 0.2 s, a base frequency period
time of 0.02 s and a maximum expected frequency of 14 kHz, when a sample frequency of
112 kHz is chosen. The limit of 0.2% is chosen due to the defined uncertainty limits for
voltage and current measurement devices in the standard IEC 60034-2-1. The scenarios
are used to evaluate this equation. Figure 4.2 shows the sample frequency with regard
to the uncertatinty δAP , maximum expected frequency fmax and the number of base
frequency periods. The latter one is given with the quotient of cycle time Tcycle and
the base frequency period time t0, which is only valid with integer values for a power
measurement. The sample frequency increases with less recorded base frequency periods
and a higher accuracy.

The equation 4.10 is used to calculate the uncertainty as a function of sample frequency
fS and cycle time Tcycle. Figure 4.3 shows the uncertainty contribution in percent,
where an equivalent behaviour as the active power determination is expected. The
uncertainty contribution δPDI,3 is normalised on the corresponding active power PDI,3.
The uncertainty for the voltage and current ±0.2% is assumed for a measuring range
of ±10 kV and ±500A. In general, the result shows a decreasing uncertainty with a
higher number of samples, which decrease theoretically to zero. The storage and ADC
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Fig. 4.2: Sample Frequency fS in kHz for maximum expected frequency fmax=14 kHz

speed of measurement devices are limited, which has to be respected with the focus of
less uncertainty in a measurement.

The real measurements still have an uncertainty which can not be eliminated by the
number of samples as there are still physical components in the measurement chain,
e.g., voltage and current transducer. Nevertheless, the probability of a determined value
is increasing with the number of samples in a corresponding uncertainty range. The
uncertainty determination is examined with the defined measurement setup uncertainty,
which applies for a sampling frequency and a cycle time.

The simulation model is used to analyse the active power determination and the
measurement uncertainty using the harmonic method. The harmonic active power is
less than 0.1% of the total power PH, which occurs in the harmonic range between 30
and 40 with a sum of 0.035 741%. The figure 4.4 shows the the harmonic active power
dependent on the harmonic order h.

Hence, the active power of the base frequency component dominates with the largest
share of 99.964% of the total power. In the figure 4.4 relative harmonic amplitudes Ph of
the active power are shown with a sample frequencies fS of 1MHz. The highest sample
frequency is shown due to the standard use in power analysers and the sufficient active
power measurement performance. The choice of a chain conductor model would result in
a more accurate generation of harmonics[122, 123]. The harmonic active power is desired
to be low in a drive application. If a measurement system should measure a low harmonic
active power compared to the base frequency components, a wide measuring range with
a low measurement uncertainty is necessary. The equation 4.33 is used to show the
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uncertainty contribution of each harmonic, see figure 4.5. The values are normalised
to the total uncertainty of whole the active power δPH , determined with the harmonic
method. The measurement uncertainty of the base frequency component contributes
97.5% of the total uncertainty. The maximum uncertainty of the individual harmonics
is less than 10% of the total uncertainty δPH . Due to less harmonic components above
the base frequency, less uncertainty contribution can be expected. A analysis of the
harmonic active power is given in section 6.5.
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4.4 Comparison of Active Power Processing
Methods

In this section, the two methods for determination of active power and their corre-
sponding uncertainty are compared using the described scenarios, see table 4.1. The
figure 4.6 shows the active power and the uncertainty with regard to sampling frequency
from 1 kHz to 1MHz . The increase of the sampling frequency leads to an approach
of the calculated active power P and the expected active power value P1MS for both
methods. However with a sample frequency below 50 kHz a deviation between the
methods and their determined power values is visible3. It results from the standard for
the determination of harmonics and instrumentations [145], which is also discussed in
the comparative study of various methods of DFT coefficient calculation [146]. The
standard describes the correct use of a frequency analysis and a limit of uncertainty
for the measurement of harmonics. The harmonics of active power which are lower
than the uncertainty limit cannot be summarized to the total active power, which is
described in [145]. It results in a difference in the active power between both methods at
a low sampling frequency. With a sufficient sampling frequency of 50 kHz the difference
between both methods is negligible, see in figure 4.6.

In the same figure 4.6 the measurement uncertainty drawn to the total active power is
shown. The determined uncertainty of both modes deviates at the different sampling
frequencies. In general, the relative uncertainty of the harmonic method is insignificant
higher than for the discrete integration method. The discrete integration method is only
influenced by the absolute uncertainty values δu and δi, which can be seen in equation
4.29. However the harmonic method is more affected due to doubled uncertainties

3The base frequency in the simulation is 50Hz
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Fig. 4.6: Comparison Discrete Integration and Harmonic Method

of current and voltages, as well the additional phase uncertainty of the phase shift φ
between the two signals, see equation 4.33.
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5 Power Measurements:
Equipment and Characterisation

The used measurement equipment used for the voltage and current measurement in the
medium voltage range is presented. The chapter is divided into two parts, where the
typical and commonly used measurement devices are summarised.

5.1 Voltage Measurement

The measurement of voltages above one kV has increased requirements for a measurement
system and its used devices. The most recording devices, such as the oscilloscope or
data acquisition boards, are designed for low voltage. The reduction of high voltages to
a value acceptable to the measuring devices is a precondition for the measurement of
voltages above one kV. This statement would apply to all measurements beyond the
specifications of the measuring equipment, and not just to voltages above one kV. The
measured value should not differ from the real value and reproducibility is expected.
The transmission characteristics of the measuring device are vital in determining the
suitability of the available measuring equipment for medium voltage drives applications.
These characteristics have to be taken into account including the proven measurement
uncertainty given in a calibration protocol according to the standard IEC 60060-2 [147].
The potential separation is a further aspect of the selection of voltage measurement
equipment. Voltage transformers have a magnetic decoupling whereby voltage dividers
are connected through the earth potential with the recording device.

5.1.1 Voltage Measuring Devices

An overview of the usually used voltage measurement devices in high voltage and
medium voltage applications is shown in figure 5.1.

a) Resistive Divider

b) Resistive Capacitive Divider

c) Capacitive Divider

d) Damped Capacitive Divider

e) Inductive Voltage Transformer

f) Capacitive Voltage Transformer
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Fig. 5.1: Voltage Measurement Devices

Other Sensor Types: In several publications, field sensors are often used for the
measurement of transient high voltages. The sensors use the record of displacement
currents on the ground surfaces, generated by the electric and magnetic fields in
homogenous or coaxial symmetric environment, to trace the input waveform. Field
sensors are very small in their design and have their used frequency range above 1MHz.
Their main use is the detection of partial discharges in monitoring systems or testing of
high voltage equipment. The field sensors are not used and are not discussed in this
work, as they are not suitable for a conventional voltage measurement due to the effects
of magnetic or capacitive couplings[148].

Optical voltage sensors are based on the Pockels effect. The output of the sensor is
modulated light of an optoelectronic source such as a Light-Emitting Diode (LED)
or a laser passed through a crystal. The crystal acting as a polarization modulator
and the resulting light is mathematically linked to the applied voltage or the electric
field [149, 150]. The optical sensors are not used in this work due to the effects of
vibrations that can influence the measurement device [151] and they are usually used
in gas isolated applications. Despite the possibility of compensation methods for the
sensors against vibrations, they are designed for permanently installed applications
and not for changing test bench setups. Further, the technologies are more expensive
than the other introduced measurement devices.The most important voltage measuring
equipment and its technical specification are introduced in the following sections as well
investigations on the transfer behaviour of some are shown.

Voltage Dividers The essential characteristic of voltage dividers is to reduce voltages
from a higher voltage range of up to several MV down to a range of a few volts. With the
increasing dimension of dividers, the stray capacitances or inductances show an influence
on their transfer behaviour. These influences are frequency dependent and can induce
measurement errors. Therefore the effects of such disturbances are important to consider
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5.1 Voltage Measurement

in a calibration process of these measuring instruments. In high voltage engineering,
there are various voltage dividers used depending on the type and characteristic of
the signal to be measured, see the summary in [151]. There are ohmic, capacitive,
ohmic-capacitive and damped-capacitive voltage dividers and their combinations, and
some are shown in figure 5.1.

Resistive Divider A resistive voltage divider is the first choice to measure high DC
voltages. Such a voltage divider is designed with series connected resistors. The resistors
of the high voltage side have values in the GΩ range. The resistor R1 should be of
sufficient resistive value to ensure that no or minimal additional load is placed on the
circuit. The Scale Factor (SF) is given by

SFRD =
u2
u

=
R2

R1 +R2
(5.1)

The resistive dividers can have frequency dependent behaviour at measurement of
impulse voltages. The high voltage side usually has several resistors thereby forming
stray capacitances between the resistors and the ground. These are typically referred
as capacities to ground. The high ohmic resistors and the earth capacitances build a
chain of resistive and capacitive elements with large time constants, which results in
a low pass behaviour with limiting frequencies in the one digit Hz range. Due to the
frequency dependency that ohmic dividers exhibit, they are not suitable for alternating
voltage measurements and not further investigated in this work.

Resistive Capacitive Divider The resistive capacitive voltage divider is constructed
with resistors and capacitors connected in parallel. The connection has to satisfy the
compensation condition. The resistive capacitive relation between the high voltage
R′
1C

′
1 and low voltage R2C2 side have to be the same.

R1C1 = R′
1C

′
1 = R2C2 (5.2)

This condition results in a frequency independent scale factor.

SFRCD =
u2
u

=
R2

R1 +R2
=

C1

C1 + C2
(5.3)

Thus the divider can be used for all voltage types. If the condition of equation 5.2 is not
fulfilled an overcompensation will occur [152]. The divider is of limited value for impulse
voltage measurement despite an ideal compensation. The undamped capacitive part
builds a resonant circuit with the inductance of the measuring circuit. The measuring
circuit inductance is a summarised quantity, which occurs due to the construction of the
circuit. This includes lines and wound resistors, which can have an inductive effect. A
damping resistor is connected to the high voltage taps for the prevention of oscillation
in some applications. However, the frequency independent behaviour of the divider is no
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longer available. High voltage probes are designed as ohmic capacitive voltage dividers,
where a compensation with the input channel of the recording device is necessary. Their
measuring range reaches voltage up to maximum 60 kV. Two voltage probes and their
transfer behaviours are analysed in section 5.1.3.

Capacitive Divider Capacitive dividers are often used to detect high AC voltages.
These dividers are less suitable for impulse voltages. An undamped divider produces
results very similar to that of the resistive capacitive divider. Also travelling waves
can be induced along the divider due to fast-rising voltage edges. A damping resistor
can reduce these effects. In the case of a capacitive divider, stray capacitances to the
ground can occur, which affect only on the magnitude of the scale factor and not on its
frequency behaviour.

SFCD =
u2
u

=
C1

C1 + C2
(5.4)

When a damping resistor is connected to the divider it reacts as a resistive capacitive
component, which should be considered. The rise time can be derived using the following
formula [151]:

TRise = 2.2 ·RDC1 (5.5)

If an impulse voltage is to be measured the time constant TRise of the divider should be
considerably smaller than the rise time of the voltage to be measured. The capacitive
divider is not further analysed because of the necessity to measure DC voltages.

Damped Capacitive Divider A damped capacitive divider has resistors and capaci-
tors connected in series. The distributed arrangement of resistors and capacitors has
an optimal damping effect for travelling waves. The compensation condition from
equation 5.2 as the ohmic capacitive divider is suitable for this divider to guarantee
their frequency independence. Damping capacitive dividers are very well suited for
AC and impulse voltage measurements, where it is commonly used. The divider has a
capacitive behaviour for low frequencies and resistive behaviour for high frequencies.
Stray capacitances to the ground can have an effect on the magnitude of the scale
factor and its frequency behaviour. The ideal scale factor is the same as for the resistive
capacitive divider.

SFDCD =
u2
u

=
R2

R1 +R2
=

C1

C1 + C2
(5.6)

These dividers have an excellent transfer behaviour if they are constructed with low
inductive components. They are also reference-dividers when calibrating other divider
types [152]. If the damped capacitive divider has resistances connected to the RC
elements in parallel, all voltage forms are detectable. This is a combination of a resistive
capacitive and a damped capacitive divider. This is often known as a resistive capacitive
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5.1 Voltage Measurement

composite voltage divider, also known as a universal divider[153]. A universal divider is
used as reference for the analysis in section 5.1.3.

Voltage Transformers A commonly used measuring device for high and medium
voltages is the inductive voltage transformer, see figure 5.1(e). It is a transformer
operated with no load on the secondary side. The most of these measuring devices
are cast resin transformers in the medium voltage range. The main advantage of
measuring a voltage with voltage transformers is the galvanic isolation. Inductive
voltage transformers are often used in the supply grid measuring the voltage for control,
protection and monitoring purposes. Depending on the application, the accuracies
become essential.

The higher the voltages to be measured, the more extensive the construction of inductive
voltage transformers. When the voltage is very high, the windings, the iron core and
the insulation construction become very large. The costs rise with the construction size.
A more economical alternative for the measurement of higher voltages up to 1MV is
the capacitive voltage transformer, see figure 5.1 (f). In principle, this is a capacitive
voltage divider whose low voltage part has an inductive voltage transformer with an
inductor connected in between. The advantage is the potential separation compared to
a capacitive divider.

The transformers are conventional voltage measurement devices. They exist since the
beginning of the electrical energy use and their transmission. Transformers are used in
measurement circuits with a higher power - secondary voltage in the range of 0V to
100V - than nowadays used digital measurement technique, which has a typical small
operation and signal voltages. The transformers are still used in the energy transmission
grid and also used for power measurement of medium voltage drives. In section 5.1.3
the transfer behaviour of a typical voltage transformer for medium voltage applications
is analysed.

Inductive Voltage Transformer The inductive voltage transformer is often used to
measure alternating voltages. Maximum voltages up to 30 kV is the usual measuring
range. The energy is transferred from the primary side to the secondary side via the
magnetic flux in the core. The output can be influenced by the windings. The ideal
scale factor is determined by the SF winding ratio [154].

SFT =
u2
u1

=
w1

w2
(5.7)

Normally, the scale factor is set that the rated voltage on the primary side corresponds
to a secondary voltage u2 of 100V.

There are losses due to resistances and magnetic coupling which cause a voltage drop.
In some cases, iron losses are also to be considered. These characteristics influence their
transfer behaviour and can be seen in the equivalent circuit in figure 5.2. The stator
quantities are based on the quantities of the secondary side with the scale factor. The
primary and secondary coil have dependent on the wire characteristic finite resistances
R

′

1 and R2. The flux has an stray leakage part L
′

1σ and L2σ, which does not contribute
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Fig. 5.2: Equivalent Circuit of a Voltage Transformer

to the main flux. Due to the non-ideal characteristic of the iron core, there are eddy
currents and hysteresis losses RFE. The main flux in the iron core is described as main
inductance L12. Parasitic capacitances, C

′

1, C2 and C12, occur when high frequencies
are applied, which can also result in losses. Fast transients can build resonance circuits
and result in Ferro resonance, see also [155, 156].

The measuring transformer usually has a load on the low voltage side connected in
parallel, which is the burden impedance ZB. The voltage transformer should operate in
no load for a voltage measurement, which means ZB → ∞. However, a high impedance
termination of a few MΩ is sufficient. The burden impedance is usually selected or
defined with a power factor and an apparent power in IEC61869-3 [157].

There are deviations due to voltage drops which can be observed in the measurement,
which means

U2 − U
′

1 ̸= 0 (5.8)

with
U

′

1 = U1 ·
w2

w1
(5.9)

and a deviation between the measured U2 and the primary voltage U
′

1 occurs. As a
result, the voltage transformer has an amplitude error δUVT as well a phase shift δφVT
between primary and secondary side. The figure 5.3 shows a vector diagram based on
the equivalent circuit of the voltage transformer 5.2.

δUVT =
U2 − U

′

1

U
′
1

(5.10)

δφVT = | φU2
− φU′

1
| (5.11)

According to these factors, inductive voltage transformers are classified into accuracy
classes. These accuracy classes are defined in the standard IEC 61869-3 [157] dependent
on the rated burden and a defined voltage range. An accuracy class of 0.2 defines a
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5.1 Voltage Measurement

maximum deviation δUVT of 0.2% and a limit δφVT of maximum 10minutes phase
deviation. The 10minutes deviation corresponds to 0.167°, which is valid for the
rated frequency of 50Hz, only. With increasing frequency, the deviation is rising, too.
The burden impedance can influence the accuracy of the voltage transformer[158].
The measurements in section 5.1.3 are focused on analysing the deviations for higher
frequencies than 50Hz.
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Fig. 5.3: Vector Diagram of Voltage Transformer
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Capacitive Voltage Transformers A further application for measuring high voltages
are capacitive voltage transformers. They are commonly used in high voltage applications
for the measurement of voltages and protection use in the supply grid. This type of
transformer is not analysed in this work, as they are more used in high voltage grid
applications. But the principle of operation and their characteristic is described here.
Capacitive voltage transformers are often used when inductive voltage transformers
become uneconomical due to high or extra high voltages, where inductive voltage
transformers are becoming extensive constructions, which also means an enormous use
of copper for the coil building. The structure is similar to the capacitive voltage divider,
see figure 5.1(f).

The difference is an inductive voltage transformer connected due to an inductor on
the low voltage side C2. The capacitive divider reduces the high voltage to a lower
value, which can be applied to the inductive voltage transformer. The advantage is
a small inductive voltage transformer which are a more cost-effective solution than a
larger dimensioned one. The divider is thus dimensioned for voltage drop on C2 in
the range between 10 kV and 30 kV. The capacitive voltage transformer has a small
operating frequency range. The transformer has deviations in phase and amplitude if
the operating range is left [159]. Further, a variation of insulation characteristics due to
construction can have a significant effect on measurement error, shown in [160].

5.1.2 Determination of Transfer Behaviour

The transfer behaviour is the main characteristic of a voltage or current measurement
device, which is used for the power measurement of converter driven drives. The
section summarises a method to characterise the transfer behaviour of measurement
transformers and dividers. This technique is described in the international standard
IEC60060-2 [147], which is used by manufacturer and calibration laboratories. The
scale factor determination is used to analyse voltage transformers, dividers, and current
transformers over a defined frequency range. An impulse voltage or current is generated
to provide a signal with several frequencies at once instead of a sinusoidal calibration
at multiple frequencies. A few conventional devices are investigated in this thesis as
they were available.

To ensure a suitable comparison of the measuring system to be calibrated several aspects
have to be respected, e.g. symmetrical arrangements to minimise electromagnetic
influences of the individual measurement setup components against each other. The
main steps for a measurement device characterisation and the corresponding uncertainty
determination are summarised here. The characterisation is used for comparisons in
section 5.1.3, where the uncertainties of the scale factor are necessary.
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5.1 Voltage Measurement

Scale Factor The scale factor indicates the ratio of the applied voltage to the voltage
detected by a measuring device. An applied signal is recorded simultaneously by
a reference measurement system and the device under test. The scale factor SFM
determination is a mean value of M scale factor determinations.

SFM =
1

M

M∑

i=1

SFi (5.12)

σSFM =
1

SFM

√ 1

M − 1

M∑

i=1

(
SFi − SFM

)2
(5.13)

δSFM =
σSFM√
M

(5.14)

Using the M individual scale factors, the standard deviation σSFM and the standard
uncertainty δSF can be calculated. A scale factor with a high probability can be reached
with a higher number of taken measurements, but the standard IEC 60060-2 [147] defines
a maximum of 10 measurements as sufficient.

Scale Factor over the Measuring Range (δB,0 & δB,1) The scale factor may depen-
dent on the voltage level. Therefore it is necessary to calibrate the whole measuring
range of a measurement device. The scale factors and standard deviations are deter-
mined for at least five different voltage levels L. The most used voltage levels are 20%,
40%, 60%, 80% and 100% of the maximum voltage to be measured.

SFMR =
1

L

L∑

i=1

SFM,i (5.15)

δSFMR =
L

max
i=1

(δSFM,i) (5.16)

The scale factor SFM,i can be used as scale factor when the uncertainty component δB0

is included in the determined expanded uncertainty, see equation 5.18. The figure 5.4
shows an example for the determined scale factors and uncertainties. The uncertainty
of the nonlinearity δB,0 of scale factor is given with the following equation:

δB,0 =
1√
3

L
max
i=1

⏐⏐⏐
(SFM,i

SFMR
− 1
)⏐⏐⏐ (5.17)

The uncertainty δB,1 is a component to calculate when a calibration in the whole
measurement range of a device under test is impossible. The detailed description is
given in IEC 60060-2 [147], which is not used in the analysis and measurements here.
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Fig. 5.4: Calibration over a Defined Measurement Range

Dynamic behaviour (δB,2) A further important step for the calibration of a measuring
device is their dynamic behaviour. The measurement device is expected to have different
transfer behaviour at different frequencies. The step response is often used to get the
frequency behaviour of the measurement device under test. The used calibration signal
is a step voltage and the results represent the dynamic behaviour.

Short- and Long-Term Stability (δB,3 & δB,4) The short-term behaviour is used to
characterise the properties of measuring device in continuous operation. In principle, the
measuring device is applied with the maximum voltage for several hours. Afterwards,
the scale factor is measured at the voltage maximum or minimum. These measurements
also include the self-heating.

The long-term characteristic of a measuring device is to ensure the stability of the
scale factor over a long operating time. The scale factor is measured after a defined
time, usually one year. However, there are deviations of 1% possible as the measuring
conditions are never identical and random errors cannot be avoided.

Temperature Effect (δB,5) A further influence on the scale factor is the temperature.
It is possible to use a factor for the temperature compensation. The factor is related to
the calibration temperature.
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5.1 Voltage Measurement

Proximity effects (δB,6) The influence on the scale factor of measuring devices by
the distance to grounded walls or to live parts is characterised by the proximity effect.
Leakage currents occur, which flow to grounded parts due to stray capacitances and are
not detectable at the measurement output.

Software-Effekt (δB,7) Various software tools are used to process the recorded mea-
surement data. It can be expected that depending on the software, the effects on the
result may differ. This should be included in the protocol when a selection is carried
out.

Uncertainty of the calibration The extended uncertainty of the calibration is defined
from the previously considered uncertainty sources δB,i. The individual uncertainties
can be determined by several measurements (Type A) or given characteristic values
of an used measurement device (Type B), e.g. given in a calibration protocol. The
measurement uncertainty of the reference measurement δRef system is included and is
determined by the following calculation. For a coverage probability of 95.45%, according
the Gaussian distribution, the value k = 2 is chosen.

δCalibration = k ·

√δ2Ref + δ2SFM
+

N∑

i=0

δ2B,i (5.18)

The described uncertainty is important to characterise a measurement device. The figure
5.4 shows the uncertainty factors δB,0 and δSFM used for measurement characterisation
in the next section 5.1.3. The principle of a scale factor SFMR determination in a
defined measurement range is described. Measurements of the transfer behaviour are
examined for some typically used measurement devices in the medium voltage range.

5.1.3 Investigations on Transfer Behaviour of Voltage
Measurement Devices

The characterisation of a voltage transformer and typical resistive capacitive dividers,
dimensioned for the medium voltage range, are realised with a step voltage. The
principle of calibration over a defined frequency range using a step signal is described
in a research report [161]. The research report is dealing with current measurement
devices, but the principle of calibration can also used for voltage measurement devices.
The detailed procedure is also used in this work to characterise the frequency behaviour
of current measurement devices, see in section 5.2.2. The impulse signal method is an
alternative to the commonly used sinusoidal methods [161]. It is a procedure based
on step response measurement of the device under test. A FFT is used to investigate
the frequency behaviour of the devices, due to a scale factor determination for several
frequencies. The measurement setup for the determination of the frequency behaviour
is shown in figure 9.2 in the appendix 9.3.

The figure 5.5 shows the step voltage used for the analysis of the transfer behaviour of
the measurement devices. The reference divider shows a frequent high oscillation in the
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Fig. 5.5: Step Response of Voltage Probe

rising edge, which can be a result of the inductance and capacity of the measurement
setup. The oscillation is an effect of travelling waves which is commonly reduced
with a damping resistor. The measured signal by the voltage probe shows a deviation
to the reference in the rising edge. It is a known effect of voltage probes which is
usually minimised by compensation possibilities. If the voltage probe is used with the
same recording device for measurements, compensation is only necessary once. If the
measurement setup changes, a new compensation is required. The frequency behaviour
of the individual measurement devices from DC up to 20 kHz is shown in figure 5.6.
The scale factor and deviation in phase of a Voltage Transformer (VT), Resistive
Capacitive Divider (RC), Voltage Probe Compensated (VP Comp) and Voltage Probe
(VP) are shown. The scale factor of the voltage transformer is expectably changing with
deviation to the rated frequency. The same frequency behaviour of voltage transformers
is explained in the article [45]. The voltage transformers are suitable for the operation
with their rated frequency. It is possible to use a determined scale factor, which can
be different for a defined frequency range. These individual scale factor can be used
for the variously measured harmonics, which means the use of a FFT with similar
programming effort. Of course, a calibration of the application would be necessary.

The determination of the transfer behaviour in the voltage range from 0V to 20 kV
is carried out in this work despite the reference permits a higher rated voltage. The
procedure for comparing the scale factor in the entire fixed measuring range of the
device under test is sufficient. In the investigations, a maximum voltage of 20 kV is used,
with individual measurements at 4 kV, 8 kV, 12 kV and 16 kV. From the individual
scale factors at different voltage levels, an overall scale factor SFMR can be calculated,
see equation 5.15. The total standard uncertainty δSFM results from the largest value
of the individual standard uncertainties of Type A. The significant magnitude for the
influence of nonlinearity in the scale factor SFMR can be described by the standard
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uncertainty of Type B according to equation 5.17. The uncertainties are not focused
due to the scale factor in a frequency range is of interest.

The RC-Divider shows an insignificant deviation of the scale factor in the illustrated
frequency range. In general, the linear behaviour with the frequency approves the
usability as reference dividers.

The deviation with the frequencies is shown by the voltage probes, whereby the
compensated probe shows minor influences. A significant phase deviation in phase of
the voltage probes is shown in figure 5.7. The phase deviation has essential influence
on the active power determination, which is shown in chapter 6.4. The scale factor
over the measuring range, see δB,0 in section 5.1.2, is not focused on the measurements.
However, the deviation of the scale factor over the frequency range can be expected as
independent of the voltage amplitude to measure. The phase deviation of the voltage
transformer is not shown, which is too high for the shown range in figure 5.7.
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Fig. 5.7: Phase Deviation of Voltage Measurement Devices: Resistive Capacitive Di-
vider (RC), Voltage Probe Compensated (VP Comp) and Voltage Probe
(VP)

The scale factor determination of the investigated measurement devices has an uncer-
tainty δCalibration of less than 1% for each frequency in the considered range from DC to
20 kHz. However if only one scale factor should be given for the entire frequency range,
which is usually expected for measurement devices, the deviations of the scale factors
have to be added to the uncertainty δCalibration. This fact would lead to an uncertainty
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higher than 1% for the voltage probes and the voltage transformer, which can be seen
in figure 5.6.

5.1.4 Transfer Behaviour of Voltage Measurement Devices

The frequency ranges of the typically used voltage measurement devices for medium or
high voltage are shown in figure 5.8. The figures show a rough overview of the usable
frequency range, which is based on the information of the IEC61869-103 [162] and
additional results of the studies examined in this section. The overview takes not the
main features of the measurement devices in the account, such as size, material, technical
design of the active part or the sensor, temperature and voltage coefficients. However,
the figure gives an overview, due to the fact the limit values depend on a variety of
parameters, within the same technology of measurement device. These cases are marked
as an arrow line without a block. The dividers have the largest frequency range and

1Hz 10Hz 100Hz 1kHz 10kHz 100kHz 1MHz 10MHz 100MHz

IVT

CVT
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RCD

Fig. 5.8: Voltage Measurement Devices - Frequency Range: Resistive Capacitive Di-
vider (RCD), Capacitive Divider (CD), Resistive Divider(RD), Capacitive
Voltage Transformer (CVT) and Inductive Voltage Transformer (IVT)

the voltage transformers the smallest. The frequency behaviour of inductive voltage
transformers is especially influenced by the design and the selected burden. In general,
with the increasing voltage, the maximum frequency range of voltage transformers
becomes smaller, see also in the standard IEC 61869-103 [162]. If the voltage is increased,
the isolation capability must be enhanced. The whole construction becomes larger,
which results in larger stray capacitances tending the whole construction to oscillations.
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Additional larger inductances result from the higher number of windings, which reduce
the frequency range of the voltage transformers. The limits of evaluable frequencies
for medium voltage transformers are about single-digit kHz, which was visible in the
scale factor determination see figure 5.6.1 The capacitive voltage transformer has a
small range in which a measurement is still applicable. The dimensioning is the reason
for the characteristic of these transformers. The capacitive voltage transformers are
dimensioned for a rated operating frequency. Using them for other frequencies can
result in resonances and deviations [38].

In principle, the resistive capacitive dividers are the best voltage measurement device as
they can measure dc voltages and voltages up to some megahertz, dependent on their
fulfilment of the compensation condition, see equation 5.2. Especially the analysed
voltage probes have shown with an uncertainty of 1% the importance of a correct
compensation condition.

5.1.5 Comparison of Voltage Measurement Devices

The classification in this section is based on the articles [163, 164] and with additional
results of the investigations in this work. In the article [163] a figure with the transfer
behaviour and accuracy comparison of voltage transformers or dividers are shown. The
comparison of the devices is made with different properties derived for the conditions
of a converter operated medium voltage motor.

- The device has a linear scale factor in the expected frequency range. Thus the
information of the transient performance is given. The important criteria for
medium voltage drives with converters are the frequency range from DC to 20 kHz,
see section 4.3.

- The uncertainty is given with the maximum value for 50Hz and the whole
frequency range. The device with the lowest uncertainty for 50Hz and the higher
harmonics have the best usability.

- The weight and size of the measurement device are important for transportability
and handling. The voltage transformers have a larger weight due to the amount
of copper used for the device compared to the voltage dividers. The dividers can
reach a larger height than the voltage transformers, but the newest dividers are
constructed in compact systems [165]

- The Electromagnetic Compatibility (EMC) describes the influence due to the
environment or influences trough parallel current carrying lines. A shielded
construction is withstanding against electromagnetic influences.

- The Ferro Resonances with system or itself are known from switching processes
in the grid.

1The limit for high voltage transformers is significantly lower compared to medium voltage
transformers.
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5.1 Voltage Measurement

- The galvanic isolation and a possible short circuit secondary are a condition for
the protection of the measuring or recoding device which operate with low voltage.
Necessary realised with the signal conditioning of DAQ or power measurement
device at low voltage side. Transmission systems based on an optical interface
can be used to realise galvanic isolation. However, optical transmission systems
can reduce the operating frequency range and induces additional uncertainty [54].

- The Electrical Analysis Unit criteria qualify the effort of conditioning the secondary
voltage of the measurement device to a low signal level of an ADC.

The above named properties are evaluated with the following gradings:

• Excellent ++

• Satisfactory +

• Poor -

• unsatisfactory - -
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5.2 Current Measurement

5.2 Current Measurement

The measurement of currents in the kA range increases requirements for a measurement
system and its devices. The reduction of the high currents to a value suitable for an
ADC and a galvanic isolation are the main tasks. The measured value should not
differ from the real value and a reproducibility is expected. The sufficient transfer
characteristic of the measuring device is essential for the suitability of medium voltage
drive applications. These characteristics have to be taken into account including
the proven measurement uncertainty given in a calibration protocol according to the
standard IEC 60060-2 [147].

5.2.1 Current Measurement Devices

An overview of the usually used current measurement devices in high voltage and
medium voltage applications is shown in figure 5.9 and listed below.

a) Shunt

b) Inductive Current Transformer

c) Rogowski Coil

d) Hall Sensor

e) Zero-Flux Transformer

The use of the different devices has advantages and disadvantages. An important
decision criterion for their selection is the potential separation between the current
conductor and the digital measurement device. Current measuring systems are subjected
to electrical and magnetic fields, which can lead to interferences in the measuring signal.
Depending on the design of the measurement devices and the arrangement of the
measuring circuit, the effect of disturbances can be eliminated.

Other Sensors: A Rogowski coil reduced to a single winding is a suitable device for
measuring fast-changing magnetic fields in a defined environment, which is known as a
magnetic field sensor. These are usually installed in gas-insulated switchgear and pulse
generators with high power[152]. The field sensors principle are not considered further
due to their lack of experience in uncertainty stability and their use for non-permanent
installation [166].

Magneto-Optical Sensors The magneto-optical sensors or Fiber-Optic Current Sen-
sor (FOCS), which using the Faraday effect, are a known principle to measure the
currents in high voltage applications. A magnetic field induces in a transparent material
the rotation of the polarization plane of a linearly polarized light wave. The magneto-
optical principle is similar to the electrooptic effect in section 5.1.1. Examples of optical
current measurement devices and their functionality are shown in [167–170]. The
systems are usable for grid applications with a vibration immunity sensing loop. They
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(a)

I
RShunt

uShunt

(b)

I2

(c)

uRC

∫

(d)

uHall
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Zero-Flux Detector

−

+iDC

iAC

icomp

RM

Fig. 5.9: Current Measurement Devices

have high sensitivity, considerable wide dynamic range and resistance to electromagnetic
interference [149, 167]. Due to the possibility of DC measurability the systems are
interesting for High Voltage Direct Current (HVDC) transmissions.

The FOCS are not investigated on their transfer behaviour in this work due to they are
used and designed for high voltage applications. They are considered in the comparison
of the measurement devices 5.2.4 due to the principle of measurement can also be
applicable in the medium voltage range.

Shunts Measuring resistors with a low resistance are used for measuring impulse
currents. They are included in the current path of the circuit, see figure 5.9(a). The
resistor should provide very low inductance to have a proportional relation to the
measured current.

uShunt = RShunt · i (5.19)

The shunt should have a resistive characteristic over the frequency range to be measured,
which means a linear scale factor in the measuring range. Further, the rate of electrical
power is low due to the low resistance, which is usually between 50mΩ and 50 µΩ [152].
The main reason for the inappropriate use of shunts for the power measurement is
the self-heating. Especially for a high current measurement, the heat dissipation is
the limiting factor for a scale factor deviation. The permitted limiting load integral
is usually given for an impulse measurement shunts, which defines the range of load
the shunt is reversible. The withstand against the influence on the output voltage of a
shunt due to interference voltages, and undesirable ground loops is a further reason for
the unsuitability. However, applications for a precise high current measurement with
shunts is shown in[171], but a phase deviation can be expected for a three phase power
measurement due to a separated used ADCs.

The coaxial measuring shunts are used as the reference for the calibration of impulse
current measurement devices. They are constructed with low inductance and not
influenced by the magnetic field of the current to measure. They are used in section
5.2.2 for the determination of the transfer behaviour of current measurement devices.

62



5.2 Current Measurement

Rogowski Coils The Rogowski coil is a toroidal coil without a magnetic core, see
figure 5.9(c). It is used for the measurement of alternating and impulse currents, because
of its wide bandwidth. Depending on the design low currents with a rise time in the
nanosecond range or high currents with typical grid frequency can be measured. They
are usually designed ring-shaped and flexible with a possibility to open. It allows a
fast placing around the conductor. If the closing mechanism is designed precise, the
reproducibility of current measurements is better than 0.1%.

The measurement uncertainty of the coils is dependent on the position [172]. For
reproducible measurements especially with flexible Rogowski coils a centric position
of the current conductor is recommended. Proper positioning of primary conductor
should be defined by the manufacturer in the installation instructions [173].

The output voltage of a Rogowski coil has to be integrated to determine the desired
time curve of the current. For this purpose passive or electronic integrative circuits or
numerical integration methods are used, which contribute measuring uncertainty in
addition to the Rogowski coil. Numerical integration methods are also possible with
the corresponding effort.

A further development is very broadband current measuring coils with iron or ferrite
core[174], known as pearson current transformer. They are not focused due to the
minimum reachable uncertainty of 1%.

Printed Circuit Boards (PCB) designs of Rogowski coils are further constructed and used
in current measurement applications. The reproducibility of this designs is commonly
maximum 1%. The flexible low-frequency Rogowski coils of Power Electronic Measure-
ments (PEM) device is used in section 5.2.4, which is designed for the measurement of
currents with low frequency.

Inductive Current Transformers The inductive current transformers are used for
the reducing of high currents to a measurable value of usually 5A or 1A, see figure
5.9(b). The scale factor between primary current and secondary current is described by
the number of turns ratio between both windings.

SFCT =
i2
i1

=
w1

w2
(5.20)

The secondary current is proportional to the primary current when ideal conditions are
given. The equivalent circuit model of a current transformer is identical to the voltage
transformer, see figure 5.2. The difference is the load on the secondary side, which
defines the operation of the transformer form and ratio w2 > w1. The burden has a low
impedance when a current is to measure. Ideal is a value of ZB → 0 [157]. Estimating a
winding ratio of one the equivalent circuit has a voltage drop on R2, L2σ and ZB, which
leads to a flux in the iron core and a magnetisation current I12 + IFE . This current is
not flowing through the burden and represents the error of the current transformer. If
the operating point of the current transformer is in the linear range of the hysteresis
characteristic, the error will be small, if the transformer is saturated, the error increases.
The current deviation is shown in the vector diagram in figure 5.10, which is valid for
a stationary condition for one frequency. Further, errors due to external magnetic or
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5 Power Measurements: Equipment and Characterisation

scatter fields is possible. However, the dimensioned current transformer for an operating
frequency leads to deviations for the measurement of harmonic frequencies. There are
investigations in hysteresis and eddy currents compensation in current transformers[61],
which is realised with effort in the digital signal elaboration and detailed information
about the used current transformer.

δICT =
I2 − I

′

1

I
′
1

(5.21)

δφCT = | φI2 − φI′1
| (5.22)

I
2

I12

IFE

IM

IM

I′
1

δϕCT

Fig. 5.10: Vector Diagram of Current Transformer

According to these factors, inductive current transformers are classified into accuracy
classes. These accuracy classes are defined in the standard IEC 61869-2 [175] dependent
on the rated burden and a defined rated current range. An accuracy class of 0.2 defines
a maximum deviation of 0.2% and a limit of maximum 10minutes phase deviation.
The 10minutes deviation corresponds to 0.167°, which is valid for a rated frequency of
50Hz. With increasing frequency, the deviation is rising, too. The burden impedance
can influence the accuracy of the current transformer[158]. The power factor of the
burden must be as high as possible, which means the impedance does not increase with
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5.2 Current Measurement

the frequency and a resulting increase of the magnetisation current is avoided. As far
as possible, it is advisable to short-circuit the output of the current transformer and to
measure the output current with a precise current measuring clamp [162]. An inductive
current transformer is used for the transfer behaviour determination in section 5.2.2.

Current Transducer with Hall Sensor Current transducer using the hall effect, which
is based on the moving of charge carriers in the magnetic field due to the Lorentz force.
The Hall plate in the air gap of the iron core generates a voltage which is proportional to
the current flowing through the conductor, see figure 5.9(d). The fundamental principle
of a current sensor based on the Hall effect is explained in more detail in [152, 176].
These current transducers can measure direct, alternating and impulse currents up to
20 kA with a bandwidth up to 25 kHz. The measurement uncertainties can achieve
several percents, which makes them suitable and necessary for the control of electrical
converter drives.

Higher demands can be satisfied with an implemented compensation winding to the
magnetic core, which is known as the zero-flux principle. The zero-flux principle ensures
a measurement uncertainty of rated 0.1% and bandwidths up to 200 kHz are achieved.
Only the Zero-Flux Transformer with an electronic Zero-Flux Detector have a higher
performance in bandwidth and uncertainty, see in the next paragraph.

Current clamps are well known as current measurement devices using these principles,
easy handling and predestinated for measurement outside of the laboratories or start-up
of new drive applications.

This current measurement principle is not used for the transfer behaviour determination
but included in the comparison of the current measurement devices in section 5.2.4.

Zero-Flux Transformers The zero-flux transformer can measure alternating, impulse
and direct currents, figure 5.9(e). They are based on the principle of the current
transformer with additional auxiliary windings for compensation purpose. An electronic
module with a zero-flux detector measures the DC component and the measured AC
signal is given to an operational amplifier, which is connected to the compensation
winding. The compensation winding and the supplied current, which is a scaled model of
the primary current, causes a flux to reach zero flux in the iron core. The compensation
principle is already known from the hall sensor based current transducer, but with an
accurate DC current detection. The advantage of the zero-flux is the resolution, which
has a relative uncertainty of a few parts per million [176]. Depending on the design of
the electronic Zero-Flux Detector, bandwidths from DC up to 500 kHz with a maximum
current of 5 kA. The bandwidth of 10 kHz can be reached with maximum 25 kA. This
current transformer is particularly suitable for the precise calibration of other current
measuring systems [152].

This current measurement principle is not used for the transfer behaviour determination
but included in the comparison of the current measurement devices in section 5.2.4
with specifications from data sheets. The zero-flux transformer is not usable for impulse
current measurements.
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5.2.2 Investigations on Transfer Behaviour of Current
Transformers

The transfer behaviour of current transformers is analysed in several publications
especially for the usability of grid applications[163, 164, 177, 178]. The impulse current
method is used to analyse the transfer behaviour of current measurement devices, which
was already applied and described using an impulse voltage in section 5.1.3. The transfer
behaviour is analysed in this thesis by several measurements with an impulse current.

A rectangular impulse current is used to analyse the frequency range up to 200Hz,
and an exponential impulse current (8/20) is used for frequencies up to 20 kHz. The
department of High-Voltage engineering at the TU Berlin has two installations, which
can be used to generate these current forms. The transfer behaviour determination
shows significant results for active power measurement in the low-frequency range. The
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Fig. 5.11: Scale Factor Determination of Current Measurement Devices: Shunt, Ro-
gowski Coil 30 (RC 30),Rogowski Coil 60 (RC 60), Low Frequency Rogowski
Coil (LFRC), Inductive Current Transformer (ICT)

frequency behaviour of the individual measurement devices from DC up to 200Hz is
shown in figure 5.11. The scale factor of a Shunt, two Rogowski Coils (RC 30, RC 60),
a Low-Frequency Rogowski Coil (LFRC) and a Current Transformer (CT) are shown.
The scale factor of the current transformer shows a deviation to the others measurement
devices, which is reasoned by the selected burden. The dependence of the burden on
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5.2 Current Measurement

the current transformers is also shown in [158] and is visible in the measurements. The
scale factor of the current transformer is changing with the frequency, which makes
them only usable for a defined frequency range. However with an error in accuracy due
to the non-linear scale factor. The shunt shows a linear scale factor in the frequency
range, which is a characteristic behaviour of low inductive impulse measurement shunt.
They are used as the reference to the other analysed measurement devices.

The scale factor of the Rogowski Coils has deviations for DC and the low frequencies,
which is a known characteristic of the coils. The low-frequency Rogowski coil, which is
designed with better performance for low current measurements, shows fewer deviations
in the scale factor than the other coils. The Rogowski Coil RC 60 shows a small
deviation in the scale factor for 50Hz, which can be reasoned by a coupling of current
carrying parts of the measurement setup.

The phase deviations in figure 5.12 show a typical characteristic of the current trans-
formers, which makes them unsuitable for a harmonic active power measurement. The
deviation is increasing the frequency height. The phase deviation of Rogowski coils
shows the same behaviour as for the determined scale factor in the low-frequency
range next to DC. The shunt has an expected linear phase behaviour for all analysed
frequencies. The deviations of 1° for 50Hz makes the Rogowski Coils unsuitable for a
precise active power measurement. The deviation of the current transformer can be
compensated with the selection of a correct burden. However, a deviation besides the
frequencies of 50Hz can be expected. The phase deviation has essential influence on
the active power determination, which is shown in chapter 6.4.

The scale factor determination of the investigated measurement devices has an uncer-
tainty δCalibration of less than 1% for each frequency in the considered range from DC to
200Hz. However if only one scale factor should be given for the entire frequency range,
which is usually expected for measurement devices, the deviations of the scale factors
have to be added to the uncertainty δCalibration. This fact would lead to an uncertainty
higher than 1% for the Rogowski Coils and the current transformer, which can be seen in
figure 5.11. Further, the Rogowski Coil RC 60 has a higher uncertainty δCalibration > 1%
for 50Hz due to the coupling of current carrying parts of the measurement setup, as
already named before.

5.2.3 Transfer Behaviour of Current Transformers

The frequency ranges of the typical used current measurement devices for medium
or high voltage are shown in figure 5.13. The figures show a rough overview of the
usable frequency range, which based on the information of the IEC61869-103 [162]
and additional information of the investigations described in this section. Especially
the low-frequency Rogowski coil of Power Electronic Measurement is a new invention
in reducing the above shown scale factor and phase deviations. The figure does not
take into account the main features of the measurement devices, such as size, material,
technical design of the active part or the sensor, temperature and voltage coefficients.
However, the figure gives an overview, due to the fact the limit values depend on
a variety of parameters, within the same technology of measurement device. The
specification dependent technologies are marked as an arrow line without a block.
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Fig. 5.12: Phase Deviation of Current Measurement Devices: Shunt, Rogowski Coil 30
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1Hz 10Hz 100Hz 1kHz 10kHz 100kHz 1MHz 10MHz 100MHz

ICT

ZFCT

Shunt

Hall

RC

Fig. 5.13: Current Measurement Devices - Frequency Range: Rogowski Coil (RC),
Hall Sensors (Hall), Measurement Resistor (Shunt), Zero-Flux Current
Transformer (ZFCT) and Inductive Current Transformer (ICT)
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5.2 Current Measurement

The Rogowski coil and the shunt cover the largest frequency range, but for shunts only
small currents are measurable with high frequencies. The frequency limit of an inductive
current transformer is from 15Hz to one-digit kHz range, which is the smallest one of all
current measurement devices. Dependent on the voltage level the current transformer
increases in size and the frequency range decreases. The zero flux and hall sensor based
current transformers also have a large frequency range and the possibility to measure
high currents. These current transformers are well suitable for control purposes and
power measurement of converter operated drives especial due to their low measurement
uncertainty.

5.2.4 Comparison of Current Measurement Devices

The classification is based on the articles [162–164, 177, 179, 180] and complemented
with results of the investigations in this work. The standard IEC 61869-103 has shown a
comparison of current transformer transfer behaviour and accuracy used in the medium
or high voltage range.

The comparison of the devices is made with different properties derived for the conditions
to a converter operated medium voltage motor. The properties are the same as explained
in section 5.1.5. However, the Electrical Analysis Unit for current measurement devices
has a higher possibility to influence the current measurement result than the voltage
measurement devices.

− The Electrical Analysis Unit criteria qualify the influence of the conditioning of
the secondary output of the measurement device to a signal measurable for an
ADC. An Electrical Analysis Unit means the required integration circuit for a
Rogowski coil, which can be responsible for phase deviation. There are Rogowski
coils designed for low frequencies, which is realised due to the integration circuit.
The Hall Effect and Zero Flux transducers need a power supply and an electronic
circuit for the flux compensation. These electronic circuits are usually increasing
the performance of the current transformer principles.

The above named properties are evaluated with the following gradings:

• Excellent ++

• Satisfactory +

• Poor -

• unsatisfactory - -

The comparison in table 5.2 showed the Zero Flux transformer as the best current
measurement device. However the Hall Effect transducer or Rogowski Coil are usable for
a current and power measurement. It is possible to fix a Rogowski Coil centric around
a motor cable to decrease the measurement uncertainty and thus a active power would
be possible with sufficient chosen measurement time to get confident mean values.
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6 Measurements on Medium
Voltage Drives

The chapter is written to summarise the results of several measurements with different
test and measurement setups. The measurement setups have a typical structure of
active power measurement systems for medium voltage drives, shown in figure 2.3. They
are used for active power measurements on commonly used converter drives in the
industry. The possibilities and individual aspects of power measurement with the use of
additional current or voltage measurement devices are analysed and show the possibility
to handle the transducer uncertainty for a medium voltage test bench design.

6.1 Test and Measurement Setups

The measurement setups are used for their comparison by the active power measurement
with two different Test Setups. The detail information about the used machines is listed
in the appendix 9.4.

Measurement Setup 1 (MS1) The measurement setup MS1 is a setup with current
and voltage transformers, which are suitable for a measurement at 50Hz. The Aron
circuit is used to determine the active power, see figure 2.1. A Data Acquisition (DAQ)
board with several ADCs is used for the sampling and quantisation with a sample rate
of 20 kHz. The signals are conditioned by precision shunts and isolation amplifiers. The
selected transformers are designed for a rated frequency of 50Hz. Thus the MS1 is
specified for measurements with sinusoidal signals up to 100Hz. The 100Hz is already
measured with a small deviation, which is in the accuracy class of the transformers
with 0.2%. The MS1 is not able to measure DC components.

Measurement Setup 2 (MS2) The measurement setup MS2 consists of zero-flux
current transformers and compensated voltage dividers. The respective signals of the
three-phase system are recorded directly by a power meter. The voltage dividers and
the zero-flux transformers are frequency-independent up to their specified maximum
frequency. The voltage dividers can measure frequencies up to 300 kHz with the phase
deviations of ≤2.5° and the scale factor deviations of ±2%. The Zero-Flux transformers
have a small phase deviation and measurement uncertainty within the linear range of
the transformer. The transformers have a bandwidth of DC to 80 kHz (−3 dB) with a
measurement uncertainty of a few parts per million. The system measures the active
power in all the three phases and can measure DC components, see figure 6.1. The
power meter operates with a sampling rate of 1.21MS/s.
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Fig. 6.1: Three Phase Power Measurement - Circuit

Test Setup 1 (TS1) The TS1 has a 3L-NPC-VSC converter [181], which is feeding
an induction motor. This motor is mechanically coupled to a Load machine with less
rated power than the induction motor. The load machine is used to test the induction
motor at partial load. The voltage form is shown in figure 2.2.

Test Setup 2 (TS2) The TS2 has an M2C converter [107], which is a multilevel
technology of converters with an almost sinusoidal output voltage used for medium
voltage drives. The converter is feeding an induction motor. This motor was mechanically
coupled via a torque sensor to a load. The load has the same rated power than the
induction motor to apply full-load tests. The output voltage and current waveforms are
shown in the appendix 9.4.1.

6.2 Comparison of Active Power Measurement
Setups

The focus of this section is the comparison between typically used measurement sys-
tems for medium voltage drives. The results described in this section are based on
measurements with the converter operated induction motor (TS1).

Measurement Circuit The active power measurement of a three phase drive with
the Aron circuit1 or the three-phase circuit2 can be seen as identical if no harmonic
active power of the third order and multiple is included. The three phase measurement
has only the advantage of the possibility to measure DC components. The sum of all
phase currents in a three phase system has to be zero, which is the condition for the

1The Aron circuit is also known as the Two Wattmeters Method
2The three-phase circuit also known as the Three Wattmeters Method
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6.2 Comparison of Active Power Measurement Setups

usability of the Aron circuit. The start point of motors is always not connected to the
supplying inverter, which describes the equation 6.1.

0 = I1 + I2 + I3 (6.1)

The third harmonic or its multiple is in general not expectable, as they are compensating
each other in a symmetrical three phase system. But in converter drive applications
asymmetrical conditions can occur, and the condition in equation 6.1 is not fulfilled.
The asymmetrical conditions can be arising with parasitic capacitances or unsymmetric
converter supply voltage, which the DC currents in all three phases have shown in the
section 6.3. Therefore the three phase active power measurements is recommended for
motors supplied with converters, which was already shown for small drives[182].

The measurement uncertainty of the systems to compare was determined for two
operation points with load and two without load. The four different operation points
are shown in table 6.1. The operation point No-Load 2 is examined with reduced stator
voltage, which is usually done in a No-Load test for the separation of windage losses3

and iron losses. A warm-up of the machine under test is a precondition, which is done
until an approximately constant operating temperature is reached. In general, the
measurement is started with the first load point. The active power is measured with
the MS1 and MS2, which record the values for several cycles.

A cycle is defined by the time an active power value P is calculated, which is a mean
value of the power oscillation. Furthermore, the root mean square values of voltage
URMS and current IRMS, the phase angle φ, the base frequency f0 and other computable
values from the digital signals are determined. The cycle time of 0.4 s is chosen for
both measurement systems. The cycle time corresponds exactly to 24 periods of the
fundamental frequency of 60Hz. Therefore the determined quantities are averaged
over the number of periods in one cycle, which already reduces the variation of the
determined quantity.

The MS2 records more than 1000 cycles during the recording in one operating point.
The MS1 records more than 500 values in the same recording, which takes about
400 seconds. The lower number of cycles for the MS1 results from the slightly larger
computation time of its measuring program.

The evaluation of the measurement uncertainty is already sufficient with 10 periods
at 50Hz for a measured value, where a statement on the probability distribution is
possible. A standard deviation is determined from the measured values of P , which
is described in GUM Type A. The method described according to GUM Type A is
used for the measurement uncertainty evaluation of an input quantity, see section 3.
The Type A evaluation was used to compare the measured output quantity with the
theoretically calculated uncertainty Type B, see figure 6.8.

The determined standard deviation of the individual measured quantities are used to
calculate a normal distribution to represent an ideal distribution around the mean value
[126], like the grey curve in figure 6.2. Furthermore, the figure shows the probability
of the occurring measured values. The measured values are sorted into 150W ranges

3Includes friction losses
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6 Measurements on Medium Voltage Drives

by the histogram display. A normal distribution of the measured values can be seen,
which fits perfectly to the calculated. The equation for the normal distribution is given
in equation 6.2, with the standard deviation σ and expected value µ.

f(x) =
1√

2π · σ
· e

(
1
2
·(x−µ

σ )
2
)
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Fig. 6.2: Histogram MS1 - Load 1

The histogram shows the probability of the measured values of more than 1000 cycles.
The ordinate axis gives the probability density of the measured values and the values
determined by the equation 3.12 of the normal distribution in chapter 3.4. The measured
values are with 76% in the limit of plus/minus σ to Pmean.

Measurement Uncertainty and Deviation The comparison between the measure-
ment system MS1 and MS2 is made with the determined standard deviations of the
measurements. In the table 6.1 the results are given. The comparable quantities are the
active power P and the extended measurement uncertainty δ95%. The relative numbers
are related to the corresponding measurement values. The measurement uncertainties
of the MS1 are significant compared to MS2, which are larger than 1% except the last
operation point. The measurement uncertainty of the phase determination is the critical
quantity, which contributes the main part to the MS1 total measurement uncertainty.
Especially the low sampling rate is a bottleneck of the measurement system MS1. The
analysis in section 6.4 indicates the fact of an increased phase angle error.
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6.2 Comparison of Active Power Measurement Setups

Tab. 6.1: Measurement Values and Uncertainty MS1 & MS2 with TS1

MS1 MS1 MS2 MS2
P δ95% P δ95%

Load 1 1390.6 kW ±15.6 kW (1.1%) 1405.8 kW ±5.5 kW (0.4%)
Load 2 776.8 kW ±16.2 kW (2.1%) 784.5 kW ±3.5 kW (0.4%)
No-Load 1 229.9 kW ±14.0 kW (5.8%) 234.8 kW ±1.9 kW (0.8%)
No-Load 2 222.1 kW ± 0.6 kW (0.3%) 224.4 kW ±0.3 kW (0.1%)

A further difference between the considered measurement systems is the deviation
between both, which are shown in table 6.2.

Tab. 6.2: Deviation of the Mean Value MS1 and MS2 with TS1

Absolute in %
Load 1 15.2 kW 1.1
Load 2 7.7 kW 1.0
No-Load 1 4.9 kW 2.1
No-Load 2 2.3 kW 1

The relative quantities are referred to the measurement values of MS2. The significant
difference is larger than 1%, which is a result of the harmonic active power measurement.
The figure 6.3 shows the harmonic components PH with the order five, seven and eleven
of the power oscillation. The sum of them is less than 1%. In the table 6.3 active power
components are given, which are determined for Load and No-Load.

Tab. 6.3: Harmonic Active Power MS2 with TS1

PSUM P1 PH PH/PSUM [%]
Load 1 1405.8 kW 1388.97 kW 12.183 kW 0.865

No-Load 1 234.8 kW 233.17 kW 1.662 kW 0.71

Therefore the measurement system MS1 is not suitable for a harmonic active power
measurement. A measurement deviation due to the used voltage and current transform-
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6 Measurements on Medium Voltage Drives

ers can be a further uncertainty contribution of the MS1. The scale factor deviation
of the measurement transformers increases for frequency ranges above 50Hz, which is
shown in section 5.2.2 and 5.1.3. However, the different scale factor in the considered
frequency can be used in a recording device for a correct determination of the individual
oscillations. This combination in a power measurement system would lead to more
computations effort with the frequency components. An example of such a solution was
given by Cataliotti [183] using a Rogowski Coil for a power measurement setup.
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Fig. 6.3: Harmonic Active Power

The MS1 and MS2 are used for measurements with the TS2. The TS2 has no harmonic
active power to measure due to the almost sinusoidal voltage form, see the appendix
9.4.1. However, it is possible to measure on TS2 a converter drive with 12MW. The
different operation points and measurement results are shown in the table 6.4.

The results for the measurement uncertainty of MS1 are higher than for the MS2. Due
to the low sample rate of the MS1, which leads to a high phase angle error. The mean
values have less deviation, which is listed in table 6.5.

The drive has no harmonic active power, and a deviation is given due to an offset
between both measurement systems. The uncertainties reach values less than 0.1%,
which increases for the operation point with no load. The section 6.4 shows the influence
of a phase angle error with a higher phase angle. The higher phase angle leads to a
higher part of the total measurement uncertainty due to the phase angle error. The
comparison of the TS2 measurement uncertainties between Type B and Typ A, as well
the measurement uncertainty budgets, are shown in the appendix 9.4.1.
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6.3 Measurement of DC Components

Tab. 6.4: Measurement Values and Uncertainty MS1 & MS2 with TS2

MS1 MS1 MS2 MS2
P δ95% P δ95%

Load 1 11 249.6 kW ±100.8 kW (0.9%) 11 220.3 kW ±3.2 kW (0.03%)
Load 2 9282.9 kW ±96.3 kW (1.0%) 9252.4 kW ±2.7 kW (0.03%)
Load 3 6215.6 kW ±43.1 kW (0.7%) 6185.7 kW ±3.2 kW (0.05%)
Load 4 3083.2 kW ± 97.7 kW (3.2%) 3059.9 kW ±2.0 kW (0.06%)
No-Load 1 203.9 kW ± 33.12 kW (16.2%) 184.0 kW ±1.7 kW (0.90%)

Tab. 6.5: Deviation of the Mean Value MS1 and MS2 with TS2

Absolute in %
Load 1 29.4 kW 0.3
Load 2 30.5 kW 0.3
Load 3 29.9 kW 0.5
Load 4 23.3 kW 0.8
No-Load 1 19.9 kW 10.8

6.3 Measurement of DC Components

The measurement system MS2 can measure DC components of the active power.
Furthermore, the measuring circuit of the two systems are different and have to be
taken into account. The Aron circuit is used by the MS1 and a three-phase circuit is
used by the MS2. The latter one measures the phase voltages to the ground potential.
The measurements of the phase voltage contain DC components.4

The measurement has shown the identical DC voltage values per cycle in all three
phases, which means a shifting of the ground potential. DC components of the current
have been measured in the phases of the machine, which can influence the determined
active power. Eighty cycles of DC active power in all phases is shown in Figure 6.4,
measured with TS1. Values of almost 6 kW have been measured. The sum of all three
DC components shows a compensation, which results in an average value of 177W for
all the considered cycles. Therefore, there is no influence of DC components on the
active power 5, however additional compensating processes are acting in the machine.
In one phase the currents reach almost 7% of the RMS value, where an influence on
the magnetic circuit can be expected. However, saturation of the magnetic core has to
be avoided. [113, 184, 185]

4A DC signal has always the same amplitude per definition. So in measurements a DC signal
is defined during a time interval, which is one cycle in this work.

5Further investigations are necessary to analyse the DC components concerning common
mode voltages.
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Fig. 6.4: DC Power in the Three Phases (Cycle = 10 Periods of Base Frequency)

6.4 Phase Angle Uncertainty

The influence of the measured input quantities on the total measurement uncertainty
δPTotal of active power is analysed in this section with a calculated uncertainty analysis.
The measurement result of TS2 should show the uncertainty behaviour of the input
quantities. The uncertainty of the phase angle δφ is analysed to show the relation of
each uncertainty part. The sensitive factors have an essential impact due to their angle
dependence, see equations 3.4 to 3.6. The operation point Load 1 of the TS2 is used,
where a phase angle of 25.79° is measured.

An uncertainty limit for the active power δP of 0.3% is drawn in figure 6.5. The limit
is chosen due to the defined uncertainty limits for voltage and current measurement
devices in the standard IEC 60034-2-1, which is given with 0.2%. The equation 6.3
is used for an estimation with relative uncertainties δg, which is applicable for the
uncertainty determination of simple measurements. This means the sensitive factors of
the error propagation is equal to one, see in section 3.2.

δP =

√
N∑

g=1

(δg)2 (6.3)

The further uncertainty condition of 0.2% is defined in IEC 60034-2-1 with a power
factor PF = 1, which is the fulfilled with cosφ = 1 for sinusoidal signals. The figure 6.5
shows the set of curves below 0.2% for a phase angle of 1°.
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6.4 Phase Angle Uncertainty

The set of curves in figure 6.5 show different phase angle errors δφ from 0.0336° to 0.9°.
The higher the uncertainty δφ is, the limit of 0.3% is exceeded with a small phase angle
φ. An operation point typical for a induction motor no load test can be challenging for
a measurement system.
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Fig. 6.5: Uncertainty of the Phase Angle

The differences in the uncertainty parts of the total measurement uncertainty δPTotal are
dependent on the phase angle error, see figure 6.6. The set of curves are given with the
phase angle, voltage and current uncertainty. The higher the phase angle uncertainty
δφ is, and the phase angle increases φ, the more the uncertainty part of the phase angle
uncertainty is dominating the total measurement uncertainty.

The MS2 phase angle uncertainty 0.0336° has the lowest and shows the minor influence
on the total measurement uncertainty. For its reduction, the uncertainty part of the
voltage or current measurement has to be reduced. The MS16 has a δφ ≈ 1°, which is
the main contribution for the total measurement uncertainty.

6The detailed uncertainty budget for the MS1 and TS2 is given in the appendix 9.4.1
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Fig. 6.6: Uncertainty Parts of the Total Measurement Uncertainty δPTotal

6.5 Fundamental and Harmonics Ratio of Active
Power

The harmonic ratio PHarmonic/PTotal is important for the uncertainty parts of the total
active power δPTotal , which has a base frequency part or a higher harmonic part. Based
on the equation 4.19 in section 4.2.2 the ratio of harmonics to the base frequency is
analysed. The DC component of the active power is neglected, so the equation for the
total active power PTotal is given with the base frequency component P1 and a higher
harmonic component PHarmonic.

PTotal = P1 + PHarmonic (6.4)

PHarmonic =

N
2∑

h=2

Ph (6.5)

The uncertainty of the higher harmonics is in general larger than the uncertainty of
the base frequency, which is usually defined for measurement devices in a defined
frequency range. As an exemplary analysis the uncertainty of the higher harmonics
is assumed with 0.54% and the uncertainty of the base frequency with 0.11% of the
measured active power. Dependent on the harmonic ratio PHarmonic/PTotal from 0%
to 100%, the uncertainty parts change their contribution to the total uncertainty of
active power measurement, see in figure 6.7. The part of the harmonic active power
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PHarmonic increases. The ratio PHarmonic/PTotal of 18% is the turning point in the case
of the power measurement with the TS2 is assumed with a measured electrical power
of 11 220.3 kW.

Using the measurements described in section 6.2, the harmonics active power of converter
drives is expected or to be low. The standard IEC 60034-1 defines the maximum THD
values for voltage or current between 2% and 3%, which is far below the 18% uncertainty
analysis. Despite an uncertainty of 100% for the harmonics, the base frequency part
is dominating, due to the ratio between the base frequency and harmonics. It can be
summarised, that the uncertainty of the harmonic active power is irrelevant for the
total measurement uncertainty δPTotal . However, the measurements in section 4.2.2 has
shown a deviation between MS1 and MS2. So the conclusion is the ability to measure
harmonic active power is necessary to calculate the exact active power value. The
uncertainty parts of the harmonics active power are covered by the base frequency
part.

6.6 Results of Comparison

The measurement systems MS1 and MS2 has shown differences in the determined
measurement values and uncertainties. The consideration of all components of the
measurement setup about possible uncertainty sources shows the fundamental influences
on a measurement of the active power. The measurement transformers and dividers
should have a frequency independent scale factor at least in the frequency range where
harmonic active power is expected. If a device has a nonlinear scale factor, it is possible
to deposit this scale factor in the digital measurement device. However the effort of
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measurement algorithm implementation increases. The transformers or dividers have a
limited frequency or a limited bandwidth in which a frequency independent behaviour
can be expected.

The measurement uncertainty of a used measurement system influences the active power
measurement. Especially the uncertainty of a phase determination with a phase angle
near 80° or 90° can have a significant impact. To have a sufficient accuracy of a phase
angle determination, a high level of sample rate is necessary to determine the zero
crossings correctly. Therefore an averaging with some periods can be advantageous.

A further advantage of a high sampling rate is fast evaluation of quantities for applied
measurement in a test bench area. Accurate measurements results can be reached in less
time. If a No-Load test ist examined, this could be feasible due to a fast experimental
procedure, which is required by the standard IEC 60034-2-1.

The measurement range of a measuring card or a power analyser may be not sufficiently
used dependent on the operation point. The No-Load test requires a reduction of the
stator voltage. There are small active powers to measure with a phase angle between
70° and 90°. The uncertainty of a phase determination can have a significant influence
on the active power measurement, which is visible on the equations 3.3 and 3.6, as well
shown in section 6.4.

If a used current transformer for a load test is used for a no-load test, the uncertainty of
the transformer can be higher due to the small use of the measurement range. However,
this fact is dependent on the transformer type. The used zero-flux current transformers
have a higher uncertainty as certified when the current to measure is below 2% of the
rated current.

A measurement uncertainty comparison of the MS1 and MS2 is done with the methods
of GUM Typ A and Typ B, see in figure 3.1. The latter one is based on defined
equations and collected data in calibration protocols, only. The figure 6.8 shows the
values determined with both methods for the operation point Load 1 of TS1. The
calculated measurement uncertainties Type B cover the measured uncertainties values
Type A partially. The influence of the converter control has to be considered in the
measurement model (Type B), which is only possible with a determination of a standard
deviation. The influence of the converter control is shown in chapter 3.1, where figure
3.3 shows an active power variation of ±2.5 kW in 1000 cycles per phase. With the
equation 3.11 a value of ±4.33 kW can be added to the measurement uncertainty of the
total active power. The Type B determination with the uncertainty of the control cover
the Type A determination. The dashed error bar in figure 6.8 shows the calculated
uncertainty with 5.48 kW for MS2 and 15.7 kW for MS1, which includes the induces
uncertainty of the drive control.

However a sufficient averaging would lead to a measurement value with a high probability,
near to the true value. Future standards should define a minimum number of periods
to record for the determination of an active power value or further necessary quantities.
Furthermore, a number of minimum averages can be useful, which was already shown
for low voltage drives [102]. With the figures 3.3 an average value of minimum 80 cycles
can give a active power value with a higher probability. The cycle time of 0.4 s is used
of MS2 in the TS1, which means a minimum recording of 40 s is necessary to reach the
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Fig. 6.8: Comparison of Measurement Uncertainty GUM Typ A and GUM Typ B
for Load 1 (Red Dashed Error Bar: Includes the Uncertainty of the Drive
Control)

minimum average value for the active power with the minimum of 80 cycles. Dependent
on the drive control, measurement setup and base frequency, few measuring time is
necessary and recorded cycles respectively.

The less used measurement range of a current or voltage input channels of the measure-
ment devices induces a higher uncertainty, which has been already shown for smaller
drives in [23]. For the individual operation points has to be checked if the measurement
ranges of a measuring card or power analyser are entirely used. It can be advantageous
to change an operation point to better utilise the measurement range.

The used voltage divider can be replaced by dividers with fewer uncertainties, which are
used for calibration purpose. However, this would increase the costs for a measurement
setup. An uncertainty determination can qualify the measured value with a high
probability. The determination with the Type B method can optimise the measurement
setup selection before the implementation.
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7 Uncertainty Limits of Power
Measurement

Determination of medium voltage (MV) motors efficiency is subjected to the uncertainty
of the electrical power measurement. The commonly used methods for determination
of synchronous and induction motors efficiency are analysed in this respect. As in
this chapter shown, a measurement uncertainty analysis must get obligatory, to have
efficiency values with a high probability.

7.1 Determination of Efficiency

The test methods are different for induction machines and synchronous machines. The
figure 7.1 shows test methods common used for MV machines, which are defined in
IEC 60034-2-1 and IEC 60034-2-2. The latter on describes methods for large drives
when a full-load test is not possible. A full-load test is usually not possible due to the

2-1-1C Summation of losses with additional load losses
from assigned allowance and calculated lossesInduction

Machine 2-1-1D Dual supply back-to-back-test

Synchronous

Machine

2-1-2C Summation of separate losses

without a full load test

2-1-2D Dual supply back-to-back-test

Fig. 7.1: In Appliance with IEC 60034-2-1 Test Methods for the Determination of
Efficiency of MV Machines; Induction Machines and Synchronous Machines

non-availability of a suitable load machine in the test field. However, if two identical
machines are available, a back-to-back test (2-1-1D and 2-1-2D) or a direct method
(2-1-1A and 2-1-2A) are possible.
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Direct Method - 2-1-1A & 2-1-2A Some facts on the usability of the direct test
method are summarised, which are 2-1-1A for induction and 2-1-2A for synchronous
machines. In chapter 6, a torque measurement has been done with the Test Setup 2
(TS2). The uncertainty of the output power measurement is dominated by the torque
transducer, which leads to uncertainties higher than ±10 kW1 for the output power.
The speed measurement has a relative uncertainty of 0.03%, where the relative torque
measurement uncertainty has a value of 0.3%. All measured operation points with TS2
show higher uncertainties than the specified value in the data sheets. The output power
measurement is the dominating uncertainty part, which also has a high uncertainty
contribution compared to the indirect test methods shown in the appendix 9.5 – 9.7. In
general, the determination of the efficiency with a full-load test and an output power
measurement with torque transducer is an exception in the area of MV machines.

7.1.1 Induction Motors

The sum of the total losses PL is subtracted from the rated electric power P1 and set
into its relation.

η =
P1 − PL

P1
(7.1)

The equation for the total losses of induction machines is given.

PL = PCu1 + PCu2 + PC + PLL (7.2)

The indirect method is based on the summation of the individual determined losses.
These losses are for an induction machine:

− Stator copper losses PCu1,

− Rotor copper losses PCu2,

− Stray load losses PLL,

− Constant losses PC, seperated in windage losses PFW and iron losses PFE.

These losses should be determined with a load test, a load-curve test, a no-load test and
a resistance measurement. The standard IEC 60034-2-3 requests a further load-curve
test and no-load test with converter supply, where the following additional losses are
determined

− Load-dependent additional harmonic losses PLL,H,

− Constant additional harmonic losses PC,H.

1The uncertainty is based on the uncertainty for the torque measurement, which is given in
the data sheet.
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7.1 Determination of Efficiency

In general, the load test is an exception for tests with MV machines. The machines are
individually manufactured. Thus, it is difficult to find a corresponding load machine
with the same rated power, the same shaft height and sufficient capacity of the test
field supply. The summation of the losses with the corresponding equations for the
determination of induction motor efficiency is described in appendix 9.7.

Usually, a no-load test and resistance measurement are the possible tests to apply, which
leads to the following summary and suggestions for the determination of the efficiency
of converter operated MV drives. The equations for the individual determination of the
losses are described in the appendix 9.7.

− The stator copper losses PCu1 can be calculated with the measured resistance and
the given rated current of the calculation data.

− The rotor copper losses PCu2 are calculated with the rated slip and the calculated
stator copper losses PCu1, as well the measured constant iron losses PFE are
subtracted.

− The stray load losses are calculated with a factor 0.5% of the rated power, which
is prescribed by the the standard IEC 60034-2-1.

− The constant losses can be determined by the measurement of the no load losses.

− The additional load losses PLL,H due to converter supply should be covered by a
constant factor, as defined for the stray load losses. The article [14] showed the
characteristic of load-dependent parts of the additional load and the stray load
losses. There are shown the differences between converter supply and sinusoidal
supply. However, a definition of a constant factor can lead to higher assumed
losses, but the worst case of losses can be covered. Especially when a load test
and the determination of the load-dependent losses is usually not possible.

− The additional constant losses PC,H are determinable due to the no-load test with
a converter supply of the induction machine.

The test methods which are based on a short circuit test are not realisable, because
a locked rotor test could typically not be done with converters. The converters are
not dimensioned for operation with a short circuit current of approximately five times
higher rated current.

7.1.2 Synchronous Machines

The indirect method 2-1-2C for synchronous machines has the advantage to determine
the efficiency without a load test, which is the main difference to the indirect method
2-1-1C for the induction machines. However, a short circuit test is requested, which is
not applicable to a converter.

The equation for the total losses of synchronous machines is given.

PL,SM = PCu1 + PE + PC + PLL (7.3)
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Compared to the induction motor, the losses of the excitation system PE have to be
measured.

These synchronous machine losses are given.

− Stator copper losses PCu1,

− Stray load losses PLL,

− Constant losses PC, separated in windage losses PFW and iron losses PFE.

− Excitation losses PE,

Due to a converter supply, the following losses can be expected.

− Load-dependent additional harmonic losses PLL,H,

− Constant additional harmonic losses PC,H.

The summary and suggestion of the individual losses determination can be given.

− The stator copper losses PCu1 can be determined with the measured resistance
and the measured rated current in a short circuit test, with a sinusoidal source
instead of a converter.

− The stray load losses PLL can be determined with a short circuit test, with a
sinusoidal supply. A determination of the PLL,H is only possible with a load or
partial load test. Two measured load points are necessary to extrapolate a load
curve for the stray load losses determination.

− The determination of the PC,H is possible with a no-load test under sinusoidal
and converter supply.

− The excitation losses PE can measured with standard low voltage equipment.

7.1.3 Back-To-Back - 2-1-1D & 2-1-2D

The back to back test is usable for all machine types. The test is favoured when two
identical machines are available or manufactured. Both machines are coupled, one is
operating as a generator and the other as a motor. The efficiency η is determined with
the half of the total losses, the mean of the input power of generator P1 and motor
P2.

η = 1− PL
P1+P2

2 + P1E

(7.4)

The total losses PL and the input power of the excitation systems P1E must be added.
The P1E is only necessary for the determination of synchronous machines efficiency. For
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7.1 Determination of Efficiency

the efficiency calculation of induction machines, the variable is not necessary for the
equations 7.4 and 7.5.

PL =
1

2
· (P1 − P2) + P1E (7.5)

The input power of the excitation systems P1E is given with, P1E,M for the motor and
P1E,G for the generator.

P1E =
1

2
·
(
P1E,M + P1E,G

)
(7.6)

The uncertainty of the back to back test is dependent on two measurements systems for
MV drives, one for the load machine and one for the Device Under Test (DUT). The
uncertainty analysis is recommended for a measurement system selection for both used
machines.

7.1.4 Uncertainty Comparison of Methods for the
Determination of Efficiency

The choice of the indirect method for the determination of MV drives efficiency is due
to the feasibility of the tests. A full-load test requires, in any case, a higher installation
effort compared to a no-load test.

An uncertainty analysis is done with the typical test methods for induction machines.
The data of test setup TS2 with the corresponding measurement system MS2 is
used and summarised in appendix 9.4. Especially for the test setup TS2 a torque
measurement is done, which makes an uncertainty analysis possible of the direct method
for determination of efficiency.

The detailed uncertainty budgets for the efficiency test methods are given in the
appendix 9.5 to 9.7. The comparison in table 7.1 shows all analysed test methods. Two
methods are a good solution for a determination of efficiency with low uncertainty, but
the direct method has a higher uncertainty compared to the other possible methods.
However, the indirect methods have the most calculated values, where no uncertainty
contribution is assumed.

Tab. 7.1: Measurement Uncertainty of Induction Motor Test Methods

Method Expanded Uncertainty
2-1-1A Direct ±0.23%

2-1-1D Back-To-Back ±0.02%

Indirect without Load Test ±0.03%
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7 Uncertainty Limits of Power Measurement

The uncertainty analysis for the synchronous machine is not done, due to the missing of
real measurement data for comparison in this work. However, the indirect method for
the synchronous machine is almost the same as for the induction machine. The losses
of the excitation system have to be measured which can be measured with low voltage
measurement equipment. The uncertainty can be expected as very low, in the same
amount of the uncertainty for the two better methods of the induction machine, see
table 7.1.

Conclusion of the Analysis The analysis in chapter 6 and in this section shows the
possibility to qualify the uncertainty of the measurements done on MV drives with
TS1 and TS2. The indirect test method has a low uncertainty, which is important for
the determination of efficiency. As well, the tolerance limits 10% of ·(1 − η) can be
applicable:

− Despite only a no-load test is possible for a DUT; uncertainty can be calculated
for the realisable test.

− The measurement system can be chosen individual, which efforts a measurement
system with high performance,

− The classification of the uncertainty can lead to a confident result with a high
probability of the determined efficiency

Efficiency Classes The uncertainty analysis section 7.1 shows the possibility to fulfil
the tolerance limits of IEC 60034-1. In table 7.2 the tolerance limits for high power
drives are given. The uncertainty class for electrical measurement quantities must have
0.2% of the displayed value, see IEC 60034-2-1. If the tolerance limits (1− η) should
be applied to MV motors the requested uncertainty class of 0.2% is not sufficient. The
uncertainty limits given in IEC 60034-2-1 have to be adapted to the tolerance limits
(1− η) for the high power motors. The basic for a classification of the drives should be
an uncertainty value which is based on uncertainty analysis. The uncertainty classes
should be defined dependent on the uncertainty limits. However, an uncertainty analysis
requires a careful determination of an efficiency value.

Tab. 7.2: Tolerance Limits for High Power Machines

η 10%(1− η)

96% 0.4%

97% 0.3%

98% 0.2%

99% 0.1%
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7.2 Limits of Measurement Transformers, Dividers and Power Analysers

The standard IEC 60034-2-2 defines special methods for the determination of large
drives efficiency. A notice to the section 7.1.2 in IEC 60034-2-2 advises calculating a
mean value of several measurements in one operation point. The advice is important
with the investigated measurements on the large drives in this thesis. It increases the
probability of a determined efficiency value. This issue is encouraged by the results in
chapter 6, where the influence of the control circuit of large converter drives is shown.
This confirms the necessity of a definition of obligatory uncertainty analysis in IEC
60034-2-2.

7.2 Limits of Measurement Transformers, Dividers
and Power Analysers

The results of the analysed measurement systems are used to show possible limits of the
individual measurement components. The used system MS2 has a high performance for
active power measurements in the MV range. The measurements in section 6.2 have
uncertainties for the active power values with 0.03%, which can be higher if the used
measurement range has a nonlinear scale factor. The test on machines can be applied
with measurement transformers despite the measurement range is not optimised used.
Especially the no-load test is applied after the load test, where the transformers or
measurement devices are not changed.

In general, the uncertainty limits on the market available measurement devices are
dominated by Resistive Capacitive Dividers and Zero-Flux Current Transformers.
Despite the low uncertainty of the used measurement system MS2, there are dividers
which have a smaller uncertainty. As well there are zero-flux current transformers,
which can have a better performance with a lower measurement range. The voltage
divider and the current transformer are also usable for the harmonic measurement due
to the low measurement uncertainty over a wide frequency range, see chapter 5.

Uncertainty for η below 0.2% is also possible with inductive voltage and current
transformers for 50Hz when a sinusoidal supply voltage is applied. Measurement with
the TS2 and MS1 has shown in some operation points an uncertainty better than 1%.
However, the signal conditioning and the used measurement device induces the most
uncertainty of MS1.

The data acquisition and processing has an impact on the active power determination,
which is primarily caused due to the signal conditioning and its different measurement
ranges. The used measurement devices have different measurement ranges which have
been chosen individual on the test setup and its requirements for the applied tests. The
different measurement ranges allow the testing of machines of different rated power
categories. The ADC and signal processing has limits dependent on the maximum
frequency to measure and the expected uncertainty, which is shown with equation 4.35.
MV drives have maximum expectable frequencies up to 20 kHz in the supply voltages.
Nowadays, power analysers have sample frequencies fS above 1MHz, which is more than
sufficient for the active power measurement on MV drives. An analysis with sample
frequencies fS below 1MHz can have good measurement results with low uncertainty.
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7 Uncertainty Limits of Power Measurement

A further characteristic of a measurement devices is the memory depth, besides the
required sample frequency. It is necessary to calculate a mean value out of several base
frequencies, which can be problematic, if a chosen measurement device has not enough
memory depth.

Harmonic power measurement has increased requirements, which is a limit for the
individual used measurement components.

− Less uncertainty in the harmonic measurement range

− Higher sample rate fS for a correct determination of higher harmonics

− In general high efficiencies can be expected for high power drives. The same
applies for the uncertainty of a high power drive measurement system. High
accuracy or a low measurement setup uncertainty must be applied for high power
drives.

− An low uncertainty is necessary due to the losses components which are in the
tenth percent range.

7.3 Limits for Medium Voltage Drives and Tests

The discussion about the determination of efficiency of motors in several articles and
the proposals in the relevant IEC working groups have shown the importance of the
tolerance limits. Doppelbauer summarised in the article [22] some facts of the discussions
and analysed the methods for the determination of small motors1 efficiency.

The standard IEC 60034-1 describes the tolerance limits for the determination of
efficiency with 10% of (1− η) for motors above 150 kW rated power, e.g. a motor with
η = 98% has a tolerance of 0.2%. The tolerance limit is higher for small machines in
the low voltage supply, which are motors common manufactured in a mass production.
In general, half of the tolerance defined in IEC 60034-1 is for variations of material
and process during mass production, while the other half is available for measurement
uncertainty [22]. High power motors primarily would need a defined tolerance limit for
the measurement uncertainty of the whole test setup. The measurement uncertainty
can be different dependent on the examined test methods.

With the introducing of the efficiency classes, the discussion to reduce the tolerance
limits seems as not realisable. The current IEC 60034-1 allows a tolerance with 10%
of (1 − η) for motors above 150 kW rated power, which was questionable with the
results in [22]. There are higher uncertainties determined with an increased rated power
of the machines, which is shown in the section before. The defined tolerance limit
defined in IEC 60034-1 expects a very low uncertainty for high power motors, which
is a challenging task. This is only realisable with the indirect test methods and a
measurement uncertainty analysis, which was shown in this thesis.

The characteristic of converter-fed MV drives and the tests methods which are necessary,
represent conditions for a determination of efficiency with low uncertainty. In the

1Tests with 10 different motors with rated power between 0.37 kW and 315 kW
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7.4 Guideline of Measurement Setup Selection

chapters 3 and 6 the control of the drive applications is identified as essential uncertainty
contribution. The used current measurement devices for the control loop of a converter
have uncertainties.

Converter fed drives have the possibility to change its switching frequency, which can
result in different additional losses. The investigations of [23, 186] with small drives
have shown the importance of losses determination, which is induced by harmonics.

The THD values for the supply voltage are a limit for the harmonic content. The
investigation in section 6.5 shows that the harmonic active power uncertainty does
not affect the total measurement uncertainty when the drive is compliant with the
THD limits, given in IEC 60034-1. The further impact has the phase angle φ shown in
section 6.4, which is essential for the test methods. Usually, the indirect determination
of efficiency is applied for large drives, which requires a no-load test. The phase angle
uncertainty has an impact on the total measurement uncertainty. The no-load test is
usually the only possible test to apply, see the explanations in the section 7.1. The
following limits are given:

− The confident measurement results are given with some periods to record, a
defined sample rate fS and an uncertainty specification based on measurements
or calculations.

− A uncertainty based on measurements GUM Typ A is more reliable compared to
an uncertainty calculation with GUM Typ B. The influence on the uncertainty
due to the control of the drive requires a mean value calculated from several
measurement cycles for confident results.

− An proposal for the harmonic analysis is already given in the standards IEC
61000-4-7 [145] and Institute of Electrical and Electronics Engineers (IEEE) Std
519 [187] with a defined number of periods for a value determination.

− The question of the additional losses due to the converter supply can be estimated
with the constant factor defined in IEC 60034-2-1, which is usually the worst case
and should include the possible losses. The determination of the losses is often a
research issue, when no torque measurement is possible.

7.4 Guideline of Measurement Setup Selection

The measurement system for the active power measurement of MV drives has to
fulfil several requirements. They are a result of the investigations of this thesis and
summarised in the following list.

− The measurement system has to be chosen individually dependent on the test
methods, which can require a higher system performance. Different measurement
devices corresponding the test method to examine should be considered for their
use.

− The classification of the measurement setup uncertainty with the guidelines
of GUM is recommended for a determination of machine quantities with high
probability.
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7 Uncertainty Limits of Power Measurement

− An uncertainty limit defines with 10% of (1−η) for the determination of efficiency
should be reached.

− An active power value should be an average value of a number of cycles. The values
can also be used for the specification of a standard deviation. A measurement
of several values allows the identification of additional uncertainty sources, e.g.
control of the drive application.

− The guidelines of GUM should be used to identify the main uncertainty parts in
a measurement setup and to give the possibility of an improvement.

− The cycle time and sample frequency fS should be chosen to calculate an active
power value with high confidence, see section 4.3.

− Three phase active power measurements is recommended for machines operated
with converters.
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8 Conclusion

The thesis showed the measurement uncertainty of the active power measurement to be
used for the determination of efficiency of MV motors. The results are summarised in
the following main points.

− Methods and guidelines to handle the uncertainty of measurement setups used for
the determination of the efficiency of converter supplied medium-voltage drives are
given. The uncertainty analysis methods are applied to typical medium voltage
drives to identify the main factors of influence when the electrical active power
is measured. Different converter types with their typical voltage forms are used
for the supply of induction machines. The analysis with the drives and the used
measurement setups demonstrate the essential determination of all influences
on a measurement, to characterise or rather quantify them in order to obtain a
meaningful result.

− The influence of the drive control on the active power measurement is shown.
The measurement of medium voltage drives requires a correct consideration of
the measurement results to account for the application control influence. The
drive application and the used control circuit can influence the active power
measurement, which should not be underrated.

− Guideline for an active power measurement is given. The signal conditioning,
digitalising of signal forms, the mean value determination or the selected sample
frequency has a significant influence on the uncertainty. The results have shown
that the determination of mean values with several individual measurements lead
to confident results and an uncertainty specification, which leads to trustable
efficiency values with a high probability, too.

− The knowledge of the transfer behaviour is essential for the correct determination
of harmonics in the voltage and current signals. The important issue of a measure-
ment system is the ability to measure the correct harmonic active power, which
can also influence the determined total active power. The typically used voltage
and current measurement devices in the medium voltage range are analysed with
their transfer behaviour. Especially a transformer or divider with low uncertainty
is preferred, due to the wide measuring range where a measurement of small
amplitudes in no load case must be possible.

− Advises for further standard definitions are given. If the energy efficiency classes
are introduced for medium voltage drives, a specification of uncertainty should
be obligatory to provide with an efficiency value. The indirect method for the
determination of efficiency and the Back-To-Back test have the lowest uncertainty.
The load dependent additional harmonic losses have been calculated if a load test
is not possible. Otherwise, a partial load test will be necessary for the synchronous
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8 Conclusion

machines to extrapolate the load dependent losses. The choice of measurement
devices is dependent on the test methods, especially if the indirect method for
determination of the efficiency is used. The possibility to test a machine with
rated load is usually not realisable with medium voltage drives with high power
and parts of a loss determination are based on calculations.

For a future classification of large drives with efficiency classes, the requirements for
a measurement uncertainty have to be adapted in the corresponding standards for
the determination of the efficiency. Instructions for the measurement uncertainty
determination of a measurement setup must be included. It is obvious if determined
motor efficiencies should be compliant with the limits of future energy efficiency classes
and comparable results should be generated.

The presented uncertainty methods for the active power measurement are usable for
the implementation of a measurement setup for small machines, too.

Further Work

The following investigations can be made with the basic results of this thesis:

− The uncertainty analysis of active power of the harmonics. In the grid the
harmonics are of interest.

− Implement and analyse a measurement system which can have several scale factors
of the used measurement devices in a specified frequency range. There will be a
measurement system necessary, which transfers the measured voltage and current
signals in the frequency range.
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9 Appendix

9.1 Uncertainty of Harmonics

The equations for the harmonic components of voltage 4.17 is used to do an uncertainty
calculation for voltage harmonics dependent on the sampled data. The uncertainty
calculation for current harmonics is not derived as it is based on the same principle of
the voltage harmonics. They are used in section 4.3 on the sampled voltage and current
signals to calculate the uncertainty of the harmonic active power.

9.1.1 Alternating Component

The equation 9.1 is the model equation with the voltage sample un, number of samples
N and the harmonic order h. The voltage samples u1 to uN are the input quantities for
the model equation:

Ûh =
2

N
·
⏐⏐⏐⏐⏐

N∑

n=1

un · e−j· 2π
N
·h·(n−1)

⏐⏐⏐⏐⏐ := fUh
(u1,...,uN ) (9.1)

The equation separated in real and imaginary part.

Ûh =
2

N
·

√

[
N∑

n=1

un · cos
(
2π

N
· h · (n− 1)

)

  
ℜ

]2
+

[
N∑

n=1

un · sin
(
2π

N
· h · (n− 1)

)

  
ℑ

]2

(9.2)

The uncertainty of the harmonic components is given with δu, the same uncertainty of
all voltage samples,

δ2
Û ,h

=

N∑

m=1

(
cm,h · δum

)2
= δ2u ·

( N∑

m=1

cm,h

)2
(9.3)
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with the sensitive coefficient

cm,h =
∂fUh

∂um
=

2

N
·
ℜ ·
∑N

m=1 cos

(
2π
N · h · (m− 1)

)
+ ℑ ·

∑N
m=1 sin

(
2π
N · h · (m− 1)

)

√
ℜ2 + ℑ2

(9.4)

which can be used in equation 9.3. This leads to the following equation and results in
the equation for the harmonic uncertainty.

δ2
Ûh

=
4 · δ2u

N2 · (ℜ2 + ℑ2)
·

N∑

m=1

(
ℜ·cos

(
2π

N
·h·(m−1)

)
+ℑ·sin

(
2π

N
·h·(m−1)

))2

(9.5)

N∑

m=1

sin

(
2π

N
· h · (m− 1)

)
=

N∑

m=1

cos

(
2π

N
· h · (m− 1)

)
=

N

2
(9.6)

δ2
Ûh

=
2 · δ2u
N

→ δÛh
=

√
2 · δ2u
N

(9.7)

9.1.2 DC Component

The determination of the dc component of voltage, current and power is given by the
mean of the samples, see equation 4.21. The rules of GUM lead to the following equation
for the voltage uncertainty of the dc component.

δU0
=

√
δ2u
N

(9.8)

The difference to equation 9.7 is the factor two.

9.1.3 Uncertainty of the Phase

The phase of the harmonics is determined with the imaginary and real components
of the Fourier coefficient, see equation 9.2, which is used as model equation for the
uncertainty determination.

φh := fφh
(u1,...,uN) =

⎧
⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

arctan

(
ℑ
ℜ

)
for ℜ > 0

π + arctan

(
ℑ
ℜ

)
for ℜ < 0

(9.9)
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9.1 Uncertainty of Harmonics

The uncertainty of each sample point δu are the same for all samples, which leads to a
simple calculation. For an general measured sample the variable m is introduced.

δφh =
√

δ2u · (c21,h + ...+ c2N,h) =

√δ2u ·
N∑

m=1

c2m,h (9.10)

The equation 9.10 has the following sensitive coefficients defined.

cm,h =
∂fφh

∂um
(9.11)

c2m,h =

(
∂ℑ
∂um

)2

· ℜ2 +

(
∂ℜ
∂um

)2

· ℑ2

(
ℜ2 + ℑ2

)2 −
2 · ℜ · ℑ ·

(
∂ℜ
∂um

)
·
(

∂ℑ
∂um

)

(
ℜ2 + ℑ2

)2 (9.12)

With the use of the following relation.

∂

∂x

(
arctan

−h

g

)
= −

∂h
∂x · g − ∂g

∂x · h
h2 + g2

(9.13)

The sensitive coefficient with the consideration of equation 9.6,

N∑

m=1

(
∂ℑ
∂um

)2

=
1

N2

N∑

m=1

sin2
(
2π

N
· h · (m− 1)

)
=

1

2N
1 (9.14)

N∑

m=1

(
∂ℜ
∂um

)2

=
1

N2

N∑

m=1

cos2
(
2π

N
· h · (m− 1)

)
=

1

2N
(9.15)

(9.16)

N∑

m=1

2 · ℜ · ℑ ·
(

∂ℜ
∂um

)
·
(

∂ℑ
∂um

)

=
−2

N2
· ℜ · ℑ ·

N∑

m=1

cos
(
2π

N
· h · (m− 1)

)
sin
(
2π

N
· h · (m− 1)

)
= 0

(9.17)

which leads to a simplified form.

N∑

m=1

c2m,h =

N∑

m=1

2

N · Û2
h

(9.18)
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Thus, the uncertainty of the harmonic phase component is given.

δφh =

√δ2u · 2

N
·

N∑

m=1

1

Û2
h

(9.19)
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9.2 Sample Frequency for Higher Frequency Signals

9.2 Sample Frequency for Higher Frequency
Signals

The equation 4.35 provides a sample frequency fS dependent on the focused uncertainty
δAP , the cycle time Tcycle, the period time of voltage base frequency t0 and the maximum
frequency expected fmax in the power signal. The figure shows the sample frequency
for fmax of 50 kHz with t0=0.02 s and Tcycle=0.2 s.
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Fig. 9.1: Sample Frequency in kHz for fmax=50 kHz
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9.3 Determination of Measurement Device Transfer
Behaviour

In figure 9.2 the circuit to generate the step response with voltage transformer, which
is the device under test, and the reference divider is shown.

Fig. 9.2: Frequency Behaviour Measurement of Voltage Transformer
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9.4 Measurement Applications and Motors

9.4 Measurement Applications and Motors

The specifications of the machines under test is described in the tables 9.1 for the Test
Setup 1 (TS1), and Test Setup 2 (TS2) in table 9.2. The Motor of TS1 was operated
with a three level Neutral-Point Clamped Voltage Source Converter (3L-NPC-VSC)
and the TS2 with a Modular Multi-Point Converter (M2C).

Tab. 9.1: Motor Data Test Setup 1 (TS1) and 3L-NPC-VSC

Value
Rated Power PN 16 000 kW

Rated Voltage UN 6600V

Rated Current IN 1560A

Rated Speed n 1493.5 rpm
cosφ 0.92

Tab. 9.2: Motor Data Test Setup 2 (TS2) and M2C Converter

Value
Rated Power PN 12 000 kW

Rated Voltage UN 6600V

Rated Current IN 1193A

Rated Speed n 1481 rpm
cosφ 0.91

η 96.85%
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9.4.1 Voltages, Currents and Uncertainties of the Test
Setup 2

The typical voltage form of a M2C converter is show in the figure 9.3 with the corre-
sponding harmonics in the figure 9.5. The converter topology has several voltage steps
which allows generate an almost sinusoidal form. The harmonics are measurable in the
range of 5 kHz which are producing no measurable active power component.
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Fig. 9.3: Line Voltages of a M2C Multilevel-Converter

The budget for measurement uncertainty for both measurement setups is given in the
tables 9.3 and 9.4.

The measurement values in the table 9.5 are influences by the converter control, which
is visible in the high measurement uncertainties. This fact is already shown in the
figures 3.3 and 3.4 in chapter 3. However standard deviation are calculated for the
active power, the phase angle, the root mean square value of voltages and currents. The
voltage and current uncertainty is given with a coverage factor of k = 2 in table 9.5.
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Fig. 9.4: Phase Currents of a M2C Multilevel-Converter
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Tab. 9.3: Measurement Uncertainty Budget - one Phase - MS2 with TS2

Quantity Value δ(U,I,φ) Probability c(U,I,φ) Uncertainty Total MU
distribution Part

U 3547V 5.6923V Rectangle 1060.5A 3485.4W 66.50%

I 1177A 1.2905A Rectangle 3197.1V 2382.1W 31.06%

φ 25.66° 0.0336° Rectangle 1.807MW 0.7W 2.44%

Measured Quantity P
Value 3761.7 kW

Expanded Measurement Uncertainty δ95% ± 8.5 kW

Coverage factor k 2

Tab. 9.4: Measurement Uncertainty Budget - one Phase - MS1 with TS2

Quantity Value δ(U,I,φ) Probability c(U,I,φ) Uncertainty Total MU
distribution Part

U 3547V 6.132V Rectangle 1060.5A 3754.6W 3.22%

I 1177A 3.2928A Rectangle 3197.1V 6078.0W 8.44%

φ 25.66° 1.08° Rectangle 1.807MW 19 670W 88.35%

Measured Quantity P
Value 3761.7 kW

Expanded Measurement Uncertainty δ95% ± 41.854 kW

Coverage factor k 2

Tab. 9.5: Measurement Values and Uncertainty MS2 with TS2

φ50Hz δφ,95% UPhase,TRMS δU,95% IPhase,TRMS δI,95%
Load 1 25.791° ±0.228° 3545V ±11.4V 1178.58A ±4.06A

Load 2 24.700° ±0.312° 3606V ±7.0V 946.48A ±1.68A

Load 3 26.468° ±0.363° 3691V ±8.0V 628.30A ±1.14A

Load 4 36.365° ± 0.276° 3599V ±2.2V 357.86A ±0.24A

No-Load 1 84.092° ± 0.486° 3502V ±10.0V 189.33A ±0.48A
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9.5 Uncertainty Type B - Direct Method for Determination of Efficiency

9.5 Uncertainty Type B - Direct Method for
Determination of Efficiency

The equation for determination of the efficiency is the model equation for the uncertainty
analysis.

ηDirect =
Pm

P1
(9.20)

The uncertainty for the efficiency ηDirect is a calculated with the uncertainty of the
input power δP1

and the output power δPm . The latter one is calculated with a speed
and torque measurement, where the torque measurement is the dominating part.

δηDirect = k ·

√(
∂ηDirect

∂P1
· δP1

)2

+

(
∂ηDirect

∂Pm
· δPm

)2

(9.21)

The sensitive coefficients are derived from the model equation.

∂ηDirect

∂P1
= −Pm

P 2
1

∂ηDirect

∂Pm
=

1

P1
(9.22)

The uncertainties are assumed with a normal distribution, which means a coverage
factor of k = 2. The uncertainty budget is given in the table 9.6.

Tab. 9.6: Measurement Uncertainty Budget - Direct η with Output Power Measurement
and Rated Load

Input Value δ Probability Sensitive Uncertainty Total
Quantity Distribution Coefficient MU

Part
P1 11 220 kW 3.2 kW Normal 3.1 nW−1 5.0µW 1.5%

Pm 10 880 kW 25.2 kW Normal 89.0 nW−1 1.1mW 98.5%

δηDirect 96.97% 0.23%
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9.6 Uncertainty Type B - Back to Back

The equation for determination of the efficiency is the model equation for the uncertainty
analysis.

ηBtB = 1− PL · 2
P1 + P2

(9.23)

The uncertainty for the efficiency ηBtB is a calculated with the uncertainty of the input
power δP1

, the output power δP2 and the total losses δPL . The total losses PL are
calculated with the following equation.

PL =
1

2
· (P1 − P2) (9.24)

The P1 is the measured input power and P2 is the measured output power. The
uncertainty for the total losses δPL can be determined with the following equation.

δPL = k ·

√(
∂PL

∂P1
· δP1

)2

+

(
∂PL

∂P2
· δP2

)2

(9.25)

The sensitive coefficients are derived from equation for the total losses 9.24.

∂PL

∂P1
=

1

2

∂PL

∂PL
= −1

2
(9.26)

The uncertainty budget for δPL is given in the table 9.7.

Tab. 9.7: Measurement Uncertainty Budget - Back to Back δPL with k = 2

Input Value δ Probability Sensitive Uncertainty Total MU
Quantity Distribution Coeff. Part
P1 11 220 kW 3.2 kW Normal 0.5 0.8 kW 50%

P2 10 540 kW 3.2 kW Normal −0.5 0.8 kW 50%

δPL 340 kW 2.3 kW

The uncertainty for the efficiency δηBtB can be determined with the following equation.

δηBtB = k ·

√(
∂ηBtB

∂P1
· δP1

)2

+

(
∂ηBtB

∂P2
· δP2

)2

+

(
∂ηBtB

∂PL
· δPL

)2

(9.27)
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The sensitive coefficients are derived from the model equation 9.23.

∂ηBtB

∂P1
=

∂ηBtB

∂P2
=

2 · PL

(P1 + P2)
2

∂ηBtB

∂PL
=

2

P1 + P2
(9.28)

The uncertainties are assumed with a normal distribution, which means a coverage
factor of k = 2. The uncertainty budget for δηBtB is given in the table 9.8.

Tab. 9.8: Measurement Uncertainty Budget - Back to Back η with k = 2

Input Value δ Probability Sensitive Uncertainty Total MU
Quantity Distrib. Coeff. Part
P1 11 220 kW 3.2 kW Normal 1.4 nW−1 2.3µW 0.0%

P2 10 540 kW 3.2 kW Normal 1.4 nW−1 2.3µW 0.0%

PL 340 kW 2.3 kW Normal −92 nW−1 −110µW 99.9%

δηBtB 0.02%
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9.7 Uncertainty Type B - Indirect Method for
Determination of Induction Motor Efficiency

The equation for determination of the efficiency is the model equation for the uncertainty
analysis. The method here is not considering the temperature correction of the individual
losses. Only the uncertainty of the indirect determination of the efficiency is analysed.

ηID =
P1 − PL

P1
(9.29)

The uncertainty for the efficiency ηID is a calculated with the uncertainty of the input
power δP1

and the determined losses δPL

δη = k ·

√(
∂ηID

∂P1
· δP1

)2

+

(
∂ηID

∂PL
· δPL

)2

(9.30)

The sensitive coefficients are derived from the model equation.

∂η

∂P1
= − 1

P1

∂η

∂PL
=

PL

P1
2

(9.31)

The uncertainties are assumed with a normal distribution, which means a coverage
factor of k = 2.

Total Losses PL The total losses are a summation of the individual losses.

PL = PCu1 + PCu2 + PC + PLL (9.32)

The sensitive coefficients are equal to one due to the summation.

δPL = k ·
√

(δPCu1)
2 + (δPCu2)

2 + (δPC)
2 + (δPLL)

2 (9.33)

Stator Copper Losses PCu1 The stator copper losses are calculated with the phase
current IN in rated point and the stator phase resistance R.

PCu1 =
3

2
· I2N ·R (9.34)

The uncertainty is calculated with the uncertainty of the current measurement δIN and
the phase resistance measurement δR.

δPCu1 = k ·

√(
∂PCu1

∂IN
· δIN

)2

+

(
∂PCu1

∂R
· δR
)2

(9.35)
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∂PCu1

∂IN
= 3 · IN ·R ∂PCu1

∂R
=

3

2
· I2N (9.36)

Constant Losses PC The constant losses are calculated with the subtraction of the
stator copper losses PCu1 from the measured active power in no load operation P0

PC = P0 − PCu1 (9.37)

The sensitive coefficients are equal to one due to the summation, which leads to a
geometric sum of the individual uncertainties.

δPC = k ·
√

(δP0)
2 + (δPCu1)

2 (9.38)

The constant losses are divided in the friction and windage losses PFW and iron losses
PFE. The uncertainty of both components is not considered separately. They can be
assumed with the uncertainty of the constant losses δPC due to the determination with
one measurement, the no-load test, which is already shown by Aarniovuori in [23].

PC = PFW + PFE (9.39)

Rotor Copper Losses PCu2 The rotor copper losses are calculated with the stator
copper losses PCu1, the iron losses PFE, the electrical power P1 and the slip s. The slip
is determined in previous works with minor influence due to the less uncertainty of the
speed measurement. Further, the rotor copper losses are calculated values for large
motors dependent on available and desired the test setup.

PCu2 = (P1 − PCu1 − PFE) · s (9.40)

The sensitive coefficients are equal to one due to the summation, which leads to a
geometric sum of the individual uncertainties.

δPCu2 = k ·
√

(δP1)
2 + (δPCu1)

2 + (δPC)
2 (9.41)

Stray-Load Losses PLL The stray load losses are calculated with a multiplication of
a constant factor with the determined electrical active power in the rated point P1. If
an output measurement is not possible, the constant factor is the best solution for the
determination of the stray-load losses of the large motors.

PLL = 0.005 ∗ P1 (9.42)

If a full load-test is not possible, the stray-load losses are dependent on the quadratic
of the measured current I to the rated current IN.

PLL = 0.005 ∗ P1 ·
(

I

IN

)2

(9.43)
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The sensitive coefficient is given by the constant factor and the uncertainty of the stray
load losses δPLL .

δPLL = k ·

√(
∂PLL

∂P1
· δP1

)2
∂PLL

∂P1
= 0.005 (9.44)

Tab. 9.9: Measurement Uncertainty Budget Induction Machine - Indirect η without
Full-Load Test

Input Value δ Probability Sensitive Uncertainty Total
Quantity Distribution Coefficient MU

Part
P1 11 220 kW 0kW Normal 3.1 nW−1 0mW 0%

PCu1 48 237 kW 1.05 kW Normal 1W−1 0.10mW 10.5%

PCu2 157 160 kW 2.28 kW Normal 1W−1 0.20mW 50%

PC 124 830 kW 2.03 kW Normal 1W−1 0.18mW 39.5%

PLL 61 962 kW 0kW Normal 1W−1 0mW 0%

δηID 96.505% 0.0288%

The uncertainties for the active power measurement P1, the rated current for the
stator copper losses calculation and the stray load losses PLL are zero, due to they are
calculated value.
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This thesis gives an overview of test bench design for inverter operated Medium Voltage (MV) 
drives with the focus on the acti ve power measurement. The sources of measurement setup 
uncertainty are analysed and methods are shown to assess these uncertainti es. Further, a 
possibility is shown to do quanti tati ve uncertainty esti mati ons which are verifi ed with measu-
rements through diff erent measurement setups for MV drives operated with multi level con-
verters. The infl uence of measurement transducers, voltage dividers, power meters and data 
acquisiti on boards are considered. The digital signal processing is analysed and the possibiliti es 
to reduce its uncertainty contributi on on an acti ve power measurement is shown. An analysis 
is made with the conventi onal measurement devices in the MV-range. The transfer behaviour 
of the devices and the characteristi cs of the uncertainty are investi gated. Measurements are 
done on typical medium voltage drives with an uncertainty analysis, which shows the essenti al 
aspects of acti ve power measurement. The results show the signifi cance of a measurement 
setup performance. 
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