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Abstract 
 
 
The electricity market deregulation or in other words, the need of increased efficiency and 
customer demands has lead to introduction of automatic reading systems. According to this, 
there have been thoughts that different kinds of disturbances can possibly cause problems 
with distance readings of electricity meters.  
 
The purpose of this master thesis has been to investigate transients influence on electricity 
meters and automatic meter reading systems in general and also check if there is a reason to 
suspect that certain transients can cause reading faults (missing readings or faulty readings), 
in particular.  
 
Mainly, the thesis is dealing with PLC technique based systems but also other types of 
communications techniques are studied. The thesis also includes getting deeper knowledge 
about the legislation regulating decisions about introduction of AMR systems in Sweden. 
Contact with manufacturers of electricity meters and AMR systems has been taken for 
borrowing necessary equipment. 
 
A number of setup configurations have been tested and the transients have been measured in 
laboratory environment. The aim was to investigate if AMR systems and electricity meters 
are reliable and properly working with influence from switching transient disturbances. 
 
The results from the measurements show that it is not likely that switching transients can 
cause any change in the readings from electricity meters or value changes in the meter itself, 
but they have the ability to sometimes block the communication so that the values are not 
transferred. This can be an important fact depending on how often and how many times the 
transmission is sent. 
 
Keywords: Transients, electricity meters, AMR systems, PLC communication … 
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Abbreviations 
 
AMR  Automatic Meter Reading 
CENELEC  European Committee for Electrotechnical Standardization  
DCU  Data Concentrator Unit 
EFT  Electrical Fast Transient 
EUT  Equipment Under Test 
GRP  Ground Reference Plane 
HCS  Host Central Station 
IEC  International Electro technical Commission   
MIU  Meter Interface Unit 
MMIU  Multi-channel Meter Interface Units  
PSTN  Public Switched Telephone Network  
PLM  Power Line Modem  
PLC   Energy meter reading through power line communication channel 
kWh  kilowatt-hour 
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Introduction 
 
1.1 Background 
 
The energy consumption in Sweden is forecasted by the distribution companies based on 
habits and consumption during the previous years. To get a result closer to the actual 
consumption the Swedish parliament has approved a new energy law that states that every 
energy meter must be read at least once a month by 1 July 2009. Since this is untested there 
is no standard set for the communication techniques. Therefore, to achieve this aim several 
companies have constructed different systems that can remotely read energy meters. These 
systems communicate with the meters by several different mediums such as power lines, 
telephone cables, radio and fibre optics. 
 
Since some of these techniques are relatively new and untested in large scales there is an 
uncertainty if they can cope with disturbances. What will happen if transients occur at the 
same information channel that the values from the meters are transferred on? 
 
1.2 Aim 
 

- Literature study of transients and energy metering 
- Study how energy meters is affected by different types of transients 
- Study how communication over the electric net works in the presence of transients 
- Find out the risks with remote reading of energy meters. Are there problems with 

security or reliability? 
 
 
1.3 How the aim has been achieved 
 

- Theoretical analysis of different transient amplitudes and frequency. 
- Numerical modeling of different experimental setups to make sure the equipment can 

handle the voltage and current transient 
- Experiments with creating different kinds of transients to try and disturb the meter 

and/or the communication. 
 
1.4 Structure of the thesis 
 
Chapter 2: Transients describes the general principles of transients. 
Chapter 3: IEC 804-1 standard describes the standard in question. 
Chapter 4: Remote reading describes some of the more common techniques developed for 
remote reading of energy meters. 
Chapter 5: Legislation describes the current laws concerning remote reading of energy 
meters and the background to why the new law was developed. 
Chapter 6: Calculation describes some of the calculation that are used as a comparison to the 
measured values 
Chapter 7: Measurements and results describe the experimental part of the thesis. 
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Theory 
 
2. Transients 
  
2.1 General  
 
Electromagnetic transients are abrupt changes of the voltage or the current waveform. They 
occur when the network changes from one steady state into another. Unfortunately, this 
definition is so general that it can be used to describe almost any disturbance that occurs in 
the power system. Therefore, this definition can be extended by adding that transients are 
shorter than voltage sags, with duration of 0.5 cycles up to several seconds, or voltage swells 
and not periodic within each cycle like voltage notches [4, 5, 6]. 
 
Transients can be classified into two categories: impulsive (unidirectional) and oscillatory. 
Rise times can range from nanoseconds to milliseconds and amplitudes of low voltage 
transients are generally below 6 kV because of settings of over voltage protection (the 
highest over voltage which should not trip the protection should not cause any damage on the 
equipment). The IEEE Standard 1159:1995 gives the following classification for transients 
[3]: 
 

Categories Typical spectral content Typical duration Typical voltage magnitude 
Impulsive 
transients 

   

Nanoseconds 5 ns rise < 50 ns  
Microseconds 1 µs rise 50 ns - 1 ms  
Milliseconds 0.1 ms rise >1 ms  
Oscillatory 
transients 

   

Low frequency < 5 kHz 0.3-50 ms 0-4 p.u. 
Medium 
frequency 

5-500 kHz 20 µs 0-8 p.u. 

High frequency 0.5-5 MHz 5 µs 0-4 p.u. 
    

 
Table 1. Characteristics of transients according to IEEE 1159:1995 
 
 
An impulsive transient is a sudden change in the steady-state condition of the voltage, the 
current or both, which is unidirectional in polarity (either positive or negative). It can be 
characterized by rise and decay time, amplitude and total duration time. Impulsive transients 
are mostly caused by lightning and they are normally not conducted far from the place where 
they enter the power system. In some cases, impulsive transients can excite the natural 
frequency of power system and produce oscillatory transients.  
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Oscillatory transient oscillates with some predominant frequency changing its polarity 
rapidly. It can be described by its spectral content, duration and amplitude. Oscillatory 
transients are caused mostly by capacitor switching in the power system.  
 
Transients in an electrical system can be generated by lighting, switching, resonance and 
faults [3, 4, 5]. 
 
Lightning transients occur when lightning strikes a conductive point which can result in 
discharge of huge currents. Developed voltage is the discharge current multiplied by 
impedance of the system as seen by the current. Lightning transients are a random and rare 
but severe and damaging phenomenon (it is the greatest single cause of line outages). 
 
Switching transients are generated when interrupting the current in the circuit. The 
inductance in the circuit opposes a change in the current by inducing a voltage and therefore 
the current can not be broken instantly. The faster the interruption the higher the voltage. 
Power circuits are always inductive and a high induced voltage will occur across contacts of 
a circuit breaker with normal operation. Switching transients can be generated by load 
switching, capacitor switching, inductor switching, current chopping, operation of power 
electronics devices (FACTS devices), transformer energizing etc. They are almost always 
oscillatory and can be controlled by proper design of the switch and a proper switching point 
when the natural current is zero.  
 
During fault conditions large currents can be generated in an electrical system. These over-
currents are interrupted by fuses or breakers. Interruption of fault current can generate over-
voltage impulse and the magnitude of this voltage depends on the value of the fault current 
and the interruption speed. The generated voltage impulse can interact with the capacitance 
and the inductance of the electrical system and produce oscillations at frequencies much 
higher than the fundamental frequency of the power system. The voltage magnitude can 
exceed two times the peak value of the voltage. 
 
The linear resonance is the phenomenon behind the magnification of harmonics in power 
systems. Power system circuits contain both inductances and capacitances and have one or 
more natural frequencies. When a power system produces these frequency harmonics (certain 
loads or a particular type of equipment), a resonance may develop and at that frequency the 
voltage and the current can reach high values. Two kinds of resonances are common, a 
parallel and a series resonance [8]. A parallel resonance occurs when the reactance of the 
shunt capacitance and the inductance of the distribution system cancel each other. A series 
resonance occurs when the shunt capacitor and the transformer or the distribution line 
inductance appear as a series LC circuit to a source of a harmonic currents [8].  
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2.2 Transmission of electromagnetic transients 
 
Electromagnetic transients can be transmitted from the source by [6]: 
 

- Conduction 
- Induction 
- Radiation 

 
Conduction is the most common way of transient transmission and conducted transients also 
cause the most severe damages in the power system. These transients can be conducted via 
the in-feed line or via the ground. If they penetrate through the grounding system they can 
raise the potential at different grounding points and thereby contribute to the rise of the 
voltage of the system components. 
 
Transmission by induction can occur by magnetic or electrostatic coupling. The magnetic 
coupling can be reduced by minimizing the area over which the magnetic flux is linked, by 
installing the lines close to each other, by increasing the separation distance between circuits 
or by magnetic shielding. Electrostatic coupling can be reduced by increasing the separating 
distance between the noise source and the system or by shielding. 
The electromagnetic fields induce voltages on an object and the magnitude depends on the 
orientation, the size and the shape of the object and the strength of the source of radiation. It 
is not unusual that a lighting stroke induces a voltage high enough to damage the equipment. 
Switching transients in substation can cause damage of relays located in the neighbourhood.   
 
2.3 Effects of transients 
 
Effects of transients on neighbouring equipment are different and they depend on the 
magnitude, the duration, the rate of voltage rise, the energy and the number of transients. The 
main problems transients cause are damages of different components and mal-operation of 
the equipment. These problems are well known and deeply explored. Examples of such 
events are [3]: 

- tripping of adjustable speed drives or other loads 
- damage of transistor, thyristor or diodes 
- insulation failures (breakdown or sparkover) 
- fuse blowing 
- damaged TV, computer, VCR or printer 
- switch failure 
- protection device tripping and failure 
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Other problems that transients can cause are data processing equipment mal-functions or 
upsets of different kinds. Examples of these can be: 

- bit rate errors 
- memory error, resets or lockups 
- charging of stray capacitances on P.C. boards which can change logical 

signals 
 
These effects of transients are not so widely spread or investigated. 
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3 IEC 804-1 standard 
 
A technical progress of electronic systems becomes possible by developing fast logic devices 
operating at low levels of voltage and power. This can make these advanced circuits sensitive 
to external interfering disturbances resulting in hardware failures or system upsets like bit 
errors, resets, memory errors or lockup. To be protected from such effects the equipment 
must be tested by realistic tests. 
The International Electro technical Commission (IEC) has created a document IEC 801-4 
that characterizes setup and procedure for conducting electrical fast transient (EFT) 
immunity tests. The purpose of the test is to check equipment immunity to fast transients 
resulting from switching. 
EFT involves a burst of fast pulses which are associated with switching phenomena 
originated from devices like relays, fluorescent lights or air contactors when interrupting 
inductive or capacitive loads. 
The document specifies characteristics of the burst generator (even called EFT generator or 
transient generator), effects on circuits, coupling/decoupling methods, test severity levels and 
equipment setup. 
According to the document, every single EFT pulse is a unidirectional pulse with a rise time 
of 5 ns and pulse duration of 50 ns (see figure 1). 
 

 
 
Figure 1. Single EFT pulse 
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EFT burst is specified as a sequence of EFT pulses with 15 ms burst duration. Pulse 
repetition rate within the burst is a function of severity level. Finally, the burst is repeated 
with a period of 300 ms (see figure 2). 
 

 
 
 
Figure 2. EFT burst sequence 
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Specified severity levels, that are used to define environmental conditions that can be 
expected for the use of the equipment, are shown in table 2. 
 

Severity  
Level 

Peak 
Voltage 

Pulse 
Repetition 
Rate 

Comment 

1 0.5 kV 5 kHz Well-protected environment: 
Good separation of power supply lines  
from control lines, cables shielded and 
grounded 

2 1 kV 5 kHz  Protected environment: 
Unshielded power and control lines but physically  
separated from signal and communication lines 

3 2 kV  5 kHz  Typical industrial environment: 
Poor separation between power supply and signal and 
communication lines 

4 4 kV  2.5 kHz Severe industrial environment: 
Does not have any separation between power supply  
and  signal lines 

5 Special Special Special considerations: 
Intended for equipment requiring a higher or a lower 
severity level, specified by the parties involved 

Table 2. Test severity levels  
 
The IEC 801-4 document prescribes the coupling of the transient generator output to the 
Equipment Under Test (EUT) in two ways: a direct coupling and a coupling by a capacitive 
coupling clamp. The direct coupling method (see figure 3) uses a discrete capacitor 
(capacitance 33 nF) for terminating EFT generator to the EUT. This method is intended for 
testing ac/dc powered equipment which involves low impedance circuits as in the performed 
test. 
 

 
Figure 3. Decoupler, coupler, EUT and EFT generator 
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The capacitive clamp method is used when testing high impedance circuits, usually data 
signals and control lines. 
EFT pulses must be attenuated before they reach the equipment (that is not being tested) 
upstream from the EUT. This is done by a decoupler. The puls attenuation must be higher 
then 20 dB. The IEC 801-4 document specifies also that the test area should be covered with 
copper or aluminium, with a minimum thickness of 0.25 mm. This metal surface is referred 
as a Ground Reference Plane (GRP) and its minimum dimensions should be 1m x 1m and 
depend on dimensions of the EUT. It must extend beyond the EUT by more then 0.1 m on all 
sides. GRP must be bonded to the protective earth. GRP has tens to hundreds of picofarads 
almost inductance-free capacitance to free space and that means very low impedance for the 
5 ns rise time EFT [4].That is why the GRP is a very important component in the system 
setup.
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4. Remote Reading 
 
The system of remote reading (figure 4) of the energy meters consists of a transmitter at the 
meter, a collector and a main receiver. The data is sent from the meters to the collector, 
which is placed at a substation. If there is great distance between the meter and the collector a 
repeater may have to be used to amplify the signal. The collector collects data from several 
meters and sends it on to the main receiver which stores the values from the different 
customers on a computer. 

Main receiver

Collector

Meter at house Meter at house Meter at house Meter at house

 
Figure 4: System of remote reading 
 
Regarding communication between the meters and the collector there is a number of different 
technologies, for instance PLC (power line communication), radio and GSM. These different 
techniques can also be combined for instance by having PLC at the outer part of the system 
then transform the signal to radio at another part  and then to data communication to the main 
system. The more common techniques are described in the following subchapters [9, 10]. 
 
4.1 PLC (Power Line Communication) 
 
With the PLC technique the existing power lines that already are connected to the meters are 
used as the signal media and therefore no expensive upgrades of the communication network 
are required. In Europe, power line signalling must be confined to the 9-148.5 kHz frequency 
range. This spectrum is further divided into bands and allocated for specific applications as 
follows: 
 -  A-band 9-95 kHz for electricity suppliers 
 -  B-band 95-125 kHz for consumer use without protocols 
 -  C-band 125-140 kHz for consumer use with CENELEC protocol 
 -  D-band 140-148.5 for consumer use without protocols  
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 Since the power lines are owned by the power companies, no cost will be charged for the use 
of the power lines. The communication in power lines is possible due to the fact that the 
communication is placed in the high frequency range while the energy transmission is in the 
50 Hz range. Hence it is possible to get energy components of the signal by applying a low-
pass filter to it, and the communication part of the signal by applying a high-pass filter. The 
downside of this technique is that the power lines are not made for communication and 
therefore transmits radio waves that can disturb other equipment and transmissions. 
 
4.2 Radio communication 
 
To enable radio communication a radio modem which transforms the data to radio waves 
with a certain frequency and bandwidth is used at the meter. The radio signal is then filtered 
and adapted so that it can be sent over the radio channel. Modulation of the signal to the 
correct carrier frequency is performed by the modem and then it transmits the signal as an 
analogue signal to the collector. The transmission takes place in the UHF-band at about 400 
MHz. When the signal reaches the collector it transforms it back into a data signal and sends 
it on to the main system. A problem with this technique could be that the weather conditions 
affect the radio transmission, and then the signal quality fluctuates. 
 
4.3 Fibre optics 
 
Communication by fibre optics do not require any change of the signal, since it is already in 
digital form, and can therefore be sent straight to the main system. Fibre optics is really fast 
but requires great installation costs since the fibre optics must be placed underground and go 
all the way to every meter that will be a part of the communication. This could be a good 
alternative in the cities where almost every household have internet connection via fibre 
cable, but hardly in the more isolated areas of the country. 
 
4.4 GSM (Global System for Mobile communication) 
 
Use of the mobile net to send data from the meters to the main system is another option that 
does not require a new network, although it often requires some sort of antenna at the meter. 
Instead it is the cost of every single transmission that is the problem here. More 
communication cost more money so the more continuous the supervision is the higher the 
expenses get. There could also be problems with the communication when there is a lot of 
action on the net, for example at the big holidays. A positive thing is that the mobile net 
covers almost all of the country, including isolated households to which it would be 
expensive to create a communication line. 
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4.5 Signal wire 
 
This signal wires are owned by the power companies, but are not a top priority. The wires are 
often badly maintained and only go to big customers, but have a good enough performance to 
work with remote control. This technique is rarely used. 
 
4.6 Telephone net 
 
The telephone net is owned by Telia and the power companies have to rent the line from 
them. Since there is no other option with this technique it means that Telia can dictate the 
terms of the rent which can make it expensive. The net is already in place, all that needs to be 
done is to install a modem at the meter and then draw a line between the modem and a 
telephone plug. 
 
4.7 Satellite 
 
This is the most advanced communication technique and it also requires the most advanced 
installation at the meter. Just like some of the other techniques the power companies have to 
rent the communication space, this time from private owners. Satellite communication will 
likely just be used on places where none of the other techniques will work. 
 
4.8 Protocols 
 
The most common protocols are LonWorks, which is an industrial standard, and M-bus, 
which is a bus protocol that is common in remote heating. In this report a system called 
TriDelta is used. Since all systems are under development now, the companies are reluctant 
to give out to much information about how the protocols work. Therefore it is hard to see 
what can go wrong in the different systems. 
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5. Legislation 
 
Since the deregulation of the Swedish electrical market, a number of companies handling 
electrical distribution have been started. Although differing in prices and other details all 
companies handles the payment of the electricity in the same way. The prices the costumers 
have to pay are based on an assumption of how much they should consume (preliminary 
charging), based on what they have consumed the previous year. The difference between the 
estimated value and the actual consumption are then evened out when the meter is read once 
a year. On 11 of February 1999 an investigation group got the task to investigate among 
other things if the period of time between the measurements needed to be regulated and if the 
electricity bill should be based on actual consumption [11]. In the report these three 
advantages were suggested by using more frequent measurements: 
 

1. The quality in the conventional calculation (schablonberäkning) could be improved. 
2. The costumer would only pay for the actual consumption on every bill. 
3. More focus on the electrical consumption could make the costumers more inclined to 

save energy. 
 
The investigation did not find enough reason to recommend a removal of the preliminary 
charging though, since it was hard to estimate the benefits and costs. Thus the distribution 
companies were already busy with the introduction of and adaptation to the conventional 
charging reform. Based on the report the Swedish government decided that it was possible to 
introduce more frequent readings and to lower the limit for time based measurement. Since 
the new systems needed to make this happen are expensive when installed for many 
costumers, the government wanted to make this a long term solution. After all, the cost of 
new investments forced by new laws will in the end affect the costumers. 
 
The governments judgement were that the distribution companies should have to read the 
energy meters and report the measured values for all customers at least once a month. The 
demand of monthly measurement, reading and reporting for all costumers should be 
obligatory by 1 of July 2009. 
 
The department of energy agreed with the governments’ judgement but suggested that the 
demands should be introduced in two stages. The first stage should involve costumers that 
consume more than 8000 kWh/year and should be completed 1 of July 2006 and the second 
should involve all other costumers and be finished 1 of July 2009. 
 
The Swedish parliament was positive to the government’s plan, with the changes made by 
the department of energy, to introduce monthly reading for all electricity customers 1 July 
2009. 
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6. Calculations 
 
Calculations in this work are based on the following assumptions: 
 

- Voltage sources are infinitely strong, which means that source impedances 
are zero 

- Low-pass filter capacitances are short-circuited by the voltage source and 
the serial inductances in the filter compared to the inductances in the setup 
circuit are so low that they can be neglected 

-  The impedance of electricity meter is so low (less then 0.1 Ω) that it can be 
neglected 

- All effects of propagating electromagnetic waves caused by reflection from 
the transformer behind the source on transient recovery voltage are 
neglected 

- Kirchhoff’s law and lumped circuit elements are possible to use in 
modelling of the power system 

 
6.1 Calculations of expected energy consumption 
 
These calculations are valid for the circuit configuration shown in figure 5 but the 
calculations are similar also in other used configurations. Matlab files dealing with this are 
found in appendix D. 
 
 

 
Figure 5. Circuit configuration 

 
 
The used energy meter is equipped with a S0 pulse output which means the meter will send 
500 square pulses for every kWh of consumed energy. These pulses have duration of 40 ms 
and they are referred to as ordinary meter pulses. When the breaker (the contactor) is pressed 
or released a transient voltage spike appears on the S0 output. The schematic look of the 
measured output voltage is shown in figure 6.  
 
 

Phase1 

Phase2 

Phase3 

R=0 
R1 

R2 

R3  

Energy
meter

Breaker

L R4
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Figure 6. Calculation of expected pulse duration 

 
The symbol definitions are as follows: 
 
U is the phase voltage of the source  
PR1, PR2, PR1R2L are the active powers in R1, R2 and in the entire third phase respectively  
cos φ is the power angle of entire third phase 

3phaseZ  is the absolute value of the impedance in the third phase 
ton is the time that the parallel circuit in the third phase is on 
toff is the time that the parallel circuit in the third phase is off 
T is the time period of the ordinary S0 pulses 
Eon is the total consumed energy while the parallel circuit in the third phase is on 
Eoff is the total consumed energy while the parallel circuit in the third phase is off 
MC is the meter constant, 500 pulses per kWh telling which states that the S0 output will 
give 500 pulses if the energy consumption is 1 kWh, or in other words, the constant is           
2 Wh/impulse 
 
 
 
Active power before the switch on is: 
 
Poff = (U2/R3) + (U2/R1).2  since R1=R2   (1) 
 
Active power after the switch on is: 
 
Pon = PR1 + PR2 + PR1R2L      (2) 
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PR1R2L=
3

2

phaseZ
U .cos φ     (3) 

 
The sum of Eon and Eoff should be the same as the value of 1 impulse and also the sum of ton 
and toff should be equal to T: 
 

 Eon + Eoff =MC.3600 [Ws] = Pon 
. ton + Poff 

. toff  (4) 
 
and   T= ton + toff      (5) 

 
(4) and (5) give us 
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6.2 Calculations of the expected transient recovery voltage 
 
These calculations are valid for the circuit configuration shown in figure 7 but the 
calculations are similar also in other used configurations. When the contacts of the breaker 
(the contactor) are trying to interrupt the current an arc is formed between the breakers poles. 
At current zero the arc is quenched and the transient recovery voltage starts to appear across 
the open contacts.  
 

 
Figure 7. Calculation of transient recovery voltage 
 
This voltage named Vtr is given by: 
 
Vtr = Z*i    
 
Z = The impedance of the network seen from the open contacts of the breaker  
i =  The injected current between the contacts. 
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According to the Thevenin principle the third phase can be modelled as an equivalent circuit 
shown in figure 8. 

 
Figure 8 Equivalent circuit 
 
 
The circuit expressed with Laplace transforms and with the following definitions: 
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Assuming that the current through R4 before opening the breaker is I = I0

.sin (ωt), 
then the injected current through the breaker is i = - I0

.sin (ωt). 
 
The transient voltage, Vtr, in the frequency domain is: 
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Transforming the transient voltage back to time domain gives the following result: 
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The plot of this function is used to control magnitude and frequency of the created transients 
before making any physical connections. 
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Measurements and Results 
 
7. Measurements on an ordinary energy meter 
 
The first measurements were made on an ordinary energy meter (appendix B) to see if the 
transients had any effect on the meter before testing the communication. To investigate some 
different cases with varying transients the components (appendix A) in the measure circuit 
were changed to generate a variation of transients. The parameters used in the setups were 
R1=49.6 Ω, R2=496 Ω, R3=96.2 Ω, R4= 70.6 Ω and L=0.04 Henry. The measurements made 
on the energy meter were done on the S0 output, where the communication module would 
have been plugged in if present. All setups were controlled for steady-state currents and also 
expected transient recovery voltage was calculated in accordance to section 6.2 before 
making any physical connections. These different setups were also used in the second 
measurement when checking the communication of a complete AMR system (appendix C). 
 
7.1 Transients with high amplitude 
 
The transients that appear in these setups are in the same frequency range as the net since 
there is no frequency altering couplings in the line that most of the current passes through. In 
this category there are two different setups; one with an inductance (figure 9) and one with a 
capacitance (figure 10). The purpose of these couplings is to see if the energy meter is 
affected by high currents and/or voltages even though they are not in the frequency range of 
the transmission. The resistance R is varied between 49.3 and 80.1 Ω. 
 

 
Figure 9. Coupling where the parallel branch consists of an inductance and a resistance in 
series 
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Figure 10. Coupling where the parallel branch consists of a capacitance and a resistance in 
series 
 
When measuring on the S0 output during the time that the breaker was closed or opened 
there were clear signs that the transients created by these operations (figures 11 & 12) were 
propagated to the output (figure 13). 
 

 
Figure 11. Transient that occurs at the breaker when the parallel branch is switched in. 
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Figure 12. Transient that occurs at the breaker when the parallel branch is switched out. 
 

 
Figure 13. Transients propagated to the S0 output 
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Although in these pictures there seem to be a connection between the amplitude of the 
transient and the amplitude at the S0 output, further test showed that the amplitude of the 
pulses were completely random. There was no noticeable difference in the frequency or 
amplitude of the pulses that were propagated to the S0 output whether the parallel branch 
consisted of amplitude altering or frequency altering couplings. 
 
7.1.1 Measurements on the S0 output 
 
To get a reading from the S0 output a separate coupling was made between the S0 output, the 
oscilloscope and a power source, all in series. There were no visible effects on the energy 
meter when looking on the display. The measurements on the S0 output to see if the 
transients caused any problems for the meter when measuring the used energy can be seen in 
tables 3-7. The highest difference (in table 3) of the values is 9.8 % and it is lower than the 
uncertainty of the calculated value (21.8 % in appendix A), which means that the created 
transients probably have no effect on the frequency that the pulses are transmitted at. 
 

ton  [ms] 1156.8 1060.6 1128.9 935.1 728.9 

Tcalculated [s] 2.8906 2.905 2.898 2.93 2.963 

Treal [s] 3.1213 3.0522 3.1807 3.0351 3.1102 

Difference in 
[s]  0.231 0.1473 0.283 0.105 0.147 

Difference in 
[%] 8 5.1 9.8 3.6 5 

Table 3. Results of the measurements on the S0 output when using the setup in figure 9 
 

ton  [ms] 1165.5 1091.6 890.8 1012 1513.5 1047.5 1058.8 926.4 1216 1113.4

Tcalculated 
[s] 2.0492 2.0616 2.0955 2.0751 1.9905 2.0691 2.0672 2.0895 2.0407 2.058 

Treal [s] 2.1844 2.1863 2.1883 2.1813 2.1662 2.1822 2.2063 2.2043 2.2164 2.1803

Difference 
in [s]  0.1352 0.1247 0.0928 0.1062 0.1757 0.1131 0.1391 0.1148 0.1757 0.1223

Difference 
in %  6.2 5.7 4.2 4.9 8.1 5.2 6.3 5.2 7.9 5.6 

Table 4. Results of the measurements on the S0 output when using the setup in figure 17 
when L=0.04 H and C=5.9nF 
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ton  [ms] 1038.4 1241.4 538.4 1027.4 944.9 772 939.9 1026.3 990 1141.4

Tcalculated 
[s] 2.0706 2.0364 2.155 2.0725 2.155 7.073 2.0864 2.0727 2.0788 2.0532

Treal [s] 2.1744 2.1894 2.1984 2.1784 2.1914 2.2075 2.2003 2.1934 2.2104 2.1964

Difference 
in [s]  0.1038 0.1530 0.0435 0.1059 0.1050 0.092 0.1131 0.1207 0.1316 0.1432

Difference 
in [%] 5 7.5 2 5.1 5 4.3 5.4 5.8 6.3 7 

Table 5. Results of the measurements on the S0 output when using the setup in figure 17 
when L=0.04 H and C=2.65nF 
 

ton  [ms] 761.1 999.1 1359.8 1242.6 1285.6 1198.3 1178.5 1049.1 1173.1 880.1 

Tcalculated 
[s] 2.1174 2.0772 2.0164 2.0362 2.0289 2.0437 2.047 2.069 2.048 2.097 

Treal [s] 2.1975 2.2034 2.1583 2.1623 2.2033 2.2024 2.2065 2.2133 2.1713 2.1953

Difference 
in [s] 0.0801 0.1262 0.1419 0.1261 0.1744 0.1587 0.1595 0.1443 0.1233 0.0983

Difference 
in % 3.6 5.7 6.6 5.8 7.9 7.2 7.2 6.5 5.7 4.5 

Table 6. Results of the measurements on the S0 output when using the setup in figure 17 
when L=0.04 H and C=1.47nF 
 

ton  [ms] 652 553.2 650.7 548.1 477 667.8 1102.8 1576.2 1659.1 1034 

Tcalculated 
[s] 2.1488 2.1635 2.149 2.1642 2.1748 2.1464 2.0818 2.0114 1.999 2.092 

Treal [s] 2.1974 2.1973 2.1928 2.1874 2.2005 2.1812 2.2025 2.1763 2.1384 2.1673 

Difference 
in [s]  0.0486 0.0338 0.0438 0.0232 0.0257 0.0348 0.1207 0.1649 0.1394 0.00753

Difference 
in [%] 2.3 1.6 2 1.1 1.2 1.6 5.8 8.2 7 3.6 

Table 7. Results of the measurements on the S0 output when using the setup in figure 19 
when L=0.04 H, C1=1.47nF, C2=2.65nF and C3=5.9nF 
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7.2 Transients with high frequency 
 
Since there are capacitances and inductances in parallel in these couplings the resulting 
transient when these are energized will have a different frequency than the net frequency. 
The aim of this is to disturb the PLC systems transmission on the lowest frequency of the 
energy meter that is sent on the A-band. Since the AMR system used during normal 
operation use frequency in the D-band the communication had to be manually modified to 
the lowest frequency in the A-band (46 kHz). If it is possible to disturb that frequency, it is 
possible, but harder, to disturb all the frequencies that the transmission takes place on. 
Something to take into consideration in these cases is that the smaller the component values, 
thus higher frequency, the smaller the transient amplitudes. 
 
7.2.1 Coupling with the burst generator 
 
Measurements with the EFT generator involved are performed in accordance to IEC 804-1 
standard. An aluminium GRP with dimensions 1.6m x 1m x 2.5mm is used and interfacing is 
accomplished by using a direct coupling method. The burst duration is varied from 0 to 15 
ms continuously and the pulse frequency in steps of 1, 3, 5 and 10 kHz. The amplitude of the 
burst voltage is varied in steps of 0.5, 1, 2 and 4 kV and also the polarity of the voltage is 
changed.  
 
The EFT generator can be connected to one, two or all three lines and also all three lines and 
the neutral line. The transients are applied to the lines through a coupling filter (low-pass) 
which also protects the power source and thereby the rest of the net from the transients 
generated. The same procedure is performed in both of the setups, the one with the energy 
meter only (figure 14) and the one with the whole AMR system (figure 15). 
 

 
Figure 14. Coupling with the burst generator 
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Figure 15. Coupling with the burst generator (AMR system) 
 
To simplify the coupling schematics the collector and the communication equipment have 
been left out further on. The plots (figure 16) show how the burst generator disturbs the 
current at two different times and the S0 output of the ordinary energy meter. 

 
Figure 16. Burst generator in parallel with resistance. The top plot shows one burst the 
middle one the time between two burst (300 ms) and the bottom one shows the S0 output 
when the burst generator is on. 
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When using the burst generator as a transient source to disturb the complete AMR system it 
disturbed the communication to the degree that the information sent did not get through to 
the main system. It did however not manage to corrupt the data sent and neither did it 
manage to block all transmissions to the main system. 
  
7.2.2 Couplings with a user made loads as parallel switched-in couplings 
 
This coupling (figure 17) was used three times with varying capacitance C, to get different 
transient frequency. These values were 1.47 nF, 2.65 nF and 5.9 nF which corresponds to the 
frequencies 20.76 kHz, 15.46 kHz and 10.36 kHz according to the formula: 
 

CL
f

⋅⋅⋅
=

π2
1  

 
The transient frequencies are not quite as high as the frequency that the energy meter 
transmits on but the overtones will reach the desired area. 
 

 
Figure 17. Coupling where the parallel branch consists of a resistor in series with an 
inductance in parallel with a capacitance 
 
 
 
 
As seen on the waveforms (figure 18) created by the switch-off of the parallel branch the 
voltage transients correspond quite well to the calculated frequencies. 
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Figure 18. Voltage transients measured on the breaker when the parallel branch is 
disconnected with different capacitance values and close-ups of the transient frequency in 
each case. 
 
With the components in the previous coupling there is also an option to connect them in 
series with each other. Essentially it is the same coupling as the previous ones, but in this 
setup (figure 19) all three frequencies are mixed together on the same line, creating a noisier 
environment since the overtones fill in the gaps between the original frequencies. 
 

 
Figure 19. Coupling where the parallel branch consists of a resistor in series with three 
parallel inductances and capacitances 
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This also shows on the waveforms (figure 20), where there it is not visible which frequencies 
that are present, since they have merged together into a resulting transient. 

 
Figure 20. Voltage transients measured on the breaker when the parallel branch is 
disconnected with three parallel couplings in series and a close-up of the transient frequency 
 
The last user made coupling (figure 21) was used for the reason that according to the 
manufacturer, if communication was to be disturbed all three phases must be affected. 
Although the net is not disturbed at the same frequencies on every phase, there are still 
transients present at all phases. The parallel couplings on each phase are the same as used 
earlier in this chapter, hence the same frequency of the transients. 
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Figure 21. Coupling where the parallel branches consists of a resistor in series with an 
inductance in parallel with a capacitance on all three phases 
 
As seen earlier the burst generator was able to disturb the communication to the degree that 
the information sent did not get through to the main system. But during those tests the 
disturbing transients came from the net side of the energy meter. With these couplings the 
transients came from the load side of the meter. The setup in figure 21 was first used since it 
disturbed all the phases and just like the burst generator it managed to block the system, but 
not change any values of the transmitted data. Next a disturbance on only one phase was 
tested, something that should not be able to disturb the system. But it worked just like the 
other two tests with similar results. When examining the different phases it became obvious 
that the transients propagated to the other phases and thereby caused enough disturbances to 
affect the communication. This is important since most loads in a household are single-phase 
loads, which means that the communication could be disturbed by a transient caused by 
basically any load in the net. 
 
 

A 

B 

C 

R=0 R1 

Ic Ea 

Energy
meter

L 

L 

C2 Breaker

C3 Breaker

R1 

R3

R3

L 
R3

Breaker C1 

R1 



 33

7.2.3 Coupling where the parallel branch consists of common household products  
 
All of the components used to create the transients in the previous chapter were made 
especially to disturb the system. In this chapter the equipment used to create the transients are 
common household products. The products used were a television (figure 22) and a computer 
(figure 24). In these test there were no switch to activate the transient generating coupling but 
instead the existing power buttons on the products were used. 
 

 
Figure 22. Coupling where the parallel branch consists of a television 
 
Regarding the TV the transients generated were quite similar on the current and the voltage 
(figure 23), and it also caused the curve shapes to alter a bit. 
 

 
Figure 23. Transient caused by TV energizing in both current and voltage 
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Figure 24. Coupling where the parallel branch consists of a computer 
 
The result of the computer turn on caused quite a current spike and a voltage spike with 
smaller amplitude, at least in proportion to the rest of the curves. Also the computer caused 
the curve shapes to alter. 

 
Figure 25. Transient caused by computer energizing in both current and voltage 
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The question was if the transient created would manage to disturb the communication of the 
system. The answer was that they would. Just like the other single-phase disturbance the 
transients propagated to all phases and apparently the reactance of the TV and computer 
caused transients with high enough frequency to propagate into the frequency range where 
the transmissions took place. 
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Discussion 
 
A difficulty encountered during this thesis work was to actually get hold of the equipment 
that would be needed for the experiments. Regarding the laboratory equipment itself it was 
acquired quite easily with the help of some people from Chalmers and there was even a burst 
generator amongst the finds. After that the only thing missing were the energy meter and an 
AMR, which proved to be a bit harder to get hold of. Although it were just a year to go until 
the first stage of the introduction of remote reading should be completed when the thesis 
work was started, a lot of manufacturing companies either were not ready in the development 
of the metering system, did not have any components that they could lend out or lacked 
people that could be of assistance in the measuring process (or in one case the company said 
that their system was impossible to disturb and therefore it was no point in sending it out for 
testing). After three years of development only two manufacturers of seventeen (all available 
companies in Sweden) contacted could lend something out, one an energy meter and one a 
complete system.  
 
Regarding the testing on the meters that actually were delivered it is hard to draw any real 
conclusions due to the small scale testing. If only the energy meter with the S0 pulse output 
is considered it basically all comes down to how the signal output is treated. There were 
clearly pulses on the output when there were transients present but the length of these pulses 
were only about a tenth of the pulses that were normally sent out by the energy meter. With 
just the meter, and no communicating equipment that should be attached to it to achieve 
remote reading, it is impossible to predict how the whole system would react to these pulses. 
The important thing the experiments made clear was that the display was not affected by the 
transients and showed the correct result at every instant. 
 
With the transients made it was clearly possible to disturb the complete AMR system, not to 
make it send the wrong readings but enough to make system resend. This has probably 
something to do with the way the measured results are being handled in the software of the 
system. If the transmitted data does not agree with some sort of check number the reading 
just is not accepted by the system and therefore is not registered. It is a bit unclear how far it 
is between the tries and how many tries that will be sent when a measured value is blocked 
when the system is up and running, since in our experiments we manually acquired the read 
values. The important discovery the experiments have made clear was that used AMR system 
is able to detect all faults the created transients caused and also able to resend value readings 
until the process succeeded. 
 
The frequency of the transients used to disturb the energy meters were relatively small 
compared to the frequencies used to transmit the data on. This is due to the fact that the 
amplitude decreases with smaller reactance and therefore could not be measured with the 
used equipment. It would be interesting to conduct further experiments with more 
complicated equipment to get higher up in the frequency band and make a custom-made 
disturbance for a system and take a look at the results in that case. 
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Conclusion and future work 
 
In this thesis the laboratory tests were performed by using equipment that simulates the 
transients (EFT generator) and some circuit setups that generate the real transients.  
The conclusion that can be made from this study is that immunity of the tested equipment 
(both energy meter and AMR system) is very high. The energy meter tested could not be 
disturbed to the degree that it could change the shown value or that any significant change in 
expected period time of the S0 output pulses occurred. Neither could the AMR system be 
disturbed to the degree that it sent wrong values or values that failed to arrive at all. This 
indicates that it is not likely that low voltage switching transients would cause large problems 
to modern energy meters or PLC communicating AMR systems. 
 
Considering the future work of this thesis the following issues are interesting: 
 

-  Do some field measurements on existing AMR installations and do approximately  
    the same tests but in reality and in large scale 
-  Investigate if voltage sags or swells harmonics, notches or other disturbances             
    can cause problems to AMR systems 
-  Compare different AMR techniques with each other 
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Appendix A 
 
Equipment specifications 
 
 
Burst generator PB:  Haefely type PB1   

serial no: PB 081293-15-89 
 
 
Coupling filter: Haefly  FP 16/3-1 
   serial no: FP 16/3-1-081320-05-89 
 
Contactor:  AC1 65 A 
   AC3 220 V 15 kW 
   380 V 22 kW 
 
Oscilloscope:  LeCroy 9304CM QUAD 200 MHz 100 MS/s 
   Model 9304CM, serial no 11067 
 
Current Probe:  LeCroy  AP011 DC-120 kHz  max 150 A 
 
Voltage Probe: LeCroy  AP032 range ±1400 V  

Attenuation ratio 1/200 
 
Computer:  Dell computer corporation 
   Serial no RM803 Model no MMP 230 V, 3 A 
 
TV:   PEONY Color TV, TC-483P 
   220 V, 59 W  Beijing Television Factory, China 
 
Multimeter:  Fluke 87 
   AC voltage   0.7% 
   AC current  1.0% 
   Resistance  0.2% 
   Capacitance  1.0% 
 
Power Supply:  Powerbox DC power supply 6303DS 
 
Calculation of measurement uncertainty: 
 
 Poff=4.0.7+2.0.2=3.2% 
 PR1R2L=4.0.2+2.1.7+0.7.2+4.2=9.8 
 Pon=9.8+(0.7.2+0.2).2=13.4% 
 T=2.Poff+Pon+Oscilloscope=2.3.2+13.4+2=21.8%  
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Appendix B 
Energy meter datasheet 
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Appendix C 
AMR System: The central system, meter user guide and concentrator datasheet 
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Appendix D 
 

Matlab files 
clear;clc;close all;% component values are to be taken as experimental ones  
format long 
R1=49.3;R2=96.2;R3=49.6;R4=49.6;w=100*pi;U=230;L1=0.04;C1=0.00000000147; 
Ton=[0.652 0.5532 0.6507 0.5481 0.477 0.6678 1.1028 1.5762 1.6591 1.0340]; 
L2=0.04;C2=0.00000000265;L3=0.04;C3=0.0000000059;pc1=(((L1)/(C1))/(i*w*L1+1/(i*w
*C1)))+R2; 
Poff=(U^2/R1)+2*(U^2/R3);pc2=(((L2)/(C2))/(i*w*L2+1/(i*w*C2))); 
pc3=(((L3)/(C3))/(i*w*L3+1/(i*w*C3)));Ytotphase3=R1*(pc1+pc2+pc3)/(R1+pc1+pc2+pc3
); 
Itot=sqrt(2)*U/abs(Ytotphase3) 
Islag=(angle((R1/(R1+pc1+pc2+pc3))*(U/Ytotphase3)))%(180/pi)* 
Is=(R1/abs(R1+pc1+pc2+pc3))*Itot 
PLC=(U-(R2*Is/sqrt(2)))*Is 
PF=cos(atan(imag(Ytotphase3)/real(Ytotphase3))) 
Pphase3=(U^2/abs(Ytotphase3))*PF; 
Pon=2*(U^2/R3)+Pphase3;1.4397 
Tcalc=Ton*(1-(Pon/Poff))+(7200/Poff) 
Treal=[2.1974 2.1973 2.1928 2.1874 2.2005 2.1812 2.2025 2.1763 2.1384 2.1673]; 
Tdiff=Treal-Tcalc 
Tdiffproc=100*Tdiff./Tcalc 
Wone=sqrt(1/(L1*C1));Wtwo=sqrt(1/(L2*C2));Wthree=sqrt(1/(L3*C3)); 
Fone=Wone/(2*pi) 
Ftwo=Wtwo/(2*pi) 
Fthree=Wthree/(2*pi) 
for t=1:30000 
    pc1c=Is*w*(((cos(w)-cos(Wone*(t/1000000)))/(C1*((Wone^2)-(w^2))))); 
    pc2c=Is*w*(((cos(w)-cos(Wtwo*(t/1000000)))/(C2*((Wtwo^2)-(w^2))))); 
    pc3c=Is*w*(((cos(w)-cos(Wthree*(t/1000000)))/(C3*((Wthree^2)-(w^2))))); 
    R2c=Is*R2*sin(w*t/1000000); 
        Vtr(t)=pc1c+pc2c+pc3c+R2c; 
end 
plot((0.000001:0.000001:0.03000),Vtr); 
hold on 
for k=1:30000 
        V(k)=230*sqrt(2)*sin((w*k/1000000)+(Islag)); 
end 
plot((0.000001:0.000001:0.03000),V,'r'); 
hold on 
for n=1:30000 
        Vtrs(n)=Vtr(n)+V(n); 
end 
plot((0.000001:0.000001:0.03000),Vtrs,'c'); 
%************************************************************* 
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%************************************************************** 
format long 
clc;close all;clear all; 
R2=[80.3 70.5 61.7 54.8 49.3]; 
L=0.04;R1=496;R3=49.6;R4=49.6;om=100*pi;U=230; 
Ton=[1.1568 1.0606 1.1289 0.9351 0.7289]; 
Poff=(U^2/R1)+2*(U^2/R3); 
for k=1:1:5 
 pR1andR2L=(R1)*((R2(k))+i*om*L)/((R1)+(R2(k))+i*om*L);%total impedance of 
�arallel circuit 
 pR1andR2Lav(k)=abs(pR1andR2L);%absolute value of 
 IpR1andR2L(k)=sqrt(2)*U/pR1andR2Lav(k);%amplitude value of current 
 PFpR1andR2L(k)=cos(atan(imag(pR1andR2L)/real(pR1andR2L)));%cos fi 
 Pr1r2L(k)=(U^2/pR1andR2Lav(k))*PFpR1andR2L(k);%active power in series R1,R2 and L 
 Pon(k)=2*(U^2/R3)+Pr1r2L(k);%active power in all phases if �arallel circuit on 
 Tcalc(k)=Ton(k)*(1-(Pon(k)/Poff))+(7200/Poff); 
end 
 
%IpR1andR2L 
%PFpR1andR2L 
Tcalc 

 
%******************************************************************** 

 
format long 
R2=[496 243 171.3 119.4 96.2 80.3 70.5 61.7 54.8 49.3]; 
C=0.000050;R1=243;R3=49.6;R4=49.6;om=100*pi;U=230;Ton=0.88; 
Poff=(U^2/R1)+2*(U^2/R3); 
for k=1:1:10 
 pR1andR2C=(R1)*((R2(k))+1/(i*om*C))/((R1)+(R2(k))+1/(i*om*C));;%total impedance of 
parallell circuit 
 pR1andR2Cav(k)=abs(pR1andR2C);%absolute value of 
 IpR1andR2C(k)=sqrt(2)*U/pR1andR2Cav(k);%amplitude value of current 
 PFpR1andR2C(k)=cos(atan(imag(pR1andR2C)/real(pR1andR2C)));%cos fi 
 Pr1r2C(k)=(U^2/pR1andR2Cav(k))*PFpR1andR2C(k);%active power in series R1,R2 and L 
 Pon(k)=2*(U^2/R3)+Pr1r2C(k);%active power in all phases if parallell circuit on 
 T(k)=Ton*(1-(Pon(k)/Poff))+(7200/Poff); 
end 
clc 
IpR1andR2C 
PFpR1andR2C 
T 
%********************************************************************* 
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