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ABSTRACT OF THE THESIS

In-situ impedances measurement and influence of 2 k - 150 kHz disturbances
on measurement of electrical parameters

by

Junzhe Tan
Master of Science in Electrical Engineering
Delft University of Technology, 2014
Professor J. A. Ferreira, Supervisor
Dr. DongSheng Zhao, Supervisor

With the growth of the number of electric appliances which suffer from electromagnetic
inference (EMI) in the frequency range 2 k — 150 kHz, the setting up of researches in this field
has become more and more popular. Measuring impedances accurately in this frequency
range is of great assistance for better understanding of the circuit as well as for EMI filter
designs. Thus, this thesis aims to develop a safe, flexible and accurate in-situ measurement
approach to measure the source and load impedances at 2 kHz — 150 kHz and then apply it to
investigate the influences of the variable impedances on measurements of electrical
parameters when experiencing disturbances.

In this thesis, the current probe being one of the most important measurement devices is
discussed first. To investigate the transfer impedance of the current probes used in the
measurements a spectrum analyzer, a vector network analyzer (VNA) and a LCR meter are
applied respectively. It is found that the input impedance on the wire side influences the bulk
current injection (BCI) probe but not the normal current monitor probe in the transfer
impedance measurements at discussed frequency range. The electric models are illustrated.
Secondly, an in-situ measurement method — the three-probe method which is verified to be
applicable at discussed frequency - is proposed. The measurement accuracy is guaranteed
through a proper Fast Fourier Transform (FFT) process by collecting both amplitude and
phase information of the measurement. In addition, the three-probe method was compared
with its predecessor — the two-probe method which was proposed in 2004 to measure noise
source impedance at 150 k — 30 MHz. Then the impedances measurement results of different
sources and loads are illustrated by using this three-probe method. At last, by using a variable
inductance/capacitance box to simulate different source conditions, it comes out that the loads
which property will turn out to be capacitive at certain frequency (2 k — 150 kHz) are sensitive
for source impedance variations. Their voltages and currents all are influenced significantly
with the resonance between source and load impedances. Fortunately, with further
investigation, this effect seems not to interfere with the reading of the smart meter under the
test.

Index terms — Current probe, In-situ measurement, Frequency 2 k — 150 kHz, Source
impedance, Load impedance



1 Introduction

1.1 Background and problem statement

Electricity has become one of the most important forms of energy in our lives because of its
ease of transportation over large distances and easy conversion to other energy forms. The
traditional ways of transferring the fossil fuels into electrical power are gradually reducing. The
renewable energy is playing an increasingly important role in generating electricity. In order to
make optimal use of those different types of energy and increase comfort in application of
electrical energy, diverse power electronics equipment and their relevant control strategies are
widely applied in power systems [1][2]. However, the electromagnetic inferences (EMI) as
side-effect resulting from the harmonics caused by those power electronics equipments due to
their frequent switching behavior certainly disturb some electric appliances and affect their
normal operation, which should be avoided [1-3]. Certainly, power electronics equipment is not
the only source of EMI, and in facts, this EMI effect could be initiated by any occurrence of
unintentional emission coming from one or more non-communication or communication
equipment or a combination of both. Thus, the source of EMI could be a phone, a PC,a TV, a
lamp or even a DVD player etc [4]. In order to ensure that electronic devices in our lives work
as best as possible, standards and rules to limit the level of EMI are produced and published.
International electromagnetic compatibility (EMC) standards have already covered the level of
disturbance for the EM frequency range below 2 kHz and above 150 kHz, but for the frequency
range between 2 kHz and 150 kHz there are no satisfactory EMC standards. A new basic
standard for this range IEC61000-4-19 with the title “Testing and measurement techniques —
Test for immunity to conducted, differential mode disturbances and signaling in the frequency
range 2 kHz to 150 kHz at a.c. power ports” is just published in May 2014 [5][6-8] and it only
concerns harmonics and some specific emissions. The reason why there is a gap for relevant
standards at this frequency range is mostly due to the facts that, firstly in the past no significant
emissions or disturbance sources existed and, secondly seldom appliances worked in this
frequency range. Since these facts mentioned above exist, almost no widespread problems
due to the high disturbance levels in the discussed range have been reported, which results in
the lack of motivation to manage the distortion in this range [5][9][10].

However, things have changed in recent years and this frequency range has become more
important. On one hand, of course, this is due to the increasing use of appliances generating
current distortion in frequency range 2 kHz - 150 kHz. On the other hand, this frequency range
is partly used for power-line communication (PLC) (in the range 9 kHz - 95 kHz) [3][9-11].

As far as what we know, the EMI in this frequency range comes from firstly, non-intentional
emissions from network users’ equipments at or close to frequencies used for mains
communicating systems (MCS) which interfere with intentional MCS signals, leading to
disturbance of, or loss of MCS communication. Secondly, Harmonics of non-intentional
emissions from this equipment will also cause interference with MCS communication resulting
in failures. Thirdly, discontinuous currents or voltages from the users’ devices as well as signal
voltages from MCS may cause distortion, which leads to disturbances in users’ equipment and

results in poor performances. Moreover, the low-impedance path caused by equipment may
1



lead to MCS signal attenuation and disturb the communication. At last, overheat and
accelerated aging effect as a result of higher current due to non-intentional emission from
users’ equipment or MCS signal voltages can also be regarded as a side effect of EMI in this
frequency range [4][12-14].

With more profound research, some of the EMI sources in our lives at related frequency range
have already been recognized. First, as what is mentioned at the beginning of this thesis,
inverters (e.g. in PV installations) as a typical kind of power electronics equipment are surely in
this list. Apart from that, variable speed drives (VSD) (e.g. in elevator drives, ski lift drives,
heating system circulation pumps, ventilation systems, household equipment), switch-mode
power supplies (e.g. in lighting equipment, PCs, consumer electronic/home entertainment
equipment such as TV and DVD player, ICT equipment, uninterruptible power supplies (UPS),
charging devices), lighting equipments (e.g. fluorescent lamps, compact lamps, LEDS),
household equipments (e.g. induction cookers, washing machines, electric shavers), portable
mains operated tools and automated meter reading PLC (AMR-PLC) can be also regarded as
EMI sources [2-7][9][10][15-18].

At the same time, AMR-PLC is also considered to be an EMI victim. Besides, solid state
meters, electronic control (e.g. touch-controlled equipment like Touch Dimmer lamps (TDL),
alarm systems, traffic control systems, traffic lights, in heating systems, street lights, in urinals,
for doors, in kitchen appliances such as steam irons, coffee machines, ceramic hobs etc.),
communication systems (e.g. Ethernet-system, ISDN-, ADSL-modems, IP network branch
exchange, routers, LAN), telephone systems including inductive train ratio systems, earth
leakage circuit breakers (ELB), contactless magnetic card readers, credit card terminals,
notebooks (cursor position), broadcast standard time-signal system such as DCF77, road
vehicle smart keys, TV as well as radio receivers, mobile radio and amateur radio are all more
or less affected by EMI in frequency range 2 kHz - 150 kHz [2-7][9][10][15-18].

The effects which have been found according to experiment results and investigations from
customers’ reports on the victim devices mentioned above are summarized in table 1-1
[2-7][9][10][15-18].

With this overview of potential EMI victims and sources as well as EMI effects on victims, we
should notice that the devices having EMI problems in the frequency range 2 kHz - 150 kHz
already cover a big amount of both domestic and public appliances. At the same time, related
standards are still absent, which will need to be resolved as soon as possible. Thus, continuing
the trend to study related issues under this frequency range in EMC as well as power
electronics research fields will be unavoidable.



TDLs Unintentional switching (between light steps, OFF, ON)
Street lighting Unintentional switch-on and -off
Traffic control system Malfunction
Traffic lights Malfunction
Solid state meter Displaying wrong meter register values
MCS Temporary loss of data transmission function
Heat control through DCF77 Malfunction
signal
Heating systems Incorrect alarms due to sensor faults
Contactless magnetic card reader Fault of reading function
ADSL modem Loss of link, CRC error
Routers Loss of synchronization to network
Notebooks Disturbed cursor position
Inductive train radio system Audible noise
Ceramic hobs Incorrect relay switching
Coffee machine Incorrect control lamp function
Steam irons Insufficient heat, water loss, incorrect control lamp
blinking
Washing machines Self-restart after end of operation phase
Automatic urinal water control Switching to permanent operation
Broadcast standard time-signal Electronic clocks: being fast (gaining up to 15 mins per
systems day), malfunction of control circuits fed by the time-signal
TV and radio receiver Audible noise
Amateur radio Disturbed reception of distant transmitters

Table 1-1 Effects of EMI to equipment in the frequency range 2 - 150 kHz




1.2 Theoretical background and objectives

Great many efforts have been paid by those researchers working on this field and a big
amount of progress has been achieved. Among all of those research teams, Professor M.H.J
Bollen and his teammates have really made a great difference. They used short-time Fourier
transform (STFT) to analyze the EMI effects in the frequency range 2 kHz - 150 kHz in
frequency domain and applied different instruments to do the same analysis in time domain
[3][10-12][19]. By doing so, it was possible to choose the better way to analyze signals
dependent on diverse requirements. Meanwhile, they also found that the spectrum
characteristic would vary according to the different locations [3]. However, there is no further
explanation for this. Thus finding out whether this results from the source impedance
difference is quite a great inheritance from their research. But measuring the source
impedance is not simple, especially when it needs to be measured without interrupting the
normal operation. As far as we know, seldom such measuring approach has been proposed
except for one using two current probes to measure the noise source impedance of a switched
mode power supply (SMPS) at 150 kHz — 30 MHz [20] and another one using Vector Network
Analyzer (VNA) [21]. Unfortunately, both of these approaches are only verified at the
frequency beyond 150 kHz. Therefore, some efforts may be paid to testify and improve them
to make one or both methods adapt to the measurements with 2 kHz - 150 kHz. In addition,
there is seldom research done on smart meter immunity test and even if it exists, it concerns
only some simple tests [6]. Even if it came out by IEC testing that some smart meters got
influenced during their immunity test at the discussed frequency range, the reason why still is
not known yet. One possible reason would be the resonance of source impedance and the
load impedance at some frequency points however no published researches have mentioned
this assumption. Besides, even though it might not influence the smart meter itself, it could
lead to other problems for electrical parameters measurements on other devices. Therefore, a
synthesized immunity test will be included in this task which is related to the impact from
different source and load impedance combinations on electrical parameters measurements
and smart meter readings which will give more detailed information for further research in the
future.

In summary, the aim of this task is first to propose an effective in-situ measurement method for
source and load impedances measurements. This measurement method has to be easy to
operate, duplicable and safe. The measurement equipment will be accessible for most of
electric relevant laboratories and companies. Then, this research is aimed to find out the
influences of different load and source impedances combinations on electrical parameters
measurements such as current, voltage and power when they meet disturbances in the 2 k —
150 kHz range. As many as possible combinations need to be measured to simulate the
situations that when different loads are connected with different power supplies. Furthermore,
the question on whether this influence will affect some electrical devices such as smart meter
needs to be concerned. The measurement results should be reported and explained to help
other researchers in the further investigation in relevant aspects.



1.3 Thesis layout

Chapter 2 describes the measurement systems, the goals and challenges in details.

Chapter 3 presents some basic knowledge, analysis, characterization, transfer impedance
measurements and modeling of different current probes.

Chapter 4 discusses two in-situ measurements of source and load impedance and their merits
and shortcomings.

Chapter 5 presents the measurement results of source and load impedances from various
supplies and loads respectively.

Chapter 6 investigates the disturbance influence on electrical parameters measurements and
a smart meter.

Chapter 7 contains the conclusions and recommendations.



2 Methodological approach

2.1 Challenges

To investigate whether the resonance of source and load impedance will influence the
electrical parameters measurements and whether it is the reason that causes the wrong
reading for a smart meter, one appropriate noise source is necessary. This noise source needs
to be able to inject 2 k — 150 kHz disturbances into the circuit under test. Besides, reaching the
same amplitude of the noise signal on each frequency point is also necessary to simplify the
analysis. Then, measuring source and load impedances at power-on situation needs to take
into consideration the convenience and the safety, because this work needs to be
accomplished with the grid connected. Therefore, finding an appropriate way to achieve the
measurement is the most important step. Certainly, the selected method must be easy to
install and manipulate, otherwise it is not be comparable to the normal measurement methods.
At last, the measurement results should be transferred to computer to be processed. Thus,
some software and subsequent programming may be needed.

2.2 Measurement systems

The main measurement system for the research of disturbance influence on smart meter as
well as electrical parameters measurements is shown in Fig 2-1. It contains a signal generator
used to inject noise, a power supply offering stable 230 V AC power, a reference meter which
collects electrical parameters and transfers the data to a computer to analyze via a Labview
platform, an electrical load and the EUT (e.g. smart meter). For the safety and convenience,
current probe is selected as the noise injection instrument. In this case, an arbitrary waveform
generator (AWG) is used as the noise source which is able to output the desired waveform
uploaded from a computer. Fig 2-2 shows the injecting signal used in this test. It is an
equal-amplitude multi-tone signal from 1 kHz to 150 kHz spaced 1 kHz and there is no
significant signal above 150 kHz.

Signal
Generator

v (a) (a)
Injecting
Power probe
AC (M) v v
supply <:> <:> Load
EUT Reference
meter

Fig 2-1 Main measurement system
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Fig 2-2 Injecting noise source

The interference is injected by the injecting probe and detected by the applicable receivers so
that it is able to control the injection intensity. The smart meter is connected to the computer
and the data will be received and analyzed using the applicable software. Then, other
electrical parameters can be measured successfully with the “reference meter” and analyzed
by the Labview platform.

Another measurement setup in this research is for the in-situ measurements of source and
load impedances. In this part, current probes still play very important roles. As it is described in
[20], a two-probe approach was validated to manage measuring of the noise source
impedance at 150 kHz — 30 MHz. The basic setup consists of just two current probes, one
signal generator and one spectrum analyzer as illustrated in Fig 2-3. The way to install a setup
and collect the data is quite simple. Clamping two probes around the wire under test is easy
and it is not necessary to interrupt the devices’ operation. Furthermore, it is galvanic isolated
from the conductor to avoid electric shocks. For the reasons described above, the basic idea
of this method using current probes to measure source and load impedance is applied to our
measurements. However, the actual two-probe approach is used at frequency beyond 150 kHz.
This means that some improvements are necessary to make this method applicable for the
required frequency range.

Recerving
Spectrum probe
*ﬁ‘nal}rw Iw a é .I.h
\/ T
Injecting !
Probe . | [] Zx
> I Unknown
. re————- 7! impedance
Signal ; ¢
Generator ale Re Le ! b

Coupling capacitor

Fig 2-3 Basic setup of the two current probes approach



In fact, the method used in our research is called “three-probe” approach as Fig 2-4 illustrates.
The difference between these two approaches is not only the addition of an extra current
probe but also the changing of the analysis strategy. The signal is collected in time domain
using a digitizer instead of being collected in frequency domain using a spectrum analyzer. By
applying the circuit analysis, it is possible to find the relationship between the unknown
impedance and two current probe measurements (detecting probe and receiving probe). The
detailed characterization and mathematic deduction will be discussed in chapter 4.

Signal
Generator

Detecting | >——Digitizer

probe v
1,
VARV
Injecting Receiving
probe probe Unknown
Vin impedance Z
R Ce L
Coupling
capacitor

Fig 2-4 Impedance measurement system
To obtain a better understanding of the measurement circuit and find the way to solve the
unknown impedance, accurate electric models for different probes are necessary. Therefore, a
lot of effort has been paid to the current probe’s characterization and modeling. In this part, the
spectrum analyzer and the VNA are both used as the signal receiver. Fig 2-5 illustrates the
current probe measurement setup.

Receiver

Probe

Signal Known
Generator Load

Fig 2-5 Current probe measurement system



3 Monitor probe and BCI probe analysis,
modeling and characterization

The concept of measuring the magnitude of any unknown impedance using three current
probes approach is proposed in chapter 2. As Fig 2-4 shows, in the setup, it involves an
injecting current probe, a detecting probe and a receiving current probe. The functions of these
three probes are just as their names indicate - injecting signal, detecting signal and receiving
signal. However, as far as we know, there are two categories of current probes in the market,
current monitor probes and bulk current injection probes. Both categories are widely applied to
do the electric and magnetic measurements. Since the two different probes have distinctive
properties which are significant for our further measurement and analysis, profound
investigation of the properties of these probes is of importance.

In this chapter, four different current probes will be discussed in detail. First, a simple probe
property test will be applied and we will find the measurement difference between using
current probe and current shunt. Secondly, one of the most important parameters of a current
monitor probe - transfer impedance - will be discussed, including the applicable fundamental
knowledge, the testing method used, and a comparison with the data from a datasheet.
Followed by the probes’ SPICE model and verification based on previous information. Next,
some specific discussions on the BCI probes will be given like electrical model and different
transfer impedance test method. At last, several differences between the monitor probe and
the BCI probe will be listed as a conclusion.

3.1 Current probe and current shunt

The idea of this experiment is to find a difference between using a current probe and a current
shunt to measure the target current. By doing so, there will be a better understanding of
current probe’s property which is helpful for our further investigation.

3.1.1 Test setup

1. Power supply
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Fig 3-1 Power supply
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Model 108 AMX, as a member of Pacific Power's AMX series popular family of high
performance Linear AC Power Sources, can offer a programmable output voltage (adding
harmonics to test load impedance and influence to the load) with low distortion.

2. Current Probe ETS 94430-5

Fig 3-2 Current probe ETS 94430-5
Model 94430 Series Radio Frequency (RF) Current Probe is a clamp-on RF current
transformer designed for use with Electromagnetic Interference (EMI) Test

Receivers/Spectrum Analyzers, or with any similar instrument having a 50 Q input impedance,
to determine the intensity of RF current present in an electrical conductor or group of
conductors. The circuit is that of a radio frequency transformer as illustrated below in Fig 3-3:

(e

S

Outputlc? CoaxialCable
50 Ohms Impedance

Secondary Winding

N ANAANAS

Electrostatic
Shield (Case) -

VT,
7 —_—

Noise Currents

Primary (Test Sample Lead) —

Fig 3-3 Basic current probe testing structure

0 Model 94430-5 Transfer Impedance

Q

01 | FREQ MHz | | | |
01 1 10 10 100 1000

Fig 3-4 Typical transfer impedance variation with frequency for model 94430-5
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3. Current shunt

The AC-DC current shunt provides a stable resistive property in the low frequency range. By
measuring the voltage signal on the shunt, the current value can be obtained by simply
applying Ohm'’s law.

Fig 3-5 Current shunt
4. NI PXI-1031DC
NI digitizer (N15922, 24-bit resolution up to 500 ksamples/s, ranging to 16 bits at 15
Msamples/s) samples the voltage and current waveform in time domain. Subsequently the
time domain information of signals will be sent to a computer to display or do further analysis
like frequency domain conversion by using some analysis software such as Labview.

Fig 3-6 NI digitizer
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3.1.2 Test circuit and results

Voltage CHO
Ac<ffg;> <i§%§i> Divider . NI
CH1

Digitizer
Current shunt / \Y%
Current probe
1 - N
L

7

Fig 3-7 Current probe/shunt property test schematic
In this test, a nonlinear LED lamp is used as a load as shown in Fig 3-8. The NI digitizer
samples the signals from the voltage divider and the current shunt/probe and then sends them
to the PC where the sampled signals are analyzed via Fast Fourier Transformation (FFT). This
process is executed by a Labview program platform. As a result, the frequency domain
analysis will be presented.

Voltage
divider

Fig 3-8 Current probe/shunt property test circuit
In Fig 3-9, an obvious difference to current measurements exists due to the variable transfer
impedance (Z;) of current probe. In this case, a constant Z, was used in the program when
testing both with the current shunt as well as with the probe. The value of Z; is 0.028 Q which
as Fig 3-4 indicates is Z; at 10 kHz. In such case when the program transfers voltage into
current, it would treat the Z; as a constant. This was true when current shunt was used.
However, as Fig 3-4 demonstrates, the Z; of this current probe is increasing linearly at this
frequency range. So actually, when frequency is beyond nearly 10 kHz, the real Z, is larger
than applied in program. Higher current output is shown in the graph as a result according to
Ohm'’s law. Similar things happen at frequencies below nearly 10 kHz. Therefore, when using
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the current probe to measure the current, a correction factor is needed which is based on the
exact Z, variation. For this reason, obtaining an accurate Z; variation curve is necessary.

Measurement comparison between using probe and shunt with constant 0.028Q TR impedance
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Fig 3-9 Results from using current probe and shunt

3.2 Transfer impedance measurement of monitor probes

and their modeling

3.2.1 Basic theory of a current probe

Current probes are characterized by the parameter: “transfer impedance”, the ratio between
the output voltage and the current flowing through the current probe. Since it is the ratio
between voltage and current, the transfer impedance (Z;) has units of ohms. But, one needs to
note that the current in this case is not caused by the output voltage. It occurs in a different
circuit.

Although the transfer impedance is measured in ohms, it is often plotted on a log-log scale
such as presented in Fig 3-4. The unit of y-axis is normally labeled dBQ. This is calculated by:

dB ohms = 20 log (|Z;|) (3-1)

where |Z;] is the magnitude of the transfer impedance.

7 Primary

> side
Lo

Secondary
Side

Load
Fig 3-10 Simplified current transformer model
A current probe can be modeled as a current transformer as shown in Fig 3-10. The difference
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is, in this case, the primary winding is a one-turn wire while the secondary winding is the coil
around the probe core.
Fig 3-11 delivers us the Thevenin circuit of the secondary winding. The Thevenin equivalent
voltage induced into the secondary winding is given by:
v, = M5 = Mjol, 32)
dt
Where w = 2nf and M is the mutual inductance between the coil and the conductor through
the probe.
Combined with Equation (3-2) and this equivalent circuit, the output voltage can easily be
deducted by:
. Zo

Vo = Mjwl, ZotioL,

Where V, is the output voltage delivered by the probe to the load and Z, is the load

(3-3)

impedance, usually 50 Q and L, is the self-inductance of the secondary side.

I Ly

M

Fig 3-11 Thevenin equivalent circuit of secondary winding
By simply solving the Equation (3-3) for the transfer impedance Z,, V/l;, one yields the result:
_ joM
T 1+jwl,/Z,
Equation (3-4) shows that Z; varies with frequency and can be divided into a low frequency

Zy (3-4)

part and a high frequency part with the boundary frequency F. which leads to w¢L, = Z, or

_ 2%
2Ly’

C

Below F., in the so called voltage region, Equation (3-4) can be reduced to:
Zi = joM (3-5)

If M is constant, then the function of Z, and frequency should be a monotonically increasing
line. Equation (3-5) also tells us that the mutual inductance is the only factor that affects the
performance of the Z; at the lower frequencies.
Above F, in the so called current region, Equation (3-4) turns into:
Zy =11, (3-6)
L,
As can be deducted from Equation (3-6), Z; is constant at the higher frequency part when M

and L, are both invariable.
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3.2.2 Test setup

1. Signal generator

HP 33120A Function Generator is a versatile instrument capable of generating sine,
square, and other waveforms with frequencies up to 15 MHz. The output resistance of the
33120Ais 50 Q, which means that we can model this device as an ideal internal voltage
source with a 50-Q resistor in series. Furthermore, it is able to inject — a user programmed
signal into the generator, which makes this generator have wide application. Fig 3-12 gives
the picture of HP 33120A in the lab.

o a -
Ll B ol i

Fig 3-12 HP 33120A function generator
2. Spectrum analyzer
The Rohde & Schwarz (R&S) FSP40 spectrum analyzer is a wide band (9 kHz — 40 GHz), very
sensitive receiver. The received frequency spectrum is slowly swept through a range of
pre-selected frequencies, converting the selected frequency to a measurable DC level (usually
logarithmic scale), and displaying the same on the screen. But there is a shortcoming that it
can only show the magnitude information.

Fig 3-13 R&S spectrum analyzer

3. Vector network analyzer (VNA)
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A VNA is a device which measures the S parameters of its two ports, Port 1 and Port 2.
Usually, a VNA measurement result contains four S parameters. They are Sy, S12, S»; and
S,,, representation of forward reflection coefficient (input match), forward transmission
coefficient (gain or loss), reverse transmission coefficient (isolation) and reverse reflection
coefficient (output match) respectively, if we use Port 1 as injection port and Port 2 as
output port. In this case, it is used to measure input/output impedance of probes as well as
their transfer impedance at high frequency (above 300 kHz).

Fig 3-14 VNA
4. Calibration fixture (Jig)
Test jig is used to set current probes and its specific design can promise the impedance
characteristic is as much as possible stabilized along the conductor at high frequency
which is important to reduce the side effects.

Fig 3-15 Jig

5. Monitor probes

There are 3 monitor probes in the experiment. One is Model 94430-5 used in section 3.2 as
shown in Fig 3-2 and the two are both Fisher F75 probes. To distinguish between the two
F75 probes, one of them was taped with a red mark and named “F75red” in the following
text and the other one is still called F75 probe. Their pictures are shown in Fig 3-16.
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Fig 3-16 F75 (left) and F75red (right)

3.2.3 Test circuit

1. Low frequency (1 k — 150 kHz)

50Q

Spectrum
g 50 GEQ analyzer
Current
probe

Generatorﬂcfi)

Fig 3-17 Transfer impedance measurement circuit at low frequency
For the low frequency test, the signal in Fig 2-2 is used as the source. By applying this
signal, it is able to notice the current probe’s response intensity at different frequency in the
same time.
In Fig 3-17, on the primary side the current probe in clamped on a calibration jig to which a
generator, is connected while the output port of the current probe is terminated by a
spectrum analyzer on the secondary side.
What needs to be noticed is that the amplitude of the source is measured directly by
spectrum analyzer. However, there are 50 Q built-in impedances inside both the generator
and the analyzer. Therefore, the direct measurement is just half of the actual open source
value. This is clarified in the circuit shown in Fig 3-18.

Spectrum
Generator Analyzer

50Q

50 Q 69

AC @

Fig 3-18 Source measurement circuit
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According to the transfer impedance’s definition, the ratio of between output voltage of the
probe and the current on the conductor through the probe, spectrum analyzer is connected
to output port to measure the amplitude of the voltage at 1 k — 150 kHz while generator
injects signal into the conductor of the jig which goes through the probe under test. Fig 3-19
shows the measurement circuit and its implementation.

Fig 3-19 Implementation of Z; measurement circuit at low frequency
2. High frequency (above 300 kHz)
Although this thesis mainly aims at the performances at 2 k — 150 kHz, high frequency
analysis is also a good supplementary to examine our ideas on the probe’s properties.
Considering the frequency limitation of our source signal, in the thesis, the high frequency
measurements were accomplished by VNA not spectrum analyzer.

VNA
e s
5 B 50122 load
Calibration fixture /
g1l

b’
Current probe | —%» _+Si,,_.
Fig 3-20 Zt measurement at high frequency
As shown in Fig 3-20, Port 1 injects signal into the conductor of calibration fixture (jig) and
Port 2 receives the signal from probe’s output. By making use of the definition of S, it is
possible to figure out the transfer impedance of this probe.
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3.2.4 Test results

As is described previously, measurements are divided into two parts, at low frequency and
at high frequency. Therefore, the test results of each probe are also discussed separately.
1. Monitor probe Fisher F75
a) Low frequency
Based on the measurement approach, three steps are needed to obtain the transfer
impedance. First, the value of injection voltage (V;,) from generator is required. This can be
done by making use of circuit shown in Fig 3-18. But the value that spectrum analyzer
displays (Vg) is half of V;, (V4= Vi,/2). Then another circuit as Fig 3-17 shows needs to be
applied to find the probe output voltage (V). At last, the transfer impedance can be
deducted by:
Vi

Zt = ﬁZSA (3-7)

where Zs, is the built-in spectrum analyzer impedance, 50 Q in this case.

F75 transfer impedance at low frequency
0.4 T T T T

0.35

0.3

Zt (ohms)
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Fig 3-21 Z, of F75 at low frequency
As Fig 3-21 illustrates, Z; is a linearly increasing line with some fluctuations at low
frequency, which is just as Equation (3-5) indicates. The fluctuations are inevitably caused
by the background noise of spectrum analyzer which is also the reason that data starts at
20 kHz.
b) High frequency
As it has been demonstrated before, Z, at high frequency is measured by VNA. From VNA, the
ratio of V,to Vi, (voltage of Port 2 to Port 1) is indicated by the S,; in the unit of dB. In Fig 3-22,
Z;is V,/1. To calculate current (1), Ohm's Law is used wherein 1=V;,/50. So Z; is therefore:
Zt=ﬁ=ﬁ><50 (3-8)
I Vin
where Z; is in units of ohms (Q).
Z, is often expressed in dBQ . This can be accomplished by taking 20log of each side of the
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above equation:

20 log(Z,) = 20log () (3-9)
where 20 log (Z;) is now in units of dBQ

201log(Z,) = 201og(;,) — 20log (1)

201log(Z,) = 201log(;,) — 201og(Viy) + 20log (50)
finally,
20log(Z,) = 20log(},) — 201og(Vi,) + 34dB

or

20log(Z,) = S,; + 34dB (3-10)

We see from the result above that 34 dB needs to be added to the S,; measurement made by
the network analyzer if S,; is measured in dBV.

If we consider the case of a current probe that has a transfer impedance Z, of 0 dBQ (or 1 Q in
non-dB terms), the initial measurement from the network analyzer for S,; as described above
would show a ratio of -34 dB. The 34 dB correction noted above would then be added to result
in a Z, of 0 dBQ.

| 50 02

AMA
VA

Port 1
(50 £2)
Network I Vi
Analyzer !

L1
1

Current Probe

Port 2 gogfe LJ
(50 Q) a
b | =
Ve ™ calibration Fixture

Fig 3-22 7, test structure via VNA

F75 transfer impedance at high frequency
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Fig 3-23 Z, of F75 at high frequency
In this case, the transfer impedance has been represented in units of ohms via the reverse
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transformation as mentioned above and the results are shown in Fig 3-23. Z; stays
constant (0.9 Q) beyond 5 MHz which is just as Equation (3-6) denotes it would be.

2. Monitor probe Fisher F75red

a) Low frequency

F75red transfer impedance at low frequency
0.4 T T T T
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Fig 3-24 Z, of F75red at low frequency
b) High frequency

F75red transfer impedance at high frequency
1.05 T T T T T T T

Zt (ohms)

0.8 B

Frequency (Hz) % 10

Fig 3-25 Z, of F75red at high frequency
Obviously, F75 and F75red have similar performance, which is acceptable for they share
the same product type. However, if we put Fig 3-23 and Fig 3-25 together, we would find
that the values of Z; in their current regions are not overlapping.
For current probes employing a magnetic core, the following relationship for the mutual
inductance, M, holds:

M = kz L1L2 (3-11)

where k is the coupling coefficient, L; is the inductance of the primary (wire or conductor)
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and L, is the inductance of the secondary (probe).
Then by substituting M from Equation (3-11) into Equation (3-6), it yields:

Z, = 24—220 = ki/%zo. (3-12)

According to the theory of transformer, the inductance ratio equals to the square of turns
ratio. Since L, represents the wire passing through the center of the current probe and
usually represents one turn. Therefore Equation (3-12) can be written as:

Zi =k— (3-13)

where N, is the turns number of the probe.

For our situation, load (Z,) and turns number (N,) are the same in both cases. Therefore
the only variable becomes the coupling coefficient. It is the different k which may be caused
by manufacturing deviations that result in the distinct performances at current region for
these two “same” current monitor probes.

3. Monitor probe ETS 94430-5

a) Low frequency

94430-5 transfer impedance at low frequency
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Fig 3-26 Z; of 94430-5 at low frequency
Compared with F75, the higher slope resulted from higher mutual inductance and lower
fluctuations caused by higher response intensity that spectrum analyzer receives from
probe which implies that probe 94430-5 has better properties at the lower frequencies.
b) High frequency
According to Equation (3-6), in the current region, the transfer impedance should stay
steady also as the datasheet shows it would be in Fig 3-4 while for this probe under test it
turns out that it cannot hold true anymore. Instead, the Z; reduces slowly from the peak
slightly over 1 Q at nearly 10 MHz to 0.85 Q at 100 MHz.
Equation (3-6) which is derived from Equation (3-4) holds true only when the probe can be
treated as an ideal current transformer. In other words, it does not take the stray
parameters into account. When the stray parameters are insignificant when compared with
their main parameters, the equation works quite well like in F75. However, in this case, the
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volume of ETS 94430-5 is much smaller than F75 so that the stray capacitors between
windings would be much larger in turn. Therefore, it would be more complex to some extent
to model this current probe than the previous two.

94430-5 transfer impedance at high frequency
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Fig 3-27 Z, of 94430-5 at high frequency

3.2.5 Modeling

SPICE models for each of these probes are built according to the measurement results of
their transfer impedances. The basic idea of building a SPICE model is following the
current transformer’s model then set the parameters relying on the experiment tools’
property and test results. Combined with Equation (3-5), the mutual inductance can be
calculated from the low-frequency Z, curve’s slope. Then using Equation (3-4) and some
mathematic strategies, it is possible to solve the inductance of the secondary side. At last,
applying Equation (3-11) and (3-13), the rest of the main parameters can be confirmed.

1. Modeling monitor probe F75
R1

L1 [K] K1
AWy Ko
50 K_Linear
COUPLING=0.9
22.13u
8.83n 50 R3
L1 L2

Fig 3-28 SPICE model of F75
In this model, R; represents the built-in impedance of signal generator while Rj is referring
to the impedance inside spectrum analyzer. L; and L, are the self-inductances of the
primary and secondary side respectively.
The value of each parameter can be calculated as follows:
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1) adding a trend line for the low-frequency Z, curve and confirming the slope of the trend
line which is equaling to 211M,

2) setting the coupling coefficient according to high-frequency Z, curve and Equation (3-13),
0.9 in this case,

3) using Equation (3-4) as a function of frequency, by changing L,, to solve a curve closest
to the high-frequency curve,

4) and calculating L; based on Equation (3-11).

F75 transfer impedance at low frequency
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Fig 3-29 F75 Z, comparison at low frequency

F75 transfer impedance at high frequency
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Fig 3-30 F75 Z, comparison at high frequency
2. Modeling monitor probe F75red
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Fig 3-31 SPICE model of F75red

F75red transfer impedance at low frequency
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Fig 3-32 F75red Z, comparison at low frequency
F75red transfer impedance at high frequency
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Fig 3-33 F75red Z; comparison at high frequency

The difference is that F75red has a higher coupling coefficient which results in the different
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value of L; and L.
3. Modeling monitor probe ETS 94430-5

PARAMETERS:
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Fig 3-34 SPICE model of ETS 94430-5
Fig 3-34 illustrates the SPICE model of ETS 94430-5. Except for the different values of
inductances, a capacitor acting as the stray capacitor between windings is added on the
secondary of this circuit. For the reason of existence of this capacitor, at high frequency, it
adds a parallel current route bypassing the load. Furthermore, this effect will enhance with
the increase of frequency. Therefore, with gradual reduction of output voltage, the transfer

impedance will fall as well.

94430-5 transfer impedance at low frequency
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Fig 3-35 ETS 94430-5 Z; comparison at low frequency
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94430-5 transfer impedance at high frequency
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Fig 3-36 ETS 94430-5 Z; comparison at high frequency
In the Fig 3-35 and Fig 3-36, curve “Z; model” means it uses the value calculated following
the process mentioned in section “Modeling monitor probe F75” while the curve, “Z; model
with higher L,", is just using higher L, (34 pH) in the model. As we can see from Fig 3-35,
higher L, gives the better simulation results at low frequencies. But, in the meanwhile, it
reduces matching at high frequencies as shown in Fig 3-36.
The reason leading to this situation is that, as we discussed before, the current probe is
essentially a transformer with a magnetic core inside. A probe or transformer’s
performance is highly depending on the core material, because the permeability of a
magnetic core can be significantly distinct according to different type of magnetic material.
What's more, there are lots of factors that can cause influences on permeability such as
temperature and pressure. Then, in this case, the most significant factor is frequency. As
Fig 3-35 and Fig 3-36 display obviously, the inductance reduces with frequency. From the
basic inductance theory, both the self inductance and mutual inductance are proportional to
the permeability as Equation (3-14) and Equation (3-15) describes below:

UNZ?A

L= (3-14)

and

(3-15)

where y is the permeability, k is coupling coefficient and N is the number of turns on the
secondary side, A is the cross area of core and | is the average magnetic loop length.
Although in our case, it is difficult to identify the cross area and loop length of the core, yet
the trend of the inductance can also represent the variation of the permeability.

This situation also illustrates the shortcomings of modeling a non-linear magnetic
component by SPICE. Therefore, in the future section, BCl modeling, one different
modeling method using MATLAB will be discussed in detail.
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3.3 Transfer impedance of BCI probe and its modeling

3.3.1 Test setup

Except for the same test setups as what have been used in monitor probe test such as VNA,
spectrum analyzer, signal generator and calibration fixture, there are other special setups
applied for some special purposes.

1. BCI probe CIP 9136A

The CIP 9136 probe (as Fig 3-37 shows) allows wide band performance from 10 kHz - 400
MHz, and above. The CIP 9136 core material is highly efficient and thermally rugged, thus
allowing very high injected levels to be achieved with lower RF input power levels.
Furthermore, the probe has 1:1 turn ratio so that the injection efficiency can be much higher
than the normal current monitor probes.

Fig 3-37 BCI probe CIP 9136A
2. Impedance analyzer
1) QuadTech 7600 Precision LCR Meter
The 7600 Precision LCR Meter is an automatic, user programmable instrument for measuring
a wide variety of impedance parameters. The 7600 covers a frequency range from 10 Hz to 2
MHz with basic measurement accuracy of 0.05%.

Fig 3-38 QuadTech 7600 precision LCR meter
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2) Agilent E4980A Precision LCR Meter

The Agilent E4980A is a general-purpose LCR meter for inspection of incoming components,
quality control, and laboratory use. The E4980A is used for evaluating LCR components,
materials, and semiconductor devices over a wide range of frequencies (20 Hz to 20 MHz). It
leads to better results compared with QuadTech 7600.

8249272 mH
48.30673 kO

Fig 3-39 Agilent E4980A precision LCR meter

3.3.2 Transfer impedance test

1. Test circuit

Fig 3-40 Implementation of Z; measurement of BCI probe
The transfer impedance test circuit is the same as monitor probe’s test. It is also accomplished
separately by using signal generator and spectrum analyzer at low frequency and VNA at high
frequency. The strategy of calculation is also similar as before.
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2. Test results

BCI transfer impedance at low frequency
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Fig 3-41 7, of BCI at low frequency
BCI transfer impedance at high frequency
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Fig 3-42 z, of BCI at high frequency
Fig 3-41 and Fig 3-42 illustrate the test results. Two important points obtained from these

results are:
1) a gradual reduction of the slope of the low-frequency response, and

2) a transfer impedance at current region of near 25 Q if ignoring the influence of the stray

capacitor as is discussed before.
Regarding to the first fact - this is due to the decrease of permeability of the magnetic core as

we discussed at ETS 94430-5 measurement.
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For the second result, using Equation (3-13), it yields that the number of turns on the
secondary side is 2. Therefore the turns ratio for this BCI probe should be 1:2. However, the
truth is that the turns ratio is 1:1 according to the datasheet and confirmation from the
employee of the manufacturing company. This means that our measurement method is not
suitable anymore for this probe and it needs to be corrected.

3. Error analysis

Our measurement method was verified to be effective when we applied it to monitor probe.
However, when it comes to BCI probe, the magic just fades away. To understand the reason
behind this situation, one needs to distinguish between monitor probe and BCI probe.
However their operating principles are the same — current transformer. Therefore the only
difference can come from its manufacturing construction. When applying Equation (3-13) to
the monitor probes, this leads to the number of the turns is 50, which means the turns ratio is
1:50.

Fig 3-43 is the equivalent current probe operating circuit. From this circuit, the transfer
impedance is the ratio between V, and |s depending on its definition. According the previous
conclusion, Z; can be derived by:

Vi
Z, =7, (3-16)
Vs
However, Equation (3-16) is only effective for monitor probes not BCI probes.
I
Zs 1:N
Jr
ol
Generator AC -
Current
probe

Fig 3-43 Equivalent current probe operating circuit
Applying the theory of transformer, Fig 3-43 can be redrawn into so called “T equivalent circuit”
as Fig 3-44 illustrates.
I

»
>

K #z, ||
GeneratorAcgi) —

Fig 3-44 T Equivalent current probe operating circuit
In Fig 3-44, Ais referring to the turns ratio of the primary to the secondary, 1/N in this case. For
monitor probes, the value of A is 1/50, so ignorance of the secondary effects is no big deal.
However, when the situation comes to the BCI probe where A equals to 1, the load on the
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secondary side will make a big difference for the input impedance on the first side so that it will
result in a different I leading to a different transfer impedance. Therefore, to obtain a more
accurate Z, response, a correction factor needs to be considered.

4. Correction

To obtain the correct Z;, the accurate input impedance of the primary needs to be confirmed.
Before measurement, to verify our analysis, the following measurements were executed.

Fig 3-45 Implementation of Z;, measurement

As Fig 3-45 shows, a one-turn coil is added and the port of this coil is connected with
impedance analyzer or a port of VNA depending on the test frequency range. To simulate the
measurement situation, the output port of the BCI probe is terminated by a 50 Q resistor.
Besides, to make a comparison with other situations, the BCI port was also set to open circuit
and short circuit. One group of test results, S,, reflection coefficients, by VNA is illustrated in
Fig 3-46. Compared with short circuit case, a 50 Q load on the secondary makes a difference
on the primary input reflection coefficient so as the input impedance.

The reflection coefficient
1 — ==
open ~
- — - —50 ohms i
— — short \

0.9

08y I
0.7+ r“w r/*
< 0.6 JA\
0.5+ \\ ]
0.4

0.31 RN ’ B

0.2 e R
Frequency (Hz)
Fig 3-46 Reflection coefficient
At the lower frequencies (1 kHz — 1 MHz), the input impedance can be directly obtained from
impedance analyzer while at the higher frequencies, this has to be calculated from the
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reflection coefficient by:

1+7
Zin =1,
1-1

where Z;, is the input impedance of the primary, tis the reflection coefficient Sy, or Sy

Zy (3-17)

depending on which port is used as test port and Z; is the built-in impedance of the VNA port.

The magnitude of input impedance
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Fig 3-47 Input impedance
Fig 3-47 illustrates the input impedance from low frequency to high frequency. The Z;, needs to
put into our transfer impedance calculation as a correction factor. After correction, the new
transfer impedance at low frequency and high frequency are illustrated respectively in Fig 3-48
and Fig 3-49.

BCI transfer impedance at low frequency

18 T T

Zt without correction
1< i Zt with correction [
14+ - s

[y
N

=
o

Zt (ohms)

Frequency (Hz)

x 10°

Fig 3-48 Z, with correction at low frequency
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BCI transfer impedance at high frequency
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Fig 3-49 Z, with correction at high frequency
Note that the transfer impedance at current region is 46 if ignoring the influence of stray
capacitors. It does not equal to 50 Q as we wish if the turns ratio is 1. However, it is just like the
happened at F75 test where the coupling coefficient is lower than one. In this case, it should
be approximately 0.925 as a result from 46 dividing by 50. Therefore, the turns ratio of 1 to 1
can still hold true.
5. Verification
To verify the secondary load will barely affect the Z; calculation at monitor probe’s test, similar
correction test was applied to monitor probe F75red.

The magnitude of input impedance

100

80 .

60 1

40} 1
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Fig 3-50 z;, of F75red with a 50 Q resistor
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The magnitude of transfer impedance
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Fig 3-51 Z, of F75red
As what is shown in Fig 3-50, the input impedance is constant and very limited except for that
at the very high frequency part which is none of our concerns in this work. Therefore the
calculation method in monitor probe has no effect on the performance of Z, in the concerned
frequency range which is just as Fig 3-51 shows.

3.3.3 Modeling

Considering the reduction of permeability at low frequency concluded from Fig 3-48 for the
decreasing slope, it is not suitable to apply SPICE model in this case. Therefore circuit
analysis will be the method combined with MATLAB to model this BCI probe.

1000 60

3204 b5 .\

100 4 50 \.
- \\.
T 324 45
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Fig 3-52 Typical required forward power to inject 100 mA
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Fig 3-53 Typical injected current with 100 W forward power
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Fig 3-54 BCI probe modeling circuit

Fig 3-52 and Fig 3-53 illustrate the BCI probe’s property curves which come from CIP 9136A’s
datasheet. In this case, the forward power indicates the power injected into the port of the
probe, which is normally named “N port” similar as the output port of monitor probe. Then, the
injected current is referring to the current induced on the conductor or wire through the center
of the probe.

What needs to be noticed in the BCI probe modeling circuit in Fig 3-54 is that, since the source
is on “N port” side, the primary indicates the probe side so not the conductor or wire side in the
transfer impedance test. Besides, the capacitor refers to the stray capacitor between the
windings in the BCI probe. However, what really is concerned is the performance at low
frequency (especially at 2 k — 150 kHz) and in that case, the influence of the capacitance can
be ignorable.

The main purpose is to find the relationship between forward power and injected current on the
conductor. Thus, it could start with the forward power given by:

P = Re[V[] (3-18)
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where Vg is the forward injecting voltage indicated by

V. = I.Zs + jwLIs — jwL,1, (3-19)
and |, is the injected current on the conductor which has the relationship of
joMI, = jwl,1, + Zyl, (3-20)
Substituting Equation (3-19) and Equation (3-20) into Equation (3-18) yields:
P = Re{l [(5572)2 (Zs + jwLy) = (L, + Zo)]} @21

where L;=L,.

Although Equation (3-21) is capable to indicate the relationship between forward power and
injected current, it is not enough to lead to the same response as Fig 3-53 and Fig 3-54
shows. It is due to the variable inductance for the mutative permeability as has been
discussed before.

To solve this problem, one needs to add in the real inductance variation as a correction
factor when using Equation (3-21) to draw the function.

The inductance can be deducted from the input impedance we have measured before.
Since the impedance analyzer can not only provide the amplitude of Z;, but also offer the
phase information. Therefore, the reactance as the imaginary part of Z;, will be given by:

Xin = |Ziy| sin @ (3-22)

where
Xip =2nf - L (3-23)

With the measured inductance and relevant parameter values, the results are illustrated in
Fig 3-55 and Fig 3-56 respectively, as a verification of this model circuit at low frequency.

Typical required forward power to inject 100mA current
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Fig 3-55 Modeling results of typical required forward power to inject 100 mA
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Typical injected current with 100W forward power
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Fig 3-56 Modeling results of typical injected current with 100 W forward power

3.4 Summary

A simple experiment is done by comparing a current probe with a current shunt when they are
applied to measure current of the same load.

Basic knowledge of current probe and transfer impedance is proposed. Then different
measurement methods depending on the frequency range for transfer impedance are
implemented. Next, usage of transfer impedance performances of monitor probes results in
the SPICE models and the simulation results are compared with the measurements as
verifications.

What's more, concerning the specific transfer impedance curves, the reasons causing their
non-ideal performances is discussed like stray capacitance, coupling coefficient and variable
magnetic permeability.

Specific attention is paid to a BCI probe’s transfer impedance measurement. Especially,
discussion on the differences between measuring monitor probe’s transfer impedance and BCI
probes’ should be noticed. Also, the reason for causing this particularity is analyzed in detail
with an experiment on F75red as a reference. At last, due to the particular magnetic core
property (a continuous reduction of permeability), a different modeling or analysis method
compared to the one on monitor probes is proposed and realized with a real inductance
variation provided by an impedance analyzer.

In summary, the distinct turns ratio and core material which are designed for their own specific
reasons are causing the measurement and modeling methods differences.
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4 Discussion of source and load
impedance measurement approach

4.1 The two-probe approach

Recerving
Spectrum probe

Analyser Iy

im
(2]
‘_,_.
-

T
Injecting : :
Probe Zix
_,_@ v, |
| I Unknown
e 1 ' impedance
Signal . :
Generator Al Re Le ! b

Coupling capacitor

Fig 4-1 Basic structure of two-probe measurement
The method proposed by Dr. See and Dr. Deng has been successfully applied in the noise
source impedance measurement at 150 kHz — 30 MHz according to [20]. In that case, the
unknown impedance to be measured is represented by Z,. The two current probes and a
coupling capacitor form a radio frequency (RF) coupling circuit for the measurement of
magnitude of Z,. The signal generated by the generator is induced into the circuit through the
injecting current probe. Through the receiving current probe, the spectrum analyzer measures
the magnitude of the resultant current |, in the wire of the coupling circuit.

4.1.1 Basic theory of the two-probe approach

I Iy

>

> /I/Di +
Zsig

‘ Vin
Vsig AC@

Fig 4-2 Equivalent circuit of the injection probe
In Fig 4-2, V4 and Zgq indicate the injection source and its source impedance respectively,
while Isrepresents the current flowing into the injecting port of the current injection probe and I,
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will be the induced current on the conductor through the probe. Ly, Ly, and M, are the
self-inductance on the primary (self-inductance of the probe) and the secondary
(self-inductance of the wire loop of the coupling circuit) as well as the mutual inductance
between them respectively. Therefore, it readily follows that

Vsig = IsZsig + j(‘)Lpills - jprin (4-1)
jpriIs = ijpiZIw + Vin. (4-2)
Eliminating Is from Equation (4-1) and (4-2), it yields
Vin = V1 — Z11,, (4-3)
where
_ _JoMpi
1= jwLpi1+Zsig VSlg (-4
and

Z) = jwLyy + — o
= JWLy; PUEE— (4-5)
1 ] pi2 JwLpii1t+Zsig

As Equation (4-3) suggests, the equivalent circuit of this two-probe approach setup can be
simplified as Fig 4-3 illustrates. In Fig 4-3, Z; and Z, are the impedances in the coupling circuit
caused by the injecting probe (BCI probe) and the receiving probe (monitor probe) respectively
and Z_referrers to the coupling impedance. Since the circuit is worked at low frequency, basic

electric laws still hold true. Therefore, by simply applying Kirchhoff’s law, V; is given by

Vl = (Zl + Zz + ZC)IW + ZXIW . (4-6)
Let Z;, = Z, + Z, + Z., then Equation (4-6) becomes
Vl = (Zin + ZX)IW (4-7)
I
>

Fig 4-3 Equivalent circuit of the two-probe measurement setup
For the purpose of solving the unknown impedance Z,, we rewrite Equation (4-7) to

Zy = L Zin - (4-8)

IW
As it has been demonstrated in the previous chapter, current probes are characterized by the

40



transfer impedance, the ratio of output voltage to current flowing through the current probe.
Therefore, substituting

V
I, == 4-9
w =g (4-9)
into Equation (4-8), it becomes
%
Zy=—7— Zip (4-10)
Vo

where V, and Z; is the output voltage and transfer impedance of the monitor probe.
If V,is replaced by Equation (4-4), then Equation (4-10) will change into
V .
Zy=K—%-Zp (4-11)

o
jwMyZt

where = .
jwlp11+Zsig

With the same Vg4, KVgq Stay constant for a given frequency. If the unknown impedance is
replaced by a standard resistance Ryy and the condition R4 > Z;, holds true, then it is
reasonable to obtain
Ves
Rstd = Kﬁ . (4-12)
Equation (4-11) suggests that if Z, becomes zero which is known as short circuit then Z;,is
able to be given by

Vsi Volzg=R
Zin=K £~ std *_std (4-13)
VOlZX=0 VOlZX=0
Finally, the Z, can be calculated by
VO|ZX=RStd VOlZX:RStd
Zy =Rsg———— — Rspg———— . (4-14)
VOlZX=ZX VOlZX=0

To check whether the selected Rgqcan meet the requirement or not, it can be achieved by
comparing the output voltages with Z,=Rq4 and Z,=0. Since the output voltages measured
through the receiving probe can be represented by

_ Vsig
Volzu=raa = K7 (4-15)
Vsig
V=0 =K . 4-16
olz.=0 7 (4-16)

Thus if KVg4 keeps constant and V|z-rsa iS much less than V,|z-o, it can prove that the
situation R4 > Z;, holds true.

4.1.2 Performances of the two-probe approach at 2 kHz - 150 kHz

To verify whether this method can also be performed at low frequency as well as at high
frequency as [20] implies, a 1 Q resistor is used as the unknown impedance to measure. The
source is the same source which was used at the current probe transfer impedance test - the 1
k — 150 kHz “flat” signal as illustrated in Fig 4-4.
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Fig 4-4 Source in frequency domain
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Fig 4-5 Test circuit for the 2-probe approach
The signal from the source injects into the injecting probe through an amplifier and protecting
impedance (Z;in Fig 4-5), then the resultant current will flow on the conductor which passing
through the center of both injecting probe and receiving probe. In this case, the conductor loop
is formed by the calibration fixture used at the current probe tests and the impedance under
test (or the standard resistor and short circuit). Finally, the spectrum analyzer will detect the
signal via the receiving probe. After the necessary calculation, the results are illustrated in Fig
4-6 and Fig 4-7.
The performance of the measurement improves with the increase of frequency as shown in Fig
4-6. However, what Fig 4-7 shows indicates that it still oscillates with relatively high amplitudes.
Therefore, this 2-probe approach is not able to provide the accurate measurement at the
targeted frequency domain.
The reasons why this method performs poorly in this case compared with its success in [20]
are:
1. The BCI probe is used in the experiment as the injecting probe to increase the injection level,
while in [20] monitor probes with much lower output/input impedances than BCI probes as
described in previous chapter are used both as the injecting and receiving probes so that the
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Zi,» matches the requirement R 4 > Z;, better.

Measurement of a 1-ohm resistor using 2-probe approach
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Fig 4-6 Measurement by the 2-probe approach

Measurement of a 1-ohm resistor using 2-probe approach
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Fig 4-7 Measurement (zoom in above 40 kHz) by the 2-probe approach

2. With relatively low injecting and receiving efficiency at low frequency, the measurements are
comparable with the background noise. This fact will highly affect the value’'s accuracy.
Therefore, the lower frequency is, then the less accurate results are.

3. The deduction is only concerning the amplitude of the measurement and the phase
information is missing. At high frequency the resistance is ignorable compared with the
reactance while at low frequency the resistance is comparable to the reactance. Therefore, it
leads to significant errors by using this method.
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4.2 The three-probe approach

Considering the significant errors resulting from the two-probe approach in the low frequency
measurement, a new approach is proposed which is improved on the basis of the two-probe
approach. A new monitor probe called detecting probe is inserted between the protecting
impedance Z; and injecting probe which is illustrated in Fig 4-8.

Vo

50Q

Amplifier Deteciing
probe
Injecting Z, Receiving
probe v probe
ZSig []
Vs 50Q Vi

Veig e (M)

Fig 4-8 Test circuit for the 3-probe approach

4.2.1 Basic theory of the three-probe approach

To simplify the deduction, the Thevenin theory is applied and output voltage Vsand equivalent
impedance Zg are used to replace the source, amplifier and the impedances in Fig 4-8. Then,
subscripts of “pd”, “pi” and “pr” are used to indicate the parameters of the detecting probe,
injecting probe and receiving probe respectively. Thus, the circuit is redrawn in Fig 4-9.

Vod
50 Q
—
Lyaz
Detecting
M probe
YTV
Lpdl
Injecting 7 Receiving
1 probe v probe
oy
Z Lpi1 Lyiz L1 Lyro 50 Q Vir
Vs ac
Wi Mo

Fig 4-9 Test circuit (simplified) for the 3-probe approach
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In Fig 4-9, Vqand V,, are the output voltage of the detecting probe and the receiving probe
respectively. According to the character of a current probe, the current on the wire through
each of the two probes, |, and I, can be given by

V
I, === (4-17)
w Zyr
Vpd
I, ==+ (4-18)
Zd

where Z, and Zy are the transfer impedance of the detecting probe and the receiving probe
respectively.

Iy

P/
i 2

— 4
Fig 4-10 Thevenin equivalent circuit of the three-probe measurement setup

Because there are no changes on the secondary side of the circuit compared with the

two-probe setup, both the Thevenin equivalent circuit as shown in Fig 4-10 and the

mathematic deduction applied in the two-probe approach still hold true in the three-probe

approach. Therefore, it has no problem to rewrite Equation (4-10) below as Equation (4-19):
Zy = ‘f—thr — Zin (4-19)

pr
where all the parameters have the same meanings as before.
V, is the induced voltage on the secondary side of the injecting probe. Therefore it can be

represented by
Vi =joMpyls . (4-20)

Substituting Equation (4-18) and (4-20) into Equation (4-19), one yields
joMpiZir Vpd
7, = —2L-PC_ 7 . (4-21)

Zd Vpr

joMpiZr

Similarly, let K = , then it becomes

Zy=K2— 7, . (4-22)
pr

To obtain the unknown impedance, it is necessary to identify the values of K and Z;,. As these
two parameters will keep constant at the certain frequency when the source is invariable, it is
possible to determine their values by using two different standard resistors R; and R, (or short
circuit) to replace Z, respectively. Then Equation (4-22) becomes
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Vpdlzy=
R, = K-E&HR 7 (4-23)
Vpr|ZX=R1

R, = K245k _ 7 (4-24)
Vpr|ZX=R2

By solving Equation (4-23) and (4-24), the values of K and Z;, can be confirmed. Finally, the
unknown impedance can be determined via Equation (4-22).
This three-probe approach simplifies the mathematic deduction and takes no approximate
calculation. What is of the paramount importance is that all of the values used in Equation
(4-22) to (4-24) are complex. However, the spectrum analyzer still cannot provide the phase
information yet. Therefore, a different analysis strategy is needed.

4.2.2 Performances of the three-probe approach at 2 kHz - 150 kHz

To obtain both of the amplitude and phase information, FFT is a good choice. Similarly as the
test in section 3.1, the NI digitizer is used to sample the signal in time domain and the result
will be sent to the PC where the FFT will be applied via a Labview platform. Furthermore, not
like the spectrum analyzer containing significant background noise, signal processed in this
way can effectively avoid this problem to lead to more accurate result.

Measurement of a 1-ohm resistor using 3-probe approach
2 T T
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1.4+ b

121 E

Zx (ohms)
=
|

0.8+ E

0.4+ :

0.2+ :

0 5 10 15
Frequency (Hz) % 10°

Fig 4-11 Measurement of a 1 Q resistor using three-probe approach
The measurement of the same 1 Q resistor using the three-probe approach is much more
accurate compared with the one using the two-probe approach as shown in Fig 4-11.
Additionally, Fig 4-12 illustrates the comparison between the measurements with and
without phase information when applying the three-probe approach. This proves the
importance of phase information in the measurement processing.
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Measurements with and without phase information using 3-probe approach
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Fig 4-12 Comparison between measurements with and without phase information

Measuring a 10-ohm resistor using 3-probe approach
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Fig 4-13 Measurement of a 10 Q resistor using three-probe approach

Measuring a 50-ohm resistor using 3-probe approach
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Fig 4-14 Measurement of a 50 Q resistor using three-probe approach
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Measuring a 47-uH inductor using 3-probe approach

. .
0 5 10 15
Frequency (Hz) x 10°

Fig 4-15 Measurement of a 47 yH inductor using three-probe approach
From Fig 4-13 to Fig 4-15, they illustrate the other three measurements using the
three-probe approach. These measurements show that using the three-probe approach is
possible to obtain the accurate impedance value regardless of its electric property (resistive,
inductive or capacitive).

4.3 Summary

Measuring source or load impedance accurately contributes to understanding the circuit
construction better and is important for EMI filter designs. Using current probes is a simple
way to measure the unknown impedance accurately. At the high frequencies over 150 kHz,
the reactance of the impedance is much higher than its resistance so that the phase
information may not be that important. Thus the two-probe method is capable of leading to
the correct measurement result in that case. However, when it comes to the measurement at
low frequencies, the resistance is normally comparable to the reactance which means that
the resistance should no longer be ignored. Using the three-probe method with FFT analysis
in the computer is able to collect both the amplitude and the phase information precisely.
With this information, the accurate source or load impedance can be easily deducted by
applying the mathematical strategy mentioned in this chapter.
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5 Source impedance and load impedance
measurements

In this chapter, the three-probe approach is applied to measure the source impedances in
different wall sockets at the laboratory and in the smart power supply Model 108 AMX
mentioned in chapter 3. Furthermore, the various lamps and fans are used as the loads in the
experimental circuit and their load impedances are also identified through this experiment.

5.1 Source impedance measurements

L % -
- ahe
C J—
50Q
[iii] 50g2%§§ ; Receiving
b
Detecting probe
Power probe 7 [J
At(i) source g Injecting
(50Hz) probe
o
AC
Injecting
noise source

Fig 5-1 Source impedance measurement equivalent circuit

Fig 5-1 shows the equivalent circuit for the source impedance measurement. The capacitor C
(5 of 2.2 yF capacitors connected in parallel) with the injecting probe and the receiving probe
form the coupling circuit. To measure the source impedance Zs, an inductor (or a choke) L. is
needed as shown in Fig 5-1 to shield the possible influence from the load side. Because
actually the three-probe measurement setup is to measure the parallel impedance of Z_  and Z;,
so if the condition Z; > Z; holds true, then the parallel impedance can be treated as the
source impedance (Z,//Z; = Z;). For this reason, a choke (8.7mH) is used to increase the
impedance on the load side during the measurement. The actual implementation of the test
circuit is shown in Fig 5-2.
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Fig 5-2 Implementation of source impedance measurement circuit

5.1.1 Source impedances in different wall sockets

In this section, two different wall sockets No. 9 and No. 11 in the lab are used as the power
sources respectively. Furthermore, to minimize the irrelevant disturbances, the same load -
OSRAM 4.5 W LED lamp (L1) as displayed in Fig 5-3 is applied in both measurements.

Fig 5-3 Load 1 — OSRAM 4.5 W LED lamp
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Fig 5-4 Grid source impedance measurement
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Fig 5-6 Grid source impedance measurement (imaginary)
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Fig 5-4 to Fig 5-6 illustrate that the measurements of the source impedance of socket No.9 and
No.11 (impedance, resistance and reactance respectively). Overall, the trends of the source
impedance variations in both cases show the fact that they are inductive sources. What's more,
this also indicates that the power source impedance does vary with the location.

Based on this measurement, the source impedances can be simply represented by a resistor
and an inductor in series in electric circuit models.

5.1.2 Source impedance in smart power supply
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Fig 5-7 Source impedance comparison between wall sockets’ and power supply’s
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Fig 5-8 Source impedance (real) comparison between wall sockets’ and power supply’s
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Fig 5-9 Source impedance (imaginary) comparison between wall sockets’ and power supply’s
Source impedance of the power supply shows a smoother increasing tendency compared with
the ones in those wall sockets and the inductive property can still hold true for it.

5.2 Load impedance measurements
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Fig 5-10 Load impedance measurement equivalent circuit
Similarly, this three-probe method can be applied to measure the load impedances. The only
difference from measuring source impedance is that the choke is laid on the source side
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instead of the load side in this case as illustrated in Fig 5-10.

In this case, measurements are implemented on 14 different loads including 11 distinct LED
lamps, 1 compact fluorescent lamp (CFL) and 2 fans with different rated working power. The
loads are shown in Fig 5-11 and Fig 5-12.

Fig 5-12 Fans
For the purpose of simplification, the lamps are numbered from L1 to L6 and L11 to L16. Then
they are divided into two experiment groups with the equal number of lamps. Specifically, L6 is
the CLF lamp and the rest are LED lamps.

Group 1 (L1 to L6):
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Fig 5-13 Load impedance comparison (L1 to L6)
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Fig 5-14 Load impedance comparison (real) (L1 to L6)
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Fig 5-15 Load impedance comparison (imaginary) (L1 to L6)
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Group 2 (L11 to L16):
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Fig 5-16 Load impedance comparison (L11 to L16)

Load impedance(Real) L11 - L16

70 T
L11
60} L12
+ L13
5 L14 +
[l * L5 T
L16 +
40+ +
& ;-
£ +
S 30+ +
~ +
o +
20 & 1
e
-10 . ‘
0 5 10 15
Frequency (Hz) % 10"

Fig 5-17 Load impedance comparison (real) (L11 to L16)
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Fig 5-18 Load impedance comparison (imaginary) (L11 to L16)
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The results of both experiment groups as shown from Fig 5-13 to Fig 5-18 indicate that the
lamps have the distinctive impedances and some of them even change their electric properties
from inductive to capacitive at certain frequency such as the L5 in group 1 as well as the L13
and the L16 in group 2.

In addition, since these lamps are unstable and nonlinear loads, the measurement results vary
in a certain range. Fig 5-19 and Fig 5-20 show the 10 times measurements of L1 impedance
and the range of its variation.

Load impedance L1
40
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20
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15

109

0 5 10 15
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Fig 5-19 10 times measurements of L1 impedance

Load impedance L1
40

30} J/” A

20 .

zZ (ohms)

10 I .

0 5 10 15

Frequency (Hz) % 10°

Fig 5-20 Range of L1 impedance variation
The similar measurements are applied to the electric fans. For the same reason, the fans are
called by F1 (the fan of 12.5 W rated power) and F2 (the fan of 30 W rated power). The results
are displayed in Fig 5-21 to Fig 5-23.
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Fig 5-21 Load impedance comparison (F1 and F2)
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Fig 5-22 Load impedance comparison (real) (F1 and F2)
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Fig 5-23 Load impedance comparison (imaginary) (F1 and F2)
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5.3 Comparison between L1 and L16

The previous measurements imply that the lamps have two different sorts of impedances,
inductive and capacitive. To further investigate these two sorts of lamps, L1 and L16 are
chosen in this research.

DA Dy [N G i Ry
L F 1 s
Ds A
L G —
%
f i i
D D,
Ry Ds
1 —
als R
Fig 5-24 Schematics of L1
Ly
R’
D D R, !
N 2 7% 1 A
b F Ds /N
Ds
&3 G R

D
—

£

Fig 5-25 Schematics of L16

T

EOutput

T

|

{ Output

—

Fig 5-24 and Fig 5-25 show the schematics of L1 and L16 respectively. Apparently, the
inductor before rectifier, named “L;” in Fig 5-24 and the capacitor “C,” in Fig 5-25 are supposed
to be the main elements resulting in the differences. Using the impedance measurement result
of L1, its schematics can be simplified into a simple RL circuit as shown in Fig 5-26.
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AC () L

Fig 5-26 Equivalent model of L1
With R =5Q and L = 35 uH which can be derived from the impedance measurement of L1
easily, it shows the calculated impedance in Fig 5-27 using Pspice.
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Fig 5-27 Modeling results of L1
Similarly, the schematics of L16 can be also simplified into a simple RLC circuit which is
illustrated in Fig 5-28 where R, =5Q, C =40nF, L=35puH and R, =50Q. Then the
modeling result is shown in Fig 5-29.

"

Ve

Fig 5-28 Equivalent circuit of L16
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Fig 5-29 Modeling results of L16
The 40 nF capacitor used in modeling can be treated as the C; (47 nF) in Fig 5-25. However,
the 35 pH inductors in both cases are not able to be located in their schematics. Actually, the
inductors “L,” in Fig 5-24 and in Fig 5-25 are the same, which are both confirmed to be 4.7 mH
by a LCR meter. Then, to verify the measurement method again, this three-probe setup is
used to measure this 4.7 mH inductor and Fig 5-30 illustrates the measurement results.

Impedance of 4.7 mH inductor
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500 B
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Frequency (Hz) % 10*

Fig 5-30 Result of using three-probe method to measure a 4.7 mH inductor
In Fig 5-30, it proves again that the three-probe method is capable to lead to the correct
measurement result. Therefore, this value of 4.7 mH inductor indeed becomes 35 pH during
the measurement. In fact, it is the saturation that degrades the magnetic core’s performances
during the measurement. As far as we know, most of the inductors have a limit for the flowing
current. And for the inductors in this test, the value is about 200 mA. However, in most of
immunity tests, the high injection current is sometimes unavoidable. In fact, the test level is at
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least 500 mA in root mean square (RMS) value according to the standard [8].

In this case, even though the amplitude of the injection current on each harmonics is low, the
summation of the harmonics is significant. Furthermore, the load is measured under its normal
operation which means the AC operating current also needs to be counted. Therefore, the
contributions of operating and injection current are large enough to saturate the magnetic core.
In fact, the amplitude of the current is over 400 mA under the measurement.

5.4 Summary

This three-probe approaching is capable of measuring both the load and the source
impedances. Moreover, it is able to successfully distinguish the impedance properties. A choke
is necessary for this measurement to separate the part of the circuit under test from the rest of
circuit. The result of the power-on measurement may lead to a great difference from the
power-off measurement due to the saturation problem. However, it is meaningless to use the
power-off measurement result, because sometimes the standard injection results in saturation.
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6 Disturbance influences on the
measurement of electrical parameters
and the smart meter

Signal
Generator

(2 (a)
\/ N> N
Injecting
P probe
Pover ® O Lo
EUT Reference
meter

Fig 6-1 Main test circuit
In this case, the smart meter as the equipment under test (EUT) is set into the measurement
circuit as illustrated in Fig 6-1. The disturbances are injected into the phase line via the
injecting probe. Since the source and load impedances have been measured successfully in
the previous part, it is possible to calculate their circuit resonance frequencies. Then by
intentionally injecting noise at the certain frequencies, it is able to find whether the resonance
will affect the accuracy of the smart meter or not.

Fig 6-2 Smart meter setup
The VOLTCRAFT VSM-101 smart meter which is a normal home appliance is used in this
case. The screen of this meter can display the real time power consuming when it is connected
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into the circuit under test. The data measured by the smart meter is able to send via an
antenna then PC can receive the data by a USB wireless receiver and process the data
graphically. Therefore, it is very convenient to observe the performance of the meter when
noise is injected.

In this research, the smart power supply Pacific Power Model 108 AMX is used again as the
main supply for its stability. From chapter 5, it is noticed that there are 3 LEDs (L5, L13 and
L16) which perform distinctly from the others. Thus these three LEDs are used as the loads
under tests. In addition, as L1 has been investigated in detall, it is chosen to represent the
other LEDs. These four LEDs are shown in Fig 6-3. Then, unlike the current probes, the
current shunt has a stable transfer impedance performance, which makes it easier to realize in
programming than using current probe. Thus, in this case, the BCI probe is used to inject noise
and the current shunt, the voltage divider and the NI digitizer are used to form a reference
meter. After necessary analysis, the results obtained from the reference meter are compared
with the data received from smart meter to find difference.

Fig 6-3 Load L1 (upper-left), L5 (upper-right), L13 (down-left) and L16 (down-right)

To make the source impedance variable, either a variable-inductance box connected in series
or a variable-capacitance box connected in parallel between the power source and the smart
meter is used in this case. In this way, it is able to simulate the several combinations of
sources and loads. However, since smart power supply has certain built-in source impedance
itself and it is inductive as displayed from Fig 5-7 to Fig 5-9, it is not able to simulate the
situation that a source with lower inductive impedance than this residual inductance.

In the following content, the performances of different loads with or without injecting noise are
discussed first. Their current and voltage harmonics, power and RMS current are the main
measured electrical parameters. Then the influence of the disturbances on the smart meter’s
display is presented and compared with the readings of the reference meter. At last, some
analysis and possible explanations are given.
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6.1 Measurement with the variable-inductance box

In this case, a variable-inductance box is connected in series with the smart power supply and
the smart meter as shown in Fig 6-4. By switching the knobs, it is able to simulate the different
inductive source impedance. Here, the values of 0 H, 10 pH, 50 yH, 100 pH, 200 pyH, 300 pH
and 400 uH are used to investigate.

Fig 6-4 The variable-inductance box

The experiment is done under two different situations that system works without injection and
with 1 k — 150 kHz injection. The source of injection (or noise source) is the same as before —
the 1 k — 150 kHz “flat” source produced by HP 33120A Function Generator. The advantage of
using this noise source here is that it covers all the needed frequencies so that it is not
necessary to calculate the specific resonance frequency. When resonance occurs in this
frequency range, it can be observed clearly. Nevertheless, due to the inconstant transfer
impedance of BCI probe, the resultant signal from the injecting probe will not be flat anymore
at the frequency domain.

From Fig 6-5 to Fig 6-20, they illustrate the receiving current and voltage of the reference
meter both in log-log (left) and in linear axis (zoom in range 1 k — 150 kHz) (right) for L1, L5,
L13 and L16 when there is or is not injection respectively.
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Fig 6-5 Current comparison of L1 without injection using inductance box
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Fig 6-9 Current comparison of L5 without injection using inductance box
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Fig 6-17 Current comparison of L16 without injection using inductance box
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Fig 6-18 Voltage comparison of L16 without injection using inductance box
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Fig 6-19 Current comparison of L16 with injection using inductance box
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Fig 6-20 Voltage comparison of L16 with injection using inductance box
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Fig 6-21 Equivalent circuit of measurement with L1 using inductance box
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Fig 6-22 Equivalent circuit of measurement with L16 using inductance box
Apparently, resonance occurs at different frequency point with source impedance variation
when this power supply serves the capacitive load — L5, L13 and L16. Using the electric
models for L1 and L16 built in chapter 5, it is possible to draw an equivalent measurement
circuit for each sort of loads and they are shown in Fig 6-21 and Fig 6-22 respectively. It is
noticed that the capacitor C in Fig 6-22 should be the component that forms the resonant
circuit with the source impedance. Then because of the inconstant transfer impedance
(increasing with frequency) of BCI probe, the noise injected into the coupling electric circuit is
also disequilibrium in the frequency range — higher injection level in high frequency. Thus it
may result in a situation that the injected noise at high frequency is higher than the one at low
frequency where even if the resonance occurs as shown in Fig 6-19.

L1 L16
L Power (No Power (With Power (No Power (With
(MH) injection) (W) injection) (W) injection) (W) injection) (W)
0 6.6 6.6 5.7 5.6
10 6.6 6.7 5.7 5.6
50 6.7 6.6 5.7 5.6
100 6.6 6.6 5.6 5.7
200 6.6 6.7 5.6 5.7
300 6.6 6.6 5.7 5.7
400 6.6 6.6 5.7 5.7

Table 6-1 Smart meter readings of L1 and L16 using inductance box

Resonance causes high harmonic current at specific frequency and some of their amplitudes
are even comparable to the fundamentals. This may influence some accurate electric
measurement instruments. Fortunately, the equipment under test (EUT) - the VOLTCRAFT
VSM-101 smart meter - seems to work quite well. Table 6-1 shows the readings of this smart
meter when using it to measure the power of L1 and L16. What should be noticed is that the
readings are not stable which have 0.2 W variations in both positive and negative direction.
The principle of this category of the smart meter to calculate the consuming power is based on
the definition of the average power during a short sampling time which can be mathematically
represented by

1 0T .
P= ;fo v(t)i(t)dt (6-1)

where v(t) and i(t) are the real-time value of voltage and current respectively and T is a short
sampling period.
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The power for reference meter, besides, sampling method in time domain is also calculated in
frequency domain by using

P = ¥R_1 Vil cos(Byi — 61 (6-2)
where Vi and |, are the amplitude of K™ harmonics of voltage and current respectively, then
6.« and 6y are the phases of k™ harmonics of voltage and current respectively.
Both Equation (6-1) and Equation (6-2) are able to lead to the constant result of consuming
power.
Table 6-2 and Fig 6-23 to 6-24 show the result from Equation (6-1) or Equation (6-2) based on
the data collected by the reference meter. There are about 2.3 W differences between the
smart meter readings and the results from the reference meter. However, this is caused by
the power consuming of the voltage divider used to protect the digitizer and the current shunt
used for measurement.
Even though as Fig 6-24 shows the power is influenced slightly in the reference
measurement, with 0.2 W error tolerance it is not able to find out whether the smart meter is
influenced or not. Fig 6-25 and Fig 6-26 illustrate the power consuming of L5 and L13
respectively. Both L5 and L13 show that the disturbance has limit influence on their power
consuming. Since the imposed noise does not reach the level as standard observed suggests,
it could be the reason why there is no significant phenomenon.

L1 L16

L Power (No Power (With Power (No Power (With
(MH) injection) (W) injection) (W) injection) (W) injection) (W)

0 4.257 4.253 3.333 3.456

10 4.260 4.256 3.328 3.438

50 4.258 4.255 3.331 3.424
100 4.260 4.257 3.328 3.428
200 4.254 4.254 3.328 3.428
300 4.251 4.254 3.330 3.431
400 4.255 4.255 3.328 3.437

Table 6-2 Power of L1 and L16 via digitizer using inductance box
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Fig 6-23 Power of L1 using inductance box
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Fig 6-26 Power of L13 using inductance box

72



Since some of the current harmonics are comparable to the fundamental when there is
injection, the root mean square (RMS) current can be heavily influenced.
RMS current according to its definition can be obtained by

1 0T,
Iims = /;fo i2(t)dt (6-3)
Iims = /lej=11§k (6-4)

where i(t) is the real-time current value and I, is the amplitude of K™ current harmonics.

By applying Equation (6-3) and Equation (6-4), both of L1's and L16’s RMS current are
achieved. Table 6-2 shows the RMS current values of both loads with source impedance
varying and they are also displayed graphically in Fig 6-27 and Fig 6-28.

or

L1 L16

L Ims(NO injection) | Ims (With injection) | Ims(No injection) | Ims (With injection)
(WH) (A) (A) (A) (A)

0 0.04185 0.04181 0.03327 0.1396

10 0.04178 0.04159 0.03324 0.1284

50 0.04145 0.04135 0.03315 0.1198
100 0.04159 0.04149 0.03321 0.1224
200 0.04131 0.04120 0.03316 0.1240
300 0.04105 0.04103 0.03310 0.1266
400 0.04082 0.04079 0.03305 0.1284

Table 6-3 RMS current of L1 and L16
As what the figures illustrate, injected noise makes a big difference for this capacitive load
L16 on its RMS current. This could lead to a very dangerous situation that the load or other
instruments in this circuit may be overheated and destroyed by this high current. In addition,
for some explicit devices with sensitive chips, their performances may be affected by the
possible strong electromagnetic field resulting from high RMS current. Fig 6-29 and Fig 6-30
illustrate the RMS current performances for L5 and L13.
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Fig 6-27 RMS current of L1 using inductance box
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6.2 Measurements with variable-capacitance box

Similar as in section 6.1, a variable-capacitance box is connected in parallel with the power
supply as shown in Fig 6-31. In this case, the values of OF, 10nF, 50nF, 100nF, 200nF, 300nF
and 400nF are applied to the capacitance box and the measurement is implemented under the

same conditions as before.

Fig 6-31 The variable-capacitance box
In this case, the measurement equivalent circuits for L1 and L16 will be a little different and
they are illustrated in Fig 6-32 and Fig 6-33 respectively.

Source Smart Capacitance Reference L1
meter box meter
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Fig 6-32 Equivalent circuit of measurement with L1 using capacitance box

Source Smart Capacitance Reference L16
meter box meter
A Ly |
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Fig 6-33 Equivalent circuit of measurement with L16 (L5 or L13) using capacitance box
As it can be concluded from section 6.1, the inductor at source side and the capacitor at load
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side are able to form a series resonant circuit and it will allow high resonance current to pass
through the circuit. The circuit in Fig 6-32 seems to have the same function of resonance. But
the resonance current will not reach the load, yet it will pass through the capacitance box.
Since our measurement device — the digitizer is set at the load side. It will not detect this
resonance current. Of course, this resonance current will not influence the load. However, this
will not hold true when it comes to the capacitive loads in Fig 6-33, because the capacitor
inside the load will still allow a part of resonance current to pass by. From Fig 6-34 to Fig 6-49
they display the current and voltage performance when the measurement was applied to
different loads.
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Fig 6-34 Current comparison of L1 without injection using capacitance box
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Fig 6-36 Current comparison of L1 with injection using capacitance box
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Fig 6-40 Current comparison of L5 with injection using capacitance box
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Fig 6-41 Voltage comparison of L5 with injection using capacitance box
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Fig 6-42 Current comparison of L13 without injection using capacitance box
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Fig 6-44 Current comparison of L13 with
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Fig 6-48 Current comparison of L16 with injection
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Fig 6-49 Voltage comparison of L16 with injection using capacitance box
The 1 kHz — 150 kHz noise still makes a big difference for capacitive loads. Therefore, similarly,
by applying Equation (6-1) to Equation (6-4), it is able to find the influence on the power and
RMS current measured by the reference meter when disturbance is injected.

L1 L16
C Power (No Power (With Power (No Power (With
(nF) injection) (W) injection) (W) injection) (W) injection) (W)
0 6.6 6.6 5.6 5.6
10 6.6 6.6 5.6 5.6
50 6.7 6.7 5.7 5.7
100 6.7 6.6 5.7 5.6
200 6.6 6.7 5.6 5.6
300 6.7 6.6 5.6 5.7
400 6.6 6.6 5.6 5.7

Table 6-4 Smart meter readings of L1 and L16 using capacitance box
Table 6-4 lists the readings from the smart meter and obviously there is no significant influence
on its readings. Then Fig 6-50 and Fig 6-51 respectively illustrate the power consuming for L1
and L16 measured by reference meter.
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Similarly, the nearly 2.3 Watt power difference is caused by the consuming of the voltage
divider and current shunt. In addition, the 0.1 Watt's difference on L16 in Fig 6-51 is not
enough to distinguish the smart meter’s accuracy which works with 0.2 Watt's variation. Then
the power for the other loads (L5 and L13) obtained by the reference meter are shown in Fig
6-52 and Fig 6-53 respectively.

As shown in Fig 6-34 to Fig 6-49, significant current harmonics are induced by the injecting
noise and some of their amplitudes are even higher than the fundamental component. Thus, it
is reasonable to conclude that their RMS currents will be of obvious difference compared with
the ones without injections.
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Fig 6-55 RMS current of L5 using capacitance box
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RMS current of L13
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Fig 6-56 RMS current of L13 using capacitance box
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6.3 Summary and possible explanations

What can be concluded from these two experiments is that, when a load is inductive like L1, it
has a great tolerance for different categories of sources. This means that when it is used for
immunity test, the selection of power supply is relatively insignificant. However, for a load like
L16 whose electrical property will vary at certain frequency, the immunity test will lead to
different results depending on the source it chooses. Therefore, it is necessary to measure the
source and load impedance first before using them for further tests.

The reasons why there is no clear influence on the smart meter being observed can be various.
The first possible reason could be that the measuring technology this smart meter based on is
insensitive with noise. According to [42], there were only 8% smart meters that showed serious
problem in its test and all of them were based on Rogowski coils. Nevertheless, the smart
meter used in this experiment is based on shunt the category of which was also unaffected as
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well in [42]. Secondly the sample rate this smart meter applied might be as good as the one
used in the reference meter but it cannot be sure other smart meters have the same accuracy.
In addition, as what has been demonstrated before, the injection was not able to match the
requirements as IEC 61000-4-19 suggests. This is because on one hand the used loads and
the inductance or capacitance box are not capable of such high current as the standard
requires, on the other hand the signal generator also cannot provide such injection.
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7 Conclusions and recommendations

7.1 Conclusions

Transfer impedance as one of great importance parameter for current probes is able to be
conformed via VNA at high frequencies and via spectrum analyzer at low frequencies. For the
purpose of application, current probes can be divided into two types, the current monitor probe
and the BCI probe. Due to the different turns ratio of those two kinds of probes, the influence
resulting from the secondary side on the measurement of transfer impedance is of significant
difference. The input impedance on the primary side (wire through the probe) plays an
important role when measuring the transfer impedance of a BCI probe while it is insignificant
when measuring target is a monitor probe.

The two-probe method to measure source or load impedance is not suitable when it works at
the frequency range 2 kHz — 150 kHz because of the lack of phase information. Instead, the
three-probe method proposed in this thesis is able to put the phase information into impedance
calculation leading to the accurate result. Furthermore, the simple instruments such as current
probe, signal generator and digitizer are all normal and accessible experimental equipments
for electricity labs and there is no complex mathematical or electrical knowledge behind.
Therefore, it is no problem to duplicate this method for further research and measurement. In
addition, this method is able to realize the in-situ measurement which means that the
measurement can be finished without interrupting the EUT’s operation and it does not need to
a special lab to accomplish them. With the necessary equipments as mentioned above, the
measurement is possible to be simply implemented where the EUT is.

Whatever sorts of sources or loads are, the three-probe method is able to accomplish the
in-situ measurement successfully. Due to some of the measurement targets may get saturated
when injected by both power source and noise source together, the in-situ measurement may
result in a great difference compared with the power-off measurement. However, it is the
actual status when the target is under immunity test or under normal work with disturbances.
Resonance will occur when the noise or harmonics meets the resonant frequency which
depends on the property of the source and load. As far as we know, most of the source is
inductive so that it will become much more sensitive when the load has capacitive property.
When noise is injected into such circuit, the current and voltage of the load will be significantly
influenced. For such load, it needs to be careful to choose the power supply when it is used for
immunity test. Using the same load to test in different labs could result in distinct results. Until
now, such resonance has no obvious effect on the smart meter VOLTCRAFT VSM-101.
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7.2 Recommendations

Based on the achievements so far, the following aspects are worth to investigate as a
subsequent research for this work.

Firstly, use three-probe method to measure the impedance at high frequencies to verify that
whether this approach is capable of it. Since some electric equivalent models may change
when the environment becomes from low frequencies to high frequencies, the mathematical
deduction may need to improve.

Secondly, change the injection signal from multiple harmonics to single harmonics and adjust
the injection amplitude to avoid saturation. Then program one routing that is able to inject this
single harmonics one by one automatically and program another one to sweep and collect the
data used for FFT analysis. At last, compare the result with the one in this thesis.

Thirdly, strong signal as the standard suggests could be used to find out the difference
between the reading of smart meter and the result of the reference meter.

In addition, due to the inconstant transfer impedance of current probes at low frequency, the
“flat” injection signal will be reshaped after it is injected into the coupling circuit by injecting
probe. The reshaped signal makes it difficult to achieve some useful information from the
measurement result, for example it is not able to accurately locate the resonance frequency
from the current or voltage measurement due to the disequilibrium injection. Therefore,
injection calibration according to the injecting current probe transfer impedance is also worth to
investigate.

At last, the smart meter based on Rogowski coils can be selected as the EUT and repeat this
experiment all over again.
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