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SUMMARY 
 
This report describes work that I did on the design and implementation of a smart electricity 
meter for measuring the use of residential energy. The project aims to replace the previous 
Ferraris disc meters most commonly used for residential energy measurement with an in-line 
replacement unit that has added functionality such as GPRS connectivity and an LCD 
interface, which enable the meter to accept variable energy tariffs, perform SSM (supply side 
management) in the form of forced non-essential load disconnection, and upload the energy 
usage to a database without the need for physical meter reading. 
 
What has been done: 

• I did an extensive study on current practises in place for residential energy 
measurement. 

• I explored the differences between electro-mechanical energy measurement techniques 
previously used and electronic energy measurement techniques currently available. 

• I did in-depth research into the fixed tariff structure used for residential energy as well 
as variable tariff structures in use for commercial energy and why variable tariffs and 
real time pricing are advantageous to both the client as well as the utility. 

• I developed a design for a line replacement residential energy meter that has the added 
functionality of automated meter reading capability, accepts a variable tariff structure, 
can forcibly remove power to non-essential loads on behalf of the utility, and has a 
communicative display interface with the user. 

• I made a pc-board layout of all the relevant circuitry for the prototype meter etched 
and populated the pc-boards for the prototype meter. 

• I created an internet based information structure built on MySQL and PHP to log data 
from the meter and communicate necessary information back to the meter. 

• I developed a functioning billing and control software package that automatically 
extracts logged energy usage data from the information structure based on account and 
time parameters entered by the user and is able to create an invoice (in .pdf format) of 
the extracted energy usage. 
 

 
What has been achieved: 

• I successfully built and tested the prototype residential energy meter. 
• I was able to record energy usage data and successfully log it to informational 

structure. 
• I was able to successfully communicate tariffs and control signals from the 

information structure to the meter. 
• I was able to extract these logged data from the information structure using the billing 

software and create invoices based on this. 
 
This report is supplemented with a technical documentation report1, in which more detail is 
given on software written and used as part of the design process, circuit schematics and layout 
detail, as well as a brief user’s guide. 
 
 

                                                                                                                                                 
1  Appendix 2 
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1 INTRODUCTION 

1.1 IDENTIFICATION OF THE DESIGN PROBLEM 
Although industrial and corporate clients of Eskom have experienced time/season dependant 
power tariffs in the past, domestic clients have only ever been billed on a fixed tariff 
determined by the National Energy Regulator of South Africa (NERSA) in cooperation with 
Eskom. The fixed tariff structure presented to domestic electricity users has a twofold 
disadvantage. Firstly, the tariff does not represent (even proportionally) what the electricity 
sold is costing Eskom. In other words, when Eskom is generating at full capacity (expensive 
gas turbine generators are running), a kWh unit is costing the domestic user exactly the same 
as when Eskom is not even running at base load (more energy is generated than is being 
used). Secondly, with the current power crisis in South Africa, domestic users are not 
properly incentivised to change their energy usage habits, resulting in the poor domestic load 
profile that Eskom experiences currently.  
 
The meters currently in use are only capable of recording kWh units. The kWh units used 
then still have to be recorded monthly by meter readers on foot. The recorded data need to be 
processed by a meter reading company for processing. The meter reading company needs to 
firstly link each recorded power usage datum to an account holder and then determine the 
amount owed by means of the specific tariff in use. Only then can the bills be sent to the 
users. When developing a technology that might replace one which has been in use for more 
than thirty years, not only the key issue needs to be addressed, but added functionality and 
solutions to other obstacles presented by the previous technology need to be addressed, for 
example the elimination of physical address (on site) meter reading and forcibly reducing the 
national load during critical load times.  
 
The engineering challenge is to develop a product that can serve as an “in line” replacement 
for the meters currently in use, while already implementing some (if not all) of the new 
technology proposed above. This entails that the meter under development has to work under 
the old circumstances and perform all the previous functions (be backwards compatible) but 
also be able to relay the information in a new way and perform additional functions, without 
the need of replacing all the meters on the electrical grid simultaneously or the need for 
extensive new infrastructure. 
 
As is always the case when developing a long term technology, besides addressing the main 
problem, one needs to foresee and address other problems and shortcomings too. In other 
words, the problem of making residential electricity meters compatible with variable tariffs is 
only half the battle.   

1.2 FORMULATION OF A DESIGN PROBLEM 

1.2.1 Mission requirements 
The designed metering system: 

• performs residential electrical energy metering, 
• conforms to IEC 61036 Class II4 specification, 
• generates a pulse output proportional to the energy consumed (kWh), 
• logs these recorded pulses to an internet based information structure at predetermined 

intervals, 

                                                                                                                                                 
4 Class II specifications basically requires the maximum error in measurement to be less than 2% 
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• retrieves tariff rates and control signals from an internet based information structure at 
predetermined intervals, 

• communicates relevant consumption estimates and tariff data to the user via an LCD, 
• is able to forcibly remove power to non-essential loads on behalf of the utility. 

 

1.2.2 Functional analysis 
Figure 1. 
Basic functional block of proposed system. 

 
 

Figure 1. 
Basic functional block of proposed system 
 
The power from the distribution substation is represented by FU1 and is connected in a 
similar fashion as the input side of any residential energy meter. FU2 represents the output 
power line from the energy meter and although it could be connected in the same fashion as 
existing energy meters, it needs to be wired to two distribution boards (main and non-essential 
load) in order to utilise the non-essential load teleswitch capabilities incorporated in the 
metering system. 
 
The power line FU1 is monitored by FU3 by means of voltage and current transducers in 
order to calculate the instantaneous power and energy consumed (not including power 
consumed by the meter unit itself). 
 
Power to the return power line FU2 is governed by the teleswitch relays FU4 which are 
capable of disconnecting the live power phase to FU2. 
 
FU3 outputs pulses to FU5 proportional to the amount of energy consumed by devices 
connected to FU2. FU5 counts these energy pulses in order to log the energy consumption to 
the internet based database FU10 for billing purposes. In addition to this the voltage and 
current signals from the voltage and current transducers are sampled by FU5 in order to 
display an estimate of the instantaneous power consumption. 
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FU5 is furthermore also responsible for controlling FU4 driving the visual display FU6 and 
facilitating communication with the GPRS module FU7. 
 
FU6 consists of a 128x64bit monochrome backlit LCD display. FU6 is used to communicate 
relevant consumption and tariff data to the energy consumer. 
 
The GPRS module FU7 serves as communication portal between the energy meter and the 
internet. FU7 consists of a Class 10 GPRS device and a processor running local software that 
controls the GPRS context and connection as well as parsing data such as tariffs control 
signals and energy consumption data between FU5 and the internet database FU10. 
 
FU8 constitutes the internet connection/s that the web server uses to connect to the internet. It 
is beyond the scope of this project to implement this; however, this is usually supplied and 
guaranteed by the internet hosting company from which the web server is leased. 
 
FU9 consists of PHP software that is hosted on the web server and acts as a dynamic portal to 
the internet database FU10.  
  
FU10 consists of a MySQL database running on a MySQL web server. FU10 serves as the 
heart of the system’s data handling, managing and storing functionality. All the relevant 
information needed to bill and maintain clients, control related data and physical energy 
consumption data are stored in this database.  
 
FU11 constitutes the internet connection (of whatever kind) that is necessary for the control 
and billing software FU12 to access FU10. 
 
FU12 consists of a software package with a user friendly front-end, capable of connecting to 
FU10 and extracting billing information or uploading control signals and tariffs to be used. 
FU12 is also capable of creating a PDF format invoice for the energy consumption of the 
meter between user defined time parameters. 

1.2.3 System specifications 

1.2.3.1 System context 
The following is a description of the inputs and outputs of the system. 

• The system has two inputs for the live and neutral wires coming from the distribution 
substation. 

• The system has three outputs, one for the neutral wire running to the appliances 
connected to it, another for the live wire running to the main distribution board and a 
third for the live wire supplying non-essential loads. 

• The system is also equipped with an earthing point to be connected to the same earth 
reference as appliances connected to the system. 

• The system is equipped with a short stub antenna for normal access to the GSM 
network, however, in poor GSM reception conditions, the stub antenna should be 
disconnected and replaced with a higher gain external antenna. 

1.2.3.2 Global specifications 
• The system should be able to work off single phase 220V 50Hz electricity as is used 

for residential power in South-Africa. 
• The system should be able to measure single phase 220V 50Hz energy consumption 

up to at least Class II accuracy. 
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• The system must be compatible with using some form of variable tariff structure. 
• The system must have AMR (automated meter reading) or remote data logging 

capabilities, eliminating the need for on-site meter reading. 
• The system should be able to disconnect power to non-essential loads on behalf of the 

power utility. 

1.2.3.3 Detailed Specifications 
Refer to the functional block diagram (Figure 1). 

• The system must interface with the input power line FU1 in a similar fashion as 
previous energy meters which are to be replaced. 

• The output power network FU2 should be able to connect to the system in a similar 
fashion as was the case with previous energy meters, but should also be able to be 
connected in a different (dual distribution) manner as to utilise the non-essential load 
teleswitch capabilities. 

• The energy metering subsystem FU3 should be able to measure 220V 50Hz energy 
consumption up to Class II measurement accuracy. 

• The computational and control unit FU5 should be able perform all of the control tasks 
such as counting energy pulses, driving the display and communicating with the 
GPRS module in such a manner that none of these functions are compromised (e.g., 
pulses are incorrectly counted due to the display being updated). 

• In addition to this, FU5 should give a reasonable estimate of the calculations 
performed by FU5 such as instantaneous power consumption and cost of energy per 
time unit. These data do not need to be precise, as all important calculations are 
performed in other parts of the system using floating point calculations. 

• The visual display FU6 should provide the user with the relevant tariff information 
and consumption estimates as calculated by FU5 with the goal of implementing 
demand side management (DSM) and incentivise users to decrease consumption at 
peak load times (the tariff will be higher and thus the cost of consumption will also be 
greater). 

• The GPRS module FU7 should adequately perform communication with the database 
FU10 as requested by FU5. In the event of a lost connection, it should clearly 
communicate this to FU5 while re-establishing the connection. 

• FU8 as well as FU11 are beyond the scope of this project as discussed earlier. 
• FU9 should log all the data received from the energy meter correctly and provide the 

meter with the requested data in a prompt and correct fashion. 
• FU10 should always be accessible although this is largely dependent on FU8 and 

should be accessible to multiple users simultaneously without creating data handling 
conflicts. 

• FU12 must be able to connect to the database (provided FU11 is present) and perform 
all data requests and control signal uploads as requested by the user in a desired 
fashion, promptly and free from errors. 

1.2.4 Deliverables 

1.2.4.1 List of deliverables 
The hardware that will be delivered is as follows: 
 
A fully functional Class II domestic single phase 220V electrical energy meter, capable of 
receiving tariff and teleswitch signals from a control centre. The meter must also have a visual 
display that displays to the user the current tariff, current energy consumption and what the 
current energy usage at the current tariff is costing per hour (R/h). 
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A control centre, either implemented discretely or by software on a computer, being 
interfaced to the meter with a wireless interface. 
 
The software that will be delivered is as follows: 
 
A simple (working) version of the software able to extract the logged data from the meter/s 
and utilize this data for display and billing purposes. 

1.2.4.2 Demonstration 
The Demonstration will comprise of a test setup routine where the accuracy of the meter will 
first be determined to comply with Class II standards or higher. This will be achieved by 
loading the meter with a load/s of which the power consumption is known and will be 
compared with the displayed reading. 
 
Following this, some key features of the meter will be demonstrated by subsequently 
changing the load and tariff, all the while monitoring the change in data displayed by the unit. 
 
The instance where the control centre sends a teleswitching signal will also be demonstrated 
with the aid of a test load (e.g. a light bulb) to be switched off and on again once the 
teleswitch command is reversed. 
 
Finally to demonstrate the data logging and billing software, the demo will be concluded by 
delivering a bill for the power used during the demo and examples of previously logged data 
will be retrieved from the control centre and displayed on a notebook computer. 
 

1.3 FINAL OUTCOME 
Target Specification Measured Specification Explanation 
Maximum current = 60A Maximum current = 2A 2.2.3.3.1, 2.1.2.1 
Tariff change response time 
= 10 seconds 

Tariff change response time 
= 30 seconds  

3.3.2.2.2 

   
Table 1. 
Final outcome comparison 
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1.4 LITERATURE STUDY 

1.4.1  Economic Fallacies of fixed electrical tariffs 
According to [1], the structure of cost incurred on an electricity utility by selling electricity to 
consumers can be divided into two parts: a fixed base cost (nodal cost) and a variable floating 
cost. The node cost is made up of fixed costs that the utility experiences. These include: 
maintenance of the infrastructure and generation equipment; staff salaries and the running 
cost of base load generators (which is very low in countries with a lot of hydro-generation 
capacity). In other words, it is the marginal cost of normal utility operation. The floating cost 
represents: short term rise in fuel price and amount of peak load generation taking place. 
These are costs that only start having an effect as the demand rises toward capacity.  
 
Although there exist various tariff structures and the science of tariff design is a whole field 
on its own [2], a main categorisation can be made between fixed tariff and variable tariff 
structures, where most industrial electricity consumers (such as mines and factories) use a 
variable tariff and residential consumers use a fixed tariff [3]. 
 
The variable tariff imposed on most large consumers [3] is structured as follows [4]. 
Normally the tariff comprises of three separate costs between which are differentiated: 

1. Fixed charges (R/month) 
2. Volumetric charges (R/kWh) 
3. Demand charges (R/kWpeak or R/kVAR) 

 
The fixed charges account for invariable (slow varying) costs such as maintenance of the 
infrastructure. The volumetric charge recovers the capital that would have been expended if 
all the consumers constantly used all of (but not more than) the utility’s base load capacity 
and the demand charge is responsible for recovering the cost of peak load generation, but also 
as incentive to clients not to have a high peak demand. 
 
This kind of tariff is an example of a shaped tariff. The foundation for a shaped tariff is its 
obedience towards the economic supply and demand model. In other words, a heightened 
demand will end up costing proportionally more [2]. This can be explained with the graph 
illustrating supply and demand. 

                         
Figure 2. 
Supply and Demand5 

                                                                                                                                                 
5 Figure courtesy of http://en.wikipedia.org/wiki/Supply_and_demand 
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The x-axis represents the quantity of product delivered by a market, while the y-axis 
represents the price at which it is delivered. The curve labelled “S”, indicates the supply from 
the market, while the two “D” curves represent the demand. As the demand increases from 
D1 to D2, the quantity that the market has to deliver moves from Q1 to Q2 and this forces the 
price to increase from P1 to P2 along the supply curve.  
 
The real problem is that a fixed tariff, such as used by residential consumers, has no price 
elasticity (no obedience to supply and demand) whatsoever. Residential use of electricity is 
the third largest sector of energy consumption, making up 18% of the total consumption of 
electricity in South-Africa [5]. 
 
According to Hubert [6] one of the main characteristics of an oligopolistic market 
(competitive, not being monopolistic) is the strong obedience to the economic supply and 
demand model. 
 
 

1.4.2 Demand Side Management 
Although the preceding analysis holds indefinitely, the main incentive for tariff shaping from 
Eskom is rooted in the energy crisis experienced from 2008 [7]. The main problem is to find a 
way to incentivise power users to improve their power consumption habits, effectively 
improving the domestic load profile. This ensures that the base load generation will be used 
more efficiently and that the peak load will drop (postponing the urgent necessity for 
generation expansion) and decrease the on-line duration of peak load generation (decreasing 
the cost to company) [2]. 
 
In this context, another concept that Eskom is currently putting a premium on is “Demand 
Side Management”. It was originally developed in America in the nineteen seventies during 
an energy crisis, in order to alleviate pressure on the energy utilities [8]. DSM, or Demand 
Side Management, is closely related to following the Supply and Demand pricing structure, 
bringing elasticity of supply and elasticity of demand into the equation. In other words, if the 
price is pushed upwards it will force the demand downwards and thus the supply downwards 
as well [9]. (In the same way) Eskom wants to implement a variable tariff structure in their 
DSM program, in order to curb the current capacity shortage. 
 

1.4.3 The challenge behind variable tariffs 
The reason why industrial electricity consumers have been able to use a shaped tariff is 
because of volume. It is worthwhile for a utility to install expensive meters that can determine 
different aspects of a consumer’s usage when the cost of the equipment and metering is small 
comparable to the economic advantages the shaped tariff has for the utility [10]. At present 
the majority of residential electrical metering is performed by Ferraris disk type meters or 
equivalent meters working on the Hall Effect [11]. This basically constitutes an electrical 
motor turning at a speed proportional to the power being consumed in the line that it 
monitors. The rotation of the motor turns counter wheels marked in kWh units. When 
electricity is consumed, the motor causes the counter to increment with each kWh consumed. 
At the end of the month (sometimes longer stretches) a meter reader records the reading and 
the consumer is billed on the difference between the new and last reading. 
 
Although there exists a lot of technical documentation on variable domestic tariffs, Great 
Britain has one of the few successful implementations of variable domestic tariffs, dubbed 
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“Economy 7” [12]. This system has been used since 1984 and utilizes specialised electricity 
meters that receive “radio teleswitch commands” over AM (amplitude modulation) RF (radio 
frequency). Even though this system has proved itself to work well for more than twenty 
years, it is very limited in capability (it can only accept two tariffs, peak and off-peak). In 
addition to this, the technology is very outdated and would still prove difficult to implement 
locally. This justifies the need to investigate a fresh approach and design a new “smart 
metering system” altogether. 
 

1.4.4 A new generation “smart” electricity meter for residential use 
Taking into account that the electricity meters that are still commonly in use today have been 
in service for over thirty years, it is worthwhile noting that when a technology like this is 
replaced, it is utterly insufficient to focus solely on the reason for replacement (being variable 
tariffs). On a list of shortcomings that are experienced with the meters currently in use, the 
logistic nightmare of meter reading would be at the top. Although Eskom’s prepaid electricity 
initiative eliminates the fortune spent on meter reading and related corruption, it still does not 
support variable tariffs or any other functionality [13]. Other aspects that are worthwhile 
addressing are matters such as the need for the utility to forcibly decrease peak load at times 
by removing power to non-essential loads such as geysers or pool pumps [7]. However, the 
list goes on. 
 
The main problem is to simultaneously find a way to incentivise power users to improve their 
power consumption habits (DSM), in effect improving the domestic load profile and secondly 
to automate meter reading by means of a centralised data storage centre [7]. This could be 
achieved by a system that will determine the electricity usage of a household and create an 
electricity bill based on variable tariff rates communicated to the meter. The meter should also 
display to the user the cost per time unit (R/h) of the electricity currently being consumed and 
transmit the consumption data back to a centralised point of some sort. 
 

1.4.5 Integrating technology towards a solution 
 

1.4.5.1 Energy Measurement 
Some of the biggest advantages of solid state (electronic) techniques of energy measurement 
are immunity to mechanical failure, which had been the major cause of failure for the 
previous meters, and highly improved accuracy (over Ferraris disc type meters) in non-
sinusoidal (containing harmonics) conditions [14]. Among modern energy measurement 
techniques, DSP or microcontroller methods are the most commonly discussed technique 
[14]. In this process, voltage and current signals from the line (being monitored) are sampled, 
multiplied (giving the instantaneous power) and integrated over time to determine the energy 
consumed. There exist many examples of such meters implemented on solid state technology 
such as the microcontroller-based meter by Lamega et al. [15], which produced a maximum 
error of 1.6% (which is well within the 2% error margin of a Class II metering specification). 
 
 

1.4.5.2 Expanded functionality 
Initiatives that have been experimented with, such as Xanthus Consulting’s [16] AMR 
(automated meter reading) projects, suggest features such as remote load switching (non-
essential load control) and “time of use” (variable) tariff compatibility. The drawback is that 
the AMR functionality relies on the presence of a radio network specifically for the electricity 
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meters. Alternatively, products that are already in use such as TruEnergy [17] in Australia’s 
LCD-meters have the functionality to continuously show the user how much electricity is 
being consumed but still have to be recorded on-site (by a meter reader).  
 

1.4.6 Conclusion 
Although electrical energy metering is not a nineteenth century science any more, there does 
not seem to be any new generation product that combines the following as a whole: 

• AMR compatibility. 
• Variable tariff compatible (time-of-use or real-time-pricing). 
• DSM orientation (incentivising the user to lower demand). 
• Remote (non-essential load) switching capability. 
• Ease of installation (would work off the current residential set-up). 
• Possibility to implement added functionality without extensive infrastructure 

expansion. 
 
This justifies the need for developing a “smart” electricity meter, combining all the modern 
day requirements of residential electricity metering and management into a whole. 
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2 DESIGN AND IMPLEMENTATION 

2.1 APPROACH AND CONCEPT DESIGN 

2.1.1 Design alternatives 
The project as a whole can be divided into fields of design. Each of these fields requires a 
different approach to making design and implementation choices and should be treated 
accordingly. It is very important to remember, however, that the design and implementation 
choice of each of these fields will most probably affect all the other fields as well and thus it 
is imperative to keep all the other design aspects of the project in mind when making these 
decisions and not simply choose the optimal solution for the specific challenge at hand. 
 
The design fields that stand out significantly for a project such as this include energy 
measurement, control circuitry, communication system, data handling system and information 
structure. 

2.1.1.1 Energy measurement alternatives 
One of the biggest choices presented when implementing a project such as this, is which 
energy measurement technique to utilise. As was discussed, the prevalent technique for 
residential energy measurement was by means of electro-mechanical Ferraris disc meters. 
These meters proved a great success for an era that had not yet seen solid state (electronic) 
energy measurement methods. Thirty years later, there exist numerous electronic methods to 
measure energy that are not only usually lower in cost but also more accurate and less prone 
to failure (no moving parts) than their electro-mechanical predecessors. 
 
In the field of solid state energy measurement, again there exists a vast variety of different 
implementations to effectively measure energy. The basic principle on which most of these 
methods function is the measurement of instantaneous voltage and current that exists on the 
line, multiplying these signals to produce the instantaneous power and averaging (or 
integrating) this over time to end up with the amount of energy consumed. The mathematics 
behind this principle is as follow: 
 
            (1) 
 
          
            (2) 
 
Where P is power in watts, V is voltage, I is current in ampere and E is energy in joules. 
 
The most basic electronic implementation of this mathematical function would be to multiply 
the voltage and current signals with an analogue multiplier such as the AD5346 and then 
sampling this instantaneous power signal for the purposes of integrating and processing. 
Another method of discretely implementing the power calculation would be to sample both 
the voltage and current signals and multiply them digitally on the device (DSP or 
microcontroller) that will be used for the integration and processing.  
 
A third fully electronic method relies on the principle of determining the maximum values of 
the voltage and current signals, but also the phase difference between them and then by 
trigonometric methods, the power as well as the power factor can be determined. This method 

                                                                                                                                                 
6 AD534 from Analog Devices 

2
IV=P ×

dtP=E ∫
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adds unnecessary complexity to the energy measurement as residential electrical consumption 
is only billed according to real power consumption. 
 
A fourth category can be assigned to off-the-shelf products and IC’s that perform the whole 
energy measurement function and communicates only the power consumption to other 
circuitry. There exist numerous IC’s from various large microelectronic and semiconductor 
companies that perform this function, with variations in factors such as the amount of phases 
it can monitor or which kind of voltage and current transducer to be used but one 
commonplace that the energy measurement industry seems to be heading towards, is the 
manner in which this consumption data is communicated back, namely energy pulsing. This 
method relies on pulses acting as integration markers, for example, if the specific device is 
designed to deliver 31000 pulses/kWh then each pulse can be viewed as a 1/31000th of a kWh 
energy unit. 

2.1.1.2 Control circuitry alternatives 
When considering the different functions that the control circuitry of the project at hand needs 
to fulfil, sound reasoning and good justification need to be implemented when selecting a 
technology to base the control circuitry on. To fully appreciate this, consider two extremes.  
 
Modern day DSP’s have several logical data ports, operate at high frequencies (50-500MHz) 
and have software threading capabilities. These should then be more than sufficient to 
simultaneously monitor energy consumption, drive a display of some sort and manage 
communications with a centralised data storage facility. Also, DSP’s usually have sufficient 
mathematical capability to perform the operation such as multiplying the voltage and current 
in real time. The main drawbacks are price and EMI disturbance susceptibility; DSP’s are 
expensive and because they operate at such high frequencies are much more susceptible to 
noise interference from the high voltage power line. 
 
In contrast to this, most of the mentioned tasks (LCD driver, pulse counting, etc.) are tasks 
that are traditionally implemented on simple 16-bit microcontrollers. These are robust and 
cheap. The problem here is that microcontrollers do not usually have many logical ports and 
simultaneous tasks might be a problem as microcontrollers do not support software threading. 
Also, mathematical operations take considerably longer on these devices than on DSP’s. 

2.1.1.3 Design alternatives in communication method 
In order to determine which technologies can be considered as communication media, the 
communication capabilities that the meter will require must first be explored.  
 
As is set out in the literature study (1.4.6) the meter must be able to receive data as well as 
transmit data to a centralised point, also this data is concerned with things such as tariff rates 
or relay status. What can be taken from this, is that the communication must be of a duplex 
kind (eliminating all simplex communication such as the commercial radio infrastructure), it 
does not necessarily have to be full duplex (being able to communicate in both directions 
simultaneously), also since the data to be communicated are the likes of single numbers at 
time separated intervals (say 30 minutes), the bandwidth of the communication medium does 
not have to be very large such as that used for file transfers. 
 
Methods of communication can be divided into wired and wireless methods. Because the 
communication must be implemented with the addition of no or little infrastructure, the only 
viable wired communication method that can be considered is some form of power line 
communication. Although many research groups have explored the uses and implementations 
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of PLC (power line communications) very few commercial uses for PLC exist and are very 
limited in distance (usually limited to a single residence). 
 
The possible wireless technologies that can be utilised include low power digital radio 
transceivers, such as the common type that works on a VHF frequency (such as 433 MHz) 
and uses a FSK or ASK modulation scheme. The main disadvantage to this approach is the 
fact that these kinds of transceivers have a relatively small range (1km at most). 
 
Another option is GPRS which uses the existing GSM network to connect to the internet. This 
would solve the range issue as would be experienced with a digital radio transceiver because 
the majority (99%+) of populated areas have GSM coverage but would introduce all the 
complexity associated with communication over a worldwide network (namely the internet). 

2.1.1.4 Design alternatives for data handling 
Because most of the value adding that this approach to residential energy metering holds is 
the revolutionary way in which it accepts data in the form of tariffs and control signals from 
the utility and returns logged energy usage data, great consideration must be given to the 
manner in which the data handling will take place such as the platform to be used for data 
handling. 
 
Again it is necessary to envision the system as a whole (as if the system were already 
commissioned and is working). The first aspect worth mentioning is that there could 
potentially be millions of users. All these users need to receive the same data nationally, or at 
least regionally (i.e. the tariff in effect and possibly load control signals), but all the users 
have unique data to communicate back to the utility (namely consumption). This then needs 
to be a deciding factor in choosing a data handling platform. 
 
In engineering practice it is often acceptable to set up a data logging pc or server for the 
purposes of recording, field acquired data. In this case the sheer number of users that must be 
able to communicate data back to the utility would render this traditional configuration as 
insufficient. It is thus proposed to investigate a solution such as used by most data handling 
companies, namely a relational database of some sort.  
 
Where a relational database really comes into its own is when multiple users (thousands, even 
millions) are connected to this data structure. Where a data logging server might experience 
conflicts if a user is trying to modify data that is being accessed by another user, a relational 
database enforces a FIFO (first in first out) structure. 
 

2.1.1.5 Information structure alternatives 
When using a data logging server configuration as discussed earlier, information structure is 
not really the key to the result of the experiment, as long as all the relevant data are logged 
and the process is even more useful if it is time-stamped. When using a relational database, 
however, it is imperative to have a good information structure in place that guarantees 
mapable identifier fields between tables and no conflicts between primary keys. 
 
The information structure involves issues such as the breakdown of the database structure and 
the way in which different components of the system (energy meters, control room and billing 
authority) interface with the database and what privileges each of these agents possess. 
 
Another design alternative concerned with the information structure is whether each meter 
will access the database via a unique user account. Although each meter will be uniquely 
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identified in the database, they do not need to possess a unique user account with unique 
administrative rights. 
 

2.1.2 Implementation choices 

2.1.2.1 Energy Measurement 
When considering thoroughly the concept of energy measurement as the time integral of 
instantaneous power, many interesting issues arise. As is the case with any digital circuitry, 
continuous time integration is impossible and will have to be substituted with discrete time 
summation. The next challenge then is to determine an adequately small time interval over 
which to integrate the instantaneous power. When considering previously used electro-
mechanical energy measurement devices, these are subject to some extent to mechanical 
inertia, effectively acting on a low pass filter for changes in the instantaneous power. In other 
words, if the speed at which the counter turns is proportional to the amount of instantaneous 
power consumed and the maximum load is suddenly connected, the counter would not be able 
to accelerate to its maximum speed immediately. 
 
Furthermore, if the Class II specification (IEC 61036) is considered thoroughly, the 
measurement of instantaneous power should be accurate within 2% for 0.1Ib which is a tenth 
of the calibration current (typically 25A). This equates to a resolution of 2% of 2.5A which is 
0.05A. This has the effect that the current measurement needs to be accurate over a dynamic 
range of 1600:1. Because AC signals are usually offset to half of the sampling range when 
sampling with an ADC, the dynamic range of 1600:1 requires an ADC with at least 3200 
increments. This can only be achieved by ADC’s with 12-bit (ideally 14-bit) or higher 
resolution. Because of cost constraints, it is beyond the reach of this project to acquire devices 
of such resolution and an adequate sampling speed. 
 
The final implementation of the energy measurement circuitry differs somewhat from the 
proposed solution according to the Project Proposal (Appendix 1), where it was proposed to 
multiply voltage and current with the aid of an analogue multiplier, sample the product 
(which equates to the instantaneous power) and integrate this over time. 
 
As mentioned in the previous section (2.1.1.1) there exist mixed signal IC’s capable of 
measuring energy (provided with the correct peripheral circuitry and suitable transducers) 
able to measure energy and provide a pulse output proportional to the amount of energy 
consumed. One of these products that cater for single phase energy measurement is the 
Microchip MCP3905. 
 
The Microchip MCP3905 is a single IC solution delivering single phase energy measurement 
of 50Hz/60Hz power systems with voltage and current ranges determined by the peripheral 
sensing elements used. The circuit level functioning of the MCP3905 combines the basic 
functions needed for energy measurement (multiplier, ADC and integrator) and outputs 
pulses, proportional to fractions of energy units (kWh).  
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Figure 3. 
Block diagram representation of MCP39057 
 
 
Again due to cost constraints, the sensing elements needed for an energy meter capable of 
handling the 60A limit for residential clients is beyond the budget of the project and will be 
implemented with lower current rating devices. As this is simply a matter of implementing 
different sensing devices, should the project go into production, this is not of key importance 
to the design and does not affect the results. 
 
Even with all the technologies included within the MCP3905 it is still cheaper than a single 
14-bit ADC or analogue multiplier. 
 
 

2.1.2.2 Control circuitry 
 

2.1.2.2.1 Power supply 
The power supply design will be implemented very flexibly, to allow for flexibility in the 
installation options of the project. What is meant by this is that the input to the power supply 
should be able to accept a wide range of input voltage (e.g. 10V-20V) AC or DC. The supply 
definitely needs to be regulated to a specific voltage(s) and because of the low cost of linear 
regulators, compared to buck switching regulators and the expected low power consumption 
of the system, the higher efficiency of a buck switching regulator is not justified. 
 

2.1.2.2.2 Microcontroller 
Upon investigation of the required specifications that the control circuitry will have to fulfil, 
the following general requirements can be identified: 

 At least two 8-bit ports for the LCD. One to manage control signals such as reset, chip 
select and clock functions, another to send the data to be displayed. 

 At least two on-board ADC’s to sample the voltage and current in order to give power 
consumption estimates. 

                                                                                                                                                 
7 Courtesy of Microchip MCP3905 datasheet 
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 Built-in UART communication capabilities, as not to drain resources with software-
implemented UART routines, when communicating with the GPRS module. 

 Enough remaining I/O pins to facilitate the control signals to the teleswitch relays and 
implement pulse counting of the energy consumption. 

 Built-in timers and interrupts, to assist in pulse counting and be able to perform 
accurate time keeping. 

 
Taking into account the cost constraints placed on the project and the price of a DSP, the 
above specifications do not justify the need for a DSP but rather a microcontroller with 
enough ports and an acceptable operating frequency, such as the Microchip PIC18F4550. 
 
The PIC18F4550 is a 16-bit microcontroller with 5 logical ports of which 3 is full 8-bit I/O 
ports. The PIC18F4550 has multiple on-board ADC’s (10-bit), built-in UART communication 
capabilities and plentiful timer and interrupt registers. 

2.1.2.2.3 Instantaneous power approximation 
The circuit responsible for the approximation of the instantaneous power consumption, was 
originally also responsible for the energy measurement, by means of discrete time integration 
and was also implemented with an analogue multiplier. This previous implementation also 
uses only one ADC channel, where the new implementation uses two ADC channels. 
 
This will entail, sampling the voltage and current from the respective voltage and current 
transducers and then determining the appropriate instantaneous power approximation, either 
from multiplication on the microcontroller or by lookup table within the microcontroller 
software. 

2.1.2.3 Communication method 
A basic decision tree is shown for different communication media. 

 
 
Figure 4. 
Decision tree for communication medium 
 
Although power line communication [18] seems like an appealing option, due to the fact that 
the infrastructure already exists, this media would entail the successful implementation of a 
technology that has only really succeeded under laboratory conditions. In addition to this, 
issues such as cable theft could mean a break in the communication infrastructure serving 
areas that are not necessarily without power. 
 
From the remaining alternatives (i.e. wireless communication), if a radio link using frequency 
shift keying (or similar) in some commercial radio band is chosen another crucial issue arises. 
If one uses a high frequency (say 433MHz) half-duplex link, the link distance is limited to 
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less than a kilometre. This means that there will have to be a base station of some kind 
(utilising different long distance communication such as ADSL8 or microwave link) for 
approximately each 3.14 square kilometre9 of power grid, to relay the data over greater 
distances. On the other hand, if a low frequency (say 1KHz) link is utilised such as that in the 
UK [12], this will limit the communication to simplex, where the meters will not be able to 
communicate any data back to the utility. 
 
The last (logical) remaining option is GPRS communication. This entails that each meter be 
equipped with a GPRS capable device and a SIM card. The biggest drawback stemming from 
this approach is the possibility of limited or no GSM (Global System for Mobile 
communications) coverage, but taking into account that more than 80% of South Africa’s 
physical surface and more that 99% of South-Africa’s populated areas (towns and cities) have 
GSM coverage [14] this implies that GPRS is the most reliable (GSM outages versus cable 
theft) and least infrastructure intensive (existing GSM versus building a base station each 3.14 
square kilometres) compromise, but – most importantly – it has full duplex capability. 

2.1.2.4 Data handling implementation 
 
A relational database structure proves to be the best implementation for data handling, 
specifically MySQL.  
 
The advantages to using a relational database include matters such as a strong obedience to 
FIFO, the ability to handle millions of simultaneous queries, platform independence and the 
list goes on. 
 
The main reason for using MySQL specifically, is that it is free to use outside of an enterprise 
environment and there exist many resources and support for the MySQL structure. 
 

2.1.2.5 Information structure implementation 
For the sake of completeness, most of the data of clients currently known by power utilities 
will be considered when creating fields and tables in the database. In this method of 
implementation, each user will have a unique entry in a table where the user’s data are stored. 
The primary key for this table can be chosen from different seemingly unique instances, such 
as the identity number of the account holder or the address of the residence where the meter is 
installed. However, upon thorough consideration, it proves clear that a unique account 
number serves as the most advantageous approach, enabling single persons to own multiple 
accounts, or to allow more than one meter per physical address such as is the case in 
apartment buildings. 
 
The method by which each meter will interface with the database is through a dynamic PHP 
portal also hosted on the same web server as the database. This PHP portal consists of PHP 
code that can be accessed from any internet node by the HTTP 1.1 or higher protocol. When 
each meter desires to log consumption data or retrieve tariff information, it sends an HTTP 
request to the hosting address containing parameters such as the unique account number (in 
the request), the PHP portal then accesses the database on behalf of the meter and logs the 
relevant consumption data to the meter’s account number or retrieves the data requested by 
the meter. 
 

                                                                                                                                                 
8 Asynchronous Digital Subscriber Line. 
9 If the total surface of the grid were approximated as adjacent circles (each containing 1 base station) with a radius of 1km, these 
would form circles with areas of 3.14km2. 
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2.2 DETAILED DESIGN AND IMPLEMENTATION 

2.2.1 Theory 
This section is a detailed case (situation) study of different scenarios that the system will 
encounter and the logical generic operational algorithms to deal with each of these instances. 
 
In view of total the operating time of the system, downtime should represent an insignificant 
small fraction of the total operating time. The start-up and initialisation of the system will 
therefore be discussed along with prolonged power outages and maintenance routines. 
 
The first case that will be discussed should then be the state in which the system will operate 
for the greater part of up-time. Although there exists no real norm for residential energy 
usage, all metering systems have a nominal current rating (relating to maximum and 
calibration currents), which is usually taken to be 25A (or 220V*25A=5500W) which roughly 
translates to the equivalent of a geyser, a fridge, and a few lights. 
 

2.2.1.1 Normal off-peak tariff operation case 
The case under discussion deals with the system operating with an off-peak tariff and a 
combined cycle of energy usage. This case should be analogous to the current operation of 
residential energy meters as there currently exists only one fixed tariff (assumed to be off-
peak). The sole duty of the energy meters currently in use is to measure the amount of energy 
consumed by the consumer. The duties of the smart metering system, however, will be as 
follows: 

• Measure all energy consumed by the consumer (up to Class II accuracy). 
• Connect to the internet to verify assumption that off-peak tariff is in effect, as well as 

check for control signal status changes and log the consumption data since the last 
connection to the MySQL database. 

• Calculate the approximate instantaneous power consumed. 
• Calculate the cost per time (R/h) of current energy usage. 
• Display the tariff, approximate instantaneous power consumption and approximate 

cost per time to the user via the visual LCD display. 
 

2.2.1.2 Peak tariff operation case 
This case pertains to situations where the utility decide, may it be at a fixed daily period or at 
the discretion of the utility, to have a higher tariff than the normal (off- peak) tariff. 
 
For this case to be active, two conditions have to be met. Firstly, the utility should have 
loaded the tariff change onto the MySQL database with the control software and secondly, the 
energy metering system would have to have connected to the MySQL database and retrieved 
the new tariff in effect. 
 
When these two conditions are met and the peak tariff case is in effect the duties of the energy 
metering system are almost identical than to the off-peak case except for the higher tariff that 
is displayed on the LCD and used in the cost per time (R/h) calculation. 
 

2.2.1.3 Load control (non-essential load switching) case 
The Load control case is concerned with conditions where the utility decide (usually under 
critically high load conditions) to forcibly remove power to some of the non- essential loads 
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in residences such as geysers or pool pumps for a period of time, until the national load is at a 
safer level. 
 
To achieve this case, two conditions are again in place. As before, the utility should have 
logged the change in control signal (controlling the non-essential load relays) to the MySQL 
database and, secondly, the energy metering system should have connected to the MySQL 
database and have executed the change in control signal. 

 

2.2.1.4 Initial start-up and service routine case 
This particular case is concerned with the conditions encountered when the system is first 
commissioned after installation, when it is started up after a service routine or an extended 
power outage that the back-up battery could not sustain the system through. 
 
The main concern faced with this scenario is not to lose energy consumption data due to 
power outages. This should either be achieved by keeping the system operational for the full 
power outage by means of back-up battery, or to store the energy consumption data on flash 
or EEPROM technology and reload the stored value at start up. 
 

2.2.1.5 Conclusion and generic system model 
Considering the previous scenarios discussed, of how the system should function provided the 
implementation choices for hardware and the states that the system would most likely 
encounter, a generic model of the system can be constructed as follows. 

                      
 
Figure 5. 
Flow diagram model of system events 
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2.2.2 Modelling 
This section serves as a system model using the hardware implementation choices as 
discussed (2.1.2) and based on the best solution to the state machine discussion in the theory 
(2.2.1). 
 
The bulk of the system modelling will be dictated by the implementation choice of the energy 
measurement and communication. The first implication of this is that because the GPRS 
connection will only be operational when the metering unit decides to connect (when the 
logging timer elapses) the tariff displayed by the unit will not necessarily be updated 
immediately; neither will the energy usage be logged at the start of a tariff change. 
 
This might be viewed as a crippled data link. It should be remembered that most if not all 
GPRS data logging takes place in this way. Secondly, when considered that if this system is 
implemented across the whole country, a request for all the meters (tens of millions) to 
connect simultaneously, may well be too big a burden for either the PHP portal or the GSM 
network. In this light then, although it is still necessary to structure the best logging sequence 
(find an optimal logging interval), the logging method probably would not have been viable 
implementing a connect-on-request GPRS link. 
 
The second aspect of the design that is dictated by the implementation choices is the data to 
be logged. The original energy measurement technique would have been accomplished by 
discretely multiplying the voltage and current, the new method, however, handles this task 
internally and outputs fractions of kWh units in the form of pulses. It seems more logical to 
rather log the true amount of energy consumed (in pulses) than just the cost of the energy 
consumed. The justification behind this is that the computational unit in the control circuitry 
does not possess a floating point calculation unit; therefore, the monetary value of the energy 
consumed will be a (roughly) rounded figure. If the billing software is used to calculate the 
monetary value of energy consumed, this will be performed on a much more powerful 
processor and allow for much greater accuracy. It should be noted that the rounded-off 
monetary value of the energy being consumed is sufficient for displaying an approximate 
value to the consumer on the unit’s LCD. 
 
A second advantage to logging the energy consumed, instead of the cost, is the utility this 
adds to the data. If the database only represents money owed by consumers to the utility, it is 
basically just a structured bill. Should the database, on the other hand, contain the data about 
the amount of energy consumed as well as the relevant tariff information to assist in 
calculating what is owed by each consumer, this database can suddenly be used to perform 
other statistical and data analyses, such as load profiles (per consumer, region or complete). 
Also, energy bills can be printed as itemised bills (such as phone companies issue), stating the 
usage instance, cost and amount consumed, such as illustrated by the figure. 
 

Date Time 
Amount 
(kWh) 

Tariff 
(c/kWh) 

Cost 
(ZAR) 

12-Oct 12:00 2.3 0.23 0.529
13-Oct 22:00 1.9 0.33 0.627
13-Oct 23:00 7 0.12 0.84
13-Oct 0:00 4.33 0.6 2.598
14-Oct 1:00 7.8 0.7 5.46
14-Oct 2:00 4 0.4 1.6
14-Oct 3:00 1 0.11 0.11

Table 2. 
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Itemised billing example 
 

2.2.3 Hardware Design 
This section of the design and implementation of the system gives the details of the design 
and implementation of the hardware used in the prototype of the project. 

2.2.3.1 Control circuitry design 

2.2.3.1.1 Background and overview of system 
The control circuitry is concerned with driving the LCD display, counting pulses from the 
energy metering circuit, interfacing with the GPRS module, sampling the voltage and current 
signals and calculating an estimate for the instantaneous power and consumption cost. 
 
The control circuitry is built around the PIC18F4550 microcontroller and peripheral ICs. 
Amongst the peripheral ICs were the MAX232 voltage level converter, LF347 operational 
amplifier, LEM LTS-25 current sensor (with pre-amp) and the 7805 and LM317T linear 
voltage regulators. 

2.2.3.1.2 Implementation of the power supply 
A bi-voltage, bi-regulator power supply configuration was implemented on the control 
circuitry board. The main reason (and advantage) of this kind of implementation is the 
inclusion of a back-up battery (to sustain the system during short power outages).  
 
Unregulated AC (or DC) of up to 20V is connected to the system via the screw clamp input. 
This input power (AC or DC) then passes through a rectifier bridge (to rectify AC and assure 
correct DC polarity). The unregulated DC passes through a LM317T linear voltage regulator 
and additional decoupling capacitor. This regulated DC can be adjusted from 6V to 14V 
(assuming that the input voltage is at least 2V higher than this) lending flexibility to the back-
up battery used. This regulated output serves as the connection point for the back-up battery 
as well as for the GPRS module’s power input. 
 
A 7805 linear 5V regulator further regulates the voltage down to 5V from where the control 
circuitry is powered. All the power stages were fitted with decoupling capacitors as indicated 
on the schematic and all voltage regulators were fitted with heat sinks. 
 
The LF347 operational amplifier used in the analogue part of the control circuitry requires a 
split (dual polarity) voltage supply, albeit at a very low current (<3mA). This was supplied 
from the on-board dual (+10V, -10V) charge pump power supply that the MAX232 uses for 
the differential voltages associated with the RS232 standard. Although this is an unusual 
implementation (exploitation) of the MAX232, it might be viewed as innovative, seeing that 
an available resource is uniquely applied without placing strain on it and eliminating the need 
for a dual voltage rectification decoupling and regulation, not to mention the elimination of 
the second step-down transformer. 
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Figure 6. 
Control circuitry power supply schematic 
 

2.2.3.1.3 Implementation of the PIC18F4550 
The PIC18F4550 as illustrated was implemented with the following configuration. The 
PIC18F4550 is able to operate between 8MHz and 48MHz when supplied with an 8MHz 
crystal. The crystal was connected to the XTAL input and decoupled to ground using 22pF 
capacitors. The MCLR pin on the microcontroller resets the software when supplied with a 
logic low (0V) and thus needs to be held high (5V) for proper operation. Because the 
microcontroller also resets on power-up and will never be required by a user to reset the 
microcontroller within his smart electricity meter, this pin was fixed high (5V) by a pull-up 
resistor. 
 

                                   
Figure 7. 
PIC18F4550 microcontroller used 
 
The LCD was connected to both Port B as well as Port D, with Port B responsible for control 
signals such as “reset” and “chip-select” and utilising Port D as the parallel data port. 
 
The USART functionality of all 40-pin PIC18F’s are realised through Port C (RC6 and RC7) 
and these were connected to the MAX232. The first two outputs of Port C (RC0 and RC1) 
were used as (logic) outputs to control the teleswitch relay(s). 
 
All of Port A can be configured as ADC inputs and was therefore connected to the voltage 
and current transducer part of the circuit. 
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Port E was used for pulse counting from the energy circuit. 
 
                                       

                   
Figure 8. 
Implementation schematic for PIC18F4550 
 

2.2.3.1.4 Implementation of the MAX232 
The MAX232 voltage level converter IC was implemented exactly as is set out in the data 
sheet (see technical documentation) with the exception of larger current pump and decoupling 
capacitors (100uF instead of 1uF) used to allow for more current draw from the on-board 
split-supply. This was done to factor-in the additional current draw from the LF347 
operational amplifier. 
 

                                  
Figure 9. 
Implementation schematic for MAX232 
 

2.2.3.1.5 Implementation of the AD534 analogue multiplier 
The original design as proposed in the Project Proposal still relied on the method of discrete 
sampling and integration for the purpose of energy measurement. This proposed design 
included the use of an AD534 analogue multiplier IC. The first version of the control circuitry  
included this implementation. The design was revised however, firstly because of the decision 
to implement the energy measurement with the aid of an energy measurement IC and 
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secondly because of non-linearity errors experienced due to the massive dynamic range in 
effect (more than 1000:1).  
 

2.2.3.1.6 Implementation of the Voltage and current transducers 
As discussed earlier, the LEM LTS-25 current transducer was used. This module, is ideal for 
the digitisation of current signals, as the output is already offset to 2.5V which is half of the 
sampling range that most ADCs (and specifically the ones used) can sample, the current 
signal is then superimposed onto this offset voltage as a sine wave (assuming a sine voltage 
and resistive load) of varying amplitude, proportional to the amount of current through the 
transducer. 
 
The same result was desired for the voltage transducer. This was realised using a step-down 
transformer (as a voltage transducer), the output was scaled and offset by a simple summing 
amplifier (as illustrated), realised with the LF347. 
 

 
Figure 10. 
Implementation schematic for voltage transducer 
 
 
Summing amplifiers are actually misleadingly named, as they invert the signal after the 
summation is completed. The implementation of the summing amplifier is somewhat unique 
here in that the negative supply (instead of a positive voltage) was summed to the VT signal 
(making the signal offset to -2.5V actually). This results in the signal being within the desired 
range for ADC sampling after the summing amplifier inverts it. 
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Figure 11. 
0V-5V Conditioned voltage signal 
 
 

2.2.3.2 GPRS module implementation 

2.2.3.2.1 Background and overview of system 
The GPRS module used is the Telit GM862 module as previously mentioned. The module is 
fully encased in an RF-shielding metal case, the module interfaces to the outside world via a 
Molex 52991-0508 connector for data and a MMCX female RF connector as antenna 
connection. 
 
A fully populated breakout, communications and power supply board from Riecktron was 
used to interface the module with the rest of the system. The breakout board is fitted with a 
suitable switching voltage regulator to handle the maximum current bursts (3A) associated 
with GPRS transmissions and a suitable RS232 voltage level converter for USART 
communications. 

2.2.3.2.2 Implementation of system 
The GPRS module was interfaced to the control circuitry by means of a pin header stacking 
configuration which also serves as mounting point for the GPRS module. The input power to 
the GPRS module was taken from the battery connection point (as discussed in the control 
circuitry implementation section). 
 
 

2.2.3.3 Energy metering circuit 
 

2.2.3.3.1 Background and overview of system 
The energy metering circuit is based on the Microchip MCP3905 energy metering IC. The 
MCP3905 is a DSP based instantaneous power integrator that supplies a pulse output 
proportional to the amount of energy consumed. The MCP3905 uses an internal 14-bit ADC 
to sample the voltage and current. 
 
The MCP3905 needs various peripheral subsystems to function properly. It is worth 
mentioning, however, that the MCP3905 requires a direct connection shunt and voltage 
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divider configuration with the digital and analogue ground referenced to live, posing the 
definite danger of transferring energy to anything referenced to neutral or earth. This makes 
optocoupled interfacing with external circuitry imperative. 
 
To implement the MCP3905 properly requires some very expensive peripheral components 
the most expensive of which, a precision (315mΩ) current shunt. Because of the cost 
constraints placed on the project, this was overcome by substituting the current shunt with a 
length of electrical conductor, cut to a length presenting a similar resistance. Replacing this 
length of conductor will decrease the maximum current that the prototype will be able to 
handle but not affect the results of the system otherwise. 
 
 

2.2.3.3.2 Implementation of the MCP3905 power supply  
As the MCP3905 uses a direct connection current shunt and voltage divider configuration, 
step-down and switch mode power supply configurations are out of the question as energy 
would be coupled backwards through the power supply from the circuit ground (which 
actually floats at 220V). A different inductor-less power design approach was used to supply 
low voltage (5V) DC to the circuit. 

                           
Figure 12. 
Implementation schematic for MCP3905 power supply 
 
This kind of power supply is often found in home automation and control devices that require 
a small amount of DC for control circuitry such as those found on day/night lamp controllers. 
The basic working consists of a current source and voltage manipulation configuration. The 
current source feeding the power supply consists of C5 and R1. All the negative power (with 
reference to the power supply ground) will be shorted to ground by D1 (making this kind of 
power supply 50% effective at most). All the positive energy is fed to the energy storage 
capacitor C3 and clamped to a suitable voltage by D2 (not exceeding C3 or the voltage 
regulator maximum specification). From this point, the clamped voltage is regulated and 
further decoupled by C4. 
 
 

2.2.3.3.3 Implementation of the current and voltage divider networks  
For the MCP3905, current is measured across a current shunt. This comprises of a wire 
jumper specially constructed to have some specific resistance (usually in the micro ohm 
range). The shunt acts as a very small resistance across which a voltage is formed, 
proportional to the current passing through it, by a rewritten form of ohm’s relation. 

 
V=I× R       (3) 
 

The MCP3905 has an on-board programmable amplifier for the current channel and thus 
supports a wide variety of shunts. Current shunts are very expensive however, so due to cost 
constraints a length of insulated copper wire was used as current shunt. 
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The voltage is measured across a resistive voltage divider network.  
 

                            
Figure 13. 
Schematic of calibratable voltage divider for MCP3905 
 

2.2.4 Hardware implementation 
This section represents the final implementation of the hardware used in the project.  
 

2.2.4.1 Full schematics 
 
The schematics for the prototype were captured in Eagle Schematic Editor (by CADSoft). 
The illustration below shows the full schematic for the control circuitry. Most of the resistors 
are simply 470Ω 1/4W resistors (for current limiting). R1, R10 and R9 are 1kΩ 1/4W 
resistors and all the trim potentiometers (R11,R12,R13,R15) are 5kΩ multi turn type 
potentiometers. The capacitors C1 and C2 are 22pF ceramic capacitors to assist Q3 (8MHz) 
crystal to oscillate. IC1 is a 7805 voltage regulator and IC2 is a LM317T voltage regulator. 
The rest of the components are exactly as annotated on the schematic. 
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Figure 14. 
Control circuitry schematic 
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Figure 15. 
Schematic for energy measurement circuit 
 
The illustration above shows the schematic to the energy measurement circuitry. JP1 to JP10 
are normal specification pin headers. R13, R14, R15, R19 and R20 are 1kΩ pull-up resistors. 
C1, C4, C5, C7, C15 and C16 are 33nF decoupling capacitors. C2 and C3 are 12pF ceramic 
capacitors. C6 and R18 (470nF/400V and 470Ω/2W respectively) form the current source 
supplying the power supply, directly from 220V. C12 and C13 are 470uF/25V (electrolytic) 
capacitors. R16 and R17 are 470Ω 1/W resistors. The voltage divider is made up of all 1% 
1/4W resistors (R1-R12) with the following values: R1=330kΩ, R2=300kΩ, R3=150kΩ, 
R4=75kΩ, R5=39kΩ, R6=18kΩ, R7=9.1kΩ, R8=5.1kΩ, R9=2.2kΩ, R10=1.1kΩ, R11=550Ω 
and R12=1kΩ. The rest of the components are exactly as annotated. 
 



29 

2.2.4.2 PCB layouts 
  
The complete system was built on single sided PC boards (except for the GPRS module). All 
the un-routed and second layer tracks were implemented with wire jumpers. The PCB layouts 
were routed with the aid of Eagle CAD software, by CADSoft. 
 
For the final implementation, two PCBs were manufactured, one for the energy measurement 
circuit and another for the control circuitry. These two boards are connected by a twin wire 
interface. The reason that the energy measurement circuitry was implemented separately from 
the control circuitry is to allow for installations where the two systems are physically 
separated (e.g. the control circuitry, installed in the DB and the energy measurement circuitry 
installed in the junction box, outside the premises). 

 
Figure 16. 
Energy measurement circuitry PCB layout 
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Figure 17. 
Control circuitry PCB layout 
 
The control circuitry was implemented in a circuit stack fashion, where both the GPRS 
module and the LCD display plugs into the bottom of the control circuitry PCB.  
 
The following sections show annotated illustrations of the implementation on PCB level and a 
brief accompanying explanation. 
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2.2.4.3 Control circuitry 
According to the numbering and indications on the illustration below, some of the key 
implementations in the final hardware prototype will be pointed out. 

                           
Figure 18. 
Annotated illustration of control circuitry 
 
Numbers 1 and 2 respectively, illustrate the voltage and current transducers. The voltage 
transducer was placed at the edge of the board, to shorten the length of the high voltage tracks 
(PCB tracks carrying 220V), where as the current transducer (using an insulated 220V line) 
was rather placed close to the microcontroller (7.) to minimise the signal path (track carrying 
current signal), in order to minimise EMI. 
 
Number 3 represents the control relays. Although only one relay was necessary, a second was 
implemented, in order to provide for future expandability. These were also placed close to the 
edge of the PCB where the 220V lines are connected, minimising the high voltage track 
length. 
 
Numbers 4 and 6 represent the peripheral ICs (the LF347 and MAX232 respectively) and 
were placed as to have their peripheral components near. Number 5, illustrates the pulse 
carrying cable from the energy measurement circuit. 
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Figure 19. 
Annotated illustration of user interface 
 
The illustration above shows the track side of the control circuit PCB where the LCD is 
connected. This is the only segment that the user should be able to see. Number 1, the 
“System OK” LED, indicates if the system is operational. The LCD screen displays the 
interface produced by the developer version of the software on the microcontroller. Numbers 
1 through 8 represent the most valuable information required in the development of the 
system. 
 
 

2.2.4.4 GPRS module 

                                             
Figure 20. 
Annotated illustration of GPRS module 
 
Number 1, illustrates the voltage regulator required to power the GPRS module. Most of the 
peripheral components seen on this board are required by number 1, for purposes such as 
voltage programming and decoupling. 
 
Number 2 illustrates the physical GPRS module (inside an EMI metal can enclosure) which 
plugs onto the board with the Molex 52991-0508  connector. 
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2.2.4.5 Energy measurement circuitry 

                                            
Figure 21. 
Annotated illustration of energy measurement circuitry 
 
Number 1 illustrates the connection point for the pulse carrying cable (interface cable) 
running to the control circuitry. 
 
Number 2 illustrates the energy measurement IC (MCP3905) breakout board. It was decided 
to etch a separate breakout board for the energy measurement IC, as the MCP3905 only 
comes in SSOP-24 IC packages which are very hard to route on homemade PC boards.  
Further, the IC was fitted to the bottom of this breakout board, as only single sided PCB was 
utilised in this project. The MCP3905 breakout board plugs into the main board by means of 
stack pin headers. 
 
Number 3 represents the grouping of components, making up the DC power supply for the 
MCP3905. 

2.2.5 Software design 
This section describes the design of the general building blocks used in various sections of the 
project. These blocks include the amplifier design for the system output, the output 
impedance matching network, buffers and phase shifting layouts for the system. The current 
reference generator used in the biasing of all the above systems is also shown here.  

2.2.5.1 Microcontroller software design 

2.2.5.1.1 Background and overview of system 
All the software used on the PIC18F4550 in the control circuitry was developed in 
Mikroelektronika’s MikroPascal 8.1 IDE. The IDE uses a Pascal oriented higher level 
embedded interpreter to compile the code down to assembly level and finally to hex machine 
code, which is programmed into the microcontroller using the Mikroelektronika EasyPIC3 
development board. 
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2.2.5.1.2 Implementation of system 
As was discussed thoroughly previously, using a microcontroller instead of a DSP results in a 
lower overall cost due to device cost and less design complexity. It also poses some 
challenges that would not have been encountered when using a DSP. 
 
The issue of greatest concern to the project at hand is the fact that microcontrollers do not 
possess explicit threading capabilities. This means that microcontrollers are best suited for 
one dimensional sequential tasks such as washing machine operation: the water is let in until 
it reaches some predefined level, the drum is then spun for a predetermined time, water is let 
out, the drum is spun again and so on.  
 
Operations performed by the smart electricity meter might take on many more dimensions 
and rarely conform to sequence: the screen might be in the middle of being updated when the 
GPRS module decides to exchange tariff data, all the while energy pulses need to be counted 
from the energy metering circuit. 
 
In the light of this, the software for the microcontroller needs to be designed using all the 
resources such as interrupts and timers on the microcontroller effectively, so as to achieve the 
desired threading effect. The following flow diagram illustrates the basic functional flow of 
the software. It is worth mentioning that the system functions on events (or states) rather than 
a fixed sequential flow. 
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Figure 22. 
Software flow diagram for PIC18F4550 
 

 
 
All the possible states that can be encountered are represented by the state blocks at the top of 
the flow diagram. 
 
The power-up state would be encountered after initial installation, maintenance and prolonged 
power outages. The power-up state causes the microcontroller to reboot all hardware and 
software, after which execution of the code commences. The code initialises all the hardware 
registers (such as I/O port direction) and declares variables and routines to be used. When the 
module starts up, GPRS is usually not available yet, the starting tariff used is thus a hard-
coded assumption of the most common tariff and the teleswitch relay is engaged (power on). 
The module will immediately start with the main loop, sampling voltage and current signals 
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and displaying the calculated data to the LCD. The start-up sequence also starts the logging 
timer from zero. 
 
When the system reaches this stable running condition, it will continue to sample the voltage 
and current signals for instantaneous power calculations but also respond to any peripheral 
event that occurs. The timer that the second counter is derived from, is also utilised to check 
for incoming energy pulses from the energy measurement circuit (2.2.4.5) 38 times every 
second (thus at 38Hz), which is more than enough (as the maximum pulse rate from the 
energy metering circuit is 5.6Hz). Polling commands are also included both in the loop that 
samples voltage and current as well as the routine that updates the LCD to check for data 
requests from the GPRS module. Polling is used instead of interrupt vectors due to the fact 
that USART interrupts cannot discriminate between the “ready status” character that the 
GPRS module continually transmits and a data request character. 
 
When the GPRS module signals that there are tariff and control data available, the polling 
commands activate a subroutine that receives the tariff and control information, then proceeds 
to update the tariff variable and teleswitch relay status if applicable. 
 
When the logging counter lapses, a subroutine is triggered, which firstly checks if the GPRS 
module is ready (waits for the “ready status” character), if this is not received within a second, 
the logging timer resets and waits for the next timer lapse to send the consumption data to the 
GPRS module. If the “ready status” character is received, however, the microcontroller 
proceeds to send the pulse count to the GPRS module and then resets the pulse count. 
 

2.2.5.2 GPRS module software design 

2.2.5.2.1 Background and overview of system 
The GPRS module used for this project, the Telit GM862, is a fully GSM functional Class 10 
GPRS device interfaced by AT commands. The module is also equipped with a co-processor 
capable of running Python scripts whereby the AT as well as serial (USART) interface can be 
controlled. 
 
The Python functionality of the module creates the opportunity to have the module control its 
own connectivity and some of the interfacing routines associated with the data logging, taking 
resource strain from the microcontroller and assisting in a modular overall system 
composition. 

2.2.5.2.2 Implementation of system 
The following software flow diagram illustrates the basic flow of the python script running on 
the GPRS module. 
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Figure 23. 
GPRS module software flow diagram 
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2.2.5.3 PHP portal software design 

2.2.5.3.1 Background and overview of system 
To put into perspective why an internet (PHP) data or information portal was implemented to 
assist the smart electricity meter to log consumption data to the MySQL database, one must 
appreciate the complexity involved with connecting to a MySQL database. Furthermore, if an 
internet node such as the smart electricity meter had to retrieve and sort (tariff and control) 
data from a MySQL database, it would at least need i386 architecture. Instead, parsing the 
consumption data as parameters in a HTTP request and receiving data as the body of a 
dynamic HTML page prove much simpler and more robust. 
 
The PHP language is a powerful platform independent OOP (Object Oriented Programming) 
scripting language with the ability to be embedded within HTML code. The fact that PHP 
interfaces well with any MySQL version, made PHP the obvious choice for developing the 
internet data portal between the GPRS module and the MySQL database. 

2.2.5.3.2 Implementation of the system 
The PHP portal is structured as is the case with most dynamic web pages especially those 
used for the login page of a service. Most of the code is responsible for structuring the static 
content on the page (in this instance, kept to minimum, as no persons would view the page), 
and the rest is concerned with the input parameters, output parameters and the handling of 
both. Usually the input parameters are the user name and password, but are the account 
number and pulse count in this case. The output parameters are the tariff in use and the status 
of the teleswitch relay. 
 

 
Figure 24. 
PHP portal response in web browser 
 
Because of the modularity that this approach lends, other important data (needed when 
expanding the system) can easily be extracted from or entered to the MySQL database quite 
simply by modifying the centrally contained PHP code. 
 

 
Figure 25. 
Parameters parsed between GPRS module and PHP portal 
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2.2.5.4 MySQL database design 

2.2.5.4.1 Background and overview of system 
The design of the database as discussed needs to be concerned with not only all the relevant 
client data but also all the data logging of energy, as well as the tariff in effect and if the non-
essential loads of users are to be switched on or off. 
 

2.2.5.4.2 Software implementation of the system 
The database was implementing three respective tables, each linked by a shared key and each 
distinguished by a primary key. 
 
The table containing all the clients’ information, called account_info, was set up as follows. 
 

 
Figure 26. 
Screenshot displaying account_info columns 
 
This table’s primary key, called acc contains a unique number for each account administered 
by the system. Making the account number the primary key, instead of the physical address or 
account holder’s ID, allows single legal persons having more than one account and also 
allows for multiple accounts on subdivided properties. 
 
Other relevant information contained within the system include all the information that 
utilities currently use, as well as some (e.g. Coordinates), that allow for future 
implementations. 
 
The table containing all the timestamped logging events as well as the logged data, called 
billing, was set up as follows. 
 

 
Figure 27. 
Screenshot displaying billing columns 
 
The primary key for this table is the time stamp (time). The shared key, linking this table to 
the account info table, is acc. 
 
The main function of this table is to record the logging data from the energy meter, including 
a time stamp and the tariff that was in effect when the meter started logging (start_tariff). 
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The table containing the current, as well as all the previous implemented tariffs, as well as a 
timestamp, called control was set up as follows. 
 

 
Figure 28. 
Screenshot displaying control columns 
 
The main function for this table is to provide the PHP portal with the latest tariff and control 
information. The secondary purpose for this table is to provide the billing software with the 
tariff that was in effect when a specific logging session started. 
 

2.2.5.5 Billing and Control software design 

2.2.5.5.1 Background and overview of system 
The system under discussion should prove most practical implemented on a pc with a GUI (at 
least for demonstrational purposes) to be operated by human operator. Although there exist 
various IDEs supporting different languages, the Lazarus Project IDE operating on Pascal was 
chosen. Some of the advantages of choosing the Lazarus Project IDE are: 

 Well-developed, stable MySQL access components. 
 Code can be cross-compiled for both Linux and Microsoft Windows platforms. 
 Compiled code (executable binary) includes all libraries and environments (no 

additional framework or runtime environments necessary). 
 
 

2.2.5.5.2 Software implementation of system 
The system was implemented using a single (VCL) form, divided into panels as shown below. 
 

 
Figure 29. 
Screenshot of control software 
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The panels represent the different aspects of interfacing with the MySQL database. The top 
centre panel represents the calibration of the energy meter. The energy measurement circuitry 
built specifically for this project was found to display 800 pulses/kWh, but this may be 
different for other meters that are readily available. By including this calibration functionality, 
enables this software to be compatible with any energy meter. 
 
The panel at the top right hand side of the application represents the connection and status of 
connection to the MySQL database. The system returns a warning if actions are executed, 
without having established a connection to the MySQL database. 
 
The main left hand side panel is concerned with changing the tariff and control signal 
contained within the MySQL database. 
 
The main centre panel acts as a display, showing the contents of a query. For a query to be 
extracted, there need to be some parameters that define the query, such as account number 
and date parameters. The main right hand side panel is used to set these parameters for the 
query to be executed. 
 
When the “Create PDF” button is pressed, the software creates a .pdf document from the last 
query, if no queries have been executed yet, the software automatically creates a query from 
the parameters and creates the .pdf file based on that. 
 
 

 
Figure 30. 
Screenshot of .pdf created by control software 
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3 RESULTS AND DISCUSSION 
This section is used to represent the effectiveness of the designed system. It describes the 
experiments done to evaluate and quantise the performance of the system.  
 
When dealing with a system such as this where the outcome specifies a target accuracy, many 
of the experiments might seem irrational and irrelevant. A system such as this, containing 
many subsystems, might introduce (or eliminate) some of the error percentage from the 
original test variable (being the energy measurement). It is imperative then, to test (at least to 
some extent) all the subsystems handling the test variable for accuracy. 
 

3.1 IMPLENTATION 1: ENERGY MEASUREMENT CIRCUITRY 

3.1.1 Qualification test protocol 
The energy measurement circuitry should accurately (at least Class II) measure the energy 
consumed by the load (residence) connected to the meter. Not only should this measured 
energy be represented accurately but it should also be communicated to the control circuitry 
accurately enough to maintain the system within the Class II constraint. 
 

3.1.1.1 Experiment 1: Energy measurement accuracy test (linearity) 

3.1.1.1.1 Objective 
The objective of this experiment was solely to determine whether the energy measurement 
circuitry was able to measure the overall energy usage up to the required Class II accuracy. 
Specifically, the accuracy maintained between loads of different magnitude was determined, 
in effect measuring the linearity of the energy meter’s accuracy. 
 

3.1.1.1.2 Equipment used 
For this experiment, the energy measurement circuit, a calibrated Class I energy meter, 
various purely resistive test loads (such as incandescent bulbs), and some electrical 
connections were used. 

3.1.1.1.3 Experimental setup 
A calibrated energy measurement device of guaranteed Class I accuracy was connected in 
series with the device under test (energy measurement circuitry) as illustrated. Because of the 
very low power consumption (less than 2W) of the control meter, its power consumption was 
neglected. 
 

 
Figure 31. 
Test setup for Experiment 1 
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As both the device under test and the control device output a pulse proportional to the amount 
of energy consumed (e.g. 1000 pulses/kWh) it is merely necessary to check that the amount of 
pulses that both meters output over time and with different loads stay proportional. Thus, just 
as the calibrated meter outputs a thousand pulses for each kWh (1000 pulses/kWh), the device 
under test would output a certain number of pulses (say eight hundred) for every thousand 
that the calibrated meter outputs and it was merely necessary to check if this ratio held for 
different size loads. 
 

3.1.1.2 Experiment 2: Energy measurement accuracy test (temperature) 

3.1.1.2.1 Objective 
The experimental setup as well as conduct of this experiment was very similar to that of the 
previous experiment. The main difference is that the focus here was on measuring the 
repeatability of the energy meter’s accuracy for different temperatures.  
 

3.1.1.2.2 Equipment used 
For this experiment, the energy measurement circuit, a calibrated Class I energy meter, a 
combination of a bulb (amounting to 2kW), a hair dryer, a nitrogen spray, a temperature probe 
and some electrical connections were used. 

3.1.1.2.3 Experimental setup 
The DUT (energy metering circuit) once again was connected in series with a calibrated Class 
I energy meter. In this case, the load would not be changed between tests. 
 
The temperature across the energy measurement IC was monitored by the temperature probe. 
The setup was repeated at different temperatures (using nitrogen for cooling and the hair dryer 
for heating) and the energy usage (pulses) measured by the DUT was recorded in each case 
and compared to the calibrated meter in order to determine the repeatability of the DUT’s 
accuracy under different temperatures. 
 

3.1.2 Results and description 

3.1.2.1 Experiment 1: Energy measurement accuracy test (linearity) 

3.1.2.1.1 Results 
Load 
(kW) 

Fraction of kWh 
(0.001kWh) 

Pulses from 
DUT Ratio 

3 1000 800 0.8 
3 500 400 0.8 

Table 3. 
Results to determine pulse ratio for DUT 
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Load 
(kW) 

Fraction of kWh 
(0.001kWh) 

Pulses from 
DUT Ratio % Error 

3 1000 800 0.8 0 
2 100 80 0.8 0 
1 100 80 0.8 0 

0.4 100 80 0.8 0 
0.3 100 79 0.79 1.25 

0.15 100 78 0.78 2.5 
Table 4. 
Results to determine linearity for DUT 

3.1.2.1.2 Graphs of measurement 

             
Figure 32. 
Graph displaying linearity error of DUT 

3.1.2.1.3 Description of results 
The first of the two tables indicates the test to determine the amount of pulses that the energy 
metering circuit outputs per 1kWh. This was determined to be 800 pulses/kWh in comparison 
to the 1000 pulses/kWh for the calibrated Class I energy meter. In this case, the load was not 
changed between tests. The setup was repeatedly powered up until a certain amount of energy 
usage was registered by the calibrated meter (say two hundred pulses) and the amount of 
energy usage (pulses) measured by the DUT was recorded in each case and compared to the 
calibrated meter in order to determine the repeatability of the DUT’s accuracy. 
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3.1.2.2 Experiment 2: Energy measurement accuracy test (temperature) 
Results 
Load 
(kW) 

Temperature 
(°C) (approx) 

Fraction of kWh 
(0.001kWh) 

Pulses from 
DUT Ratio % Error 

2 -20 1000 800 0.8 0
2 0 200 159 0.795 0.625
2 10 100 80 0.8 0
2 25 200 161 0.805 -0.625
2 40 100 80 0.8 0
2 60 100 80 0.8 0

Table 5. 
Results to determine temperature (repeatability) error of DUT 

3.1.2.2.1 Graphs of measurement 

 
Figure 33. 
Graph indicating temperature error for DUT 

3.1.2.2.2 Description of results 
The table indicates the results for the repeatability test. Although the number of measurements 
is small, it is beyond the scope of this project to do IEC standards accordance testing which 
usually takes months. The conclusions that can be drawn from this test are that the system 
shows very good temperature stability. In all cases where an error occurred, it was by only a 
single pulse and it could merely be the result of a rollover error. 
 

3.2 IMPLEMENTATION 2: CONTOL CIRUITRY 
This section describes the test for the accuracy of the instantaneous power approximation 
calculated by the control circuitry based on the voltage and current measurement taken by the 
ADC on the PIC microcontroller.  
 

3.2.1 Qualification test protocol 
The duties concerned with the control circuitry can be divided into the categories of: 
communication (USART), sensing (instantaneous power), pulse counting, timing, 
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computation and display. Although some of these functions should rather be verified than 
tested (e.g. the LCD screen is displaying and updating data), in the interest of engineering and 
in assisting to determine how the system behaves on a sub-system level, these duties were 
experimented with and tested to the furthest extent possible. 

3.2.1.1 Experiment 3: Instantaneous power approximation test 

3.2.1.1.1 Objective 
This experiment aimed to test the accuracy of the subsystem that is responsible for measuring 
and approximating the instantaneous power consumed by the load connected to the metering 
system. As was discussed previously, the accuracy of the instantaneous power approximation 
would not affect the validity of the energy measurement accuracy of the entire system, a 
better instantaneous power approximation merely results in increased utility to the user as the 
data displayed on the visual display concerning power consumption and cost per time will be 
more accurate. 

3.2.1.1.2 Equipment used 
For this experiment, the control circuitry, two calibrated multimeters, various purely resistive 
loads (incandescent bulbs) and some electrical connections were used. 

3.2.1.1.3 Experimental setup 
The energy metering system was connected to the 220V power line. Between the energy 
metering system and the load, two multimeters were connected, one in series (in current 
measurement mode) another in parallel (in voltage measurement mode), with a stable load 
connected to the system. The voltage and current readings on the multimeters were multiplied 
to form the true instantaneous power and compared with the energy metering system’s 
approximation. This was repeated with different loads.  
 

 
Figure 34. 
Layout of test setup 
 
Because the software was implemented using a lookup table with a 50W resolution, it was 
expected for the system to round off loads to the closest 50W and this experiment actually 
served as a test whether the system utilised the lookup table correctly. 

 

3.2.1.2 Experiment 4: Pulse count accuracy test 

3.2.1.2.1 Objective 
The objective of this experiment was to verify that the accuracy achieved by the energy 
measurement circuit was not jeopardised by errors introduced by the control circuitry (by 
miscounting the number of pulses that the energy metering circuitry produced). 
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3.2.1.2.2 Equipment used 
For this experiment, the full smart electricity meter prototype, a fixed load (incandescent 
bulb), as well as an objective observer were used. 

3.2.1.2.3 Experimental setup 
This experiment entailed an offline (GPRS module disconnected) operating setup, with a 
developer version of the PIC software running (displayed information such as pulse count on 
the LCD, which is not necessary for consumer purposes). The reason that this test needed to 
be performed without the GPRS module connected, is that a higher pulse count can be 
reached on the energy meter than when the GPRS module logs the data to the internet, 
resetting the counter. 
 
The energy metering system would then be operated with a (preferably heavy) load connected 
to it. Once operational, the pulse count variable would be monitored while counting the 
number of flashes produced by the LED on the energy metering circuit. When the energy 
metering circuit had produced a hundred flashes, the reading on the LCD (number actually 
counted by control circuitry) would be written down and compared to the true value (of a 
hundred). This process would be repeated. 
 

3.2.1.3 Experiment 5: USART communication reliability test 

3.2.1.3.1 Objectives 
The goal of this experiment was to determine the accuracy of data parsed between the control 
circuitry and the GPRS module. It is of grave importance that the consumption data recorded 
by the control circuitry be logged accurately to the MySQL database. Equipment used 
For this experiment the control circuitry GPRS module, some wires and a pushbutton switch 
were used. 

3.2.1.3.2 Experimental setup 
The upstream data reliability was first tested by again using the energy metering system in 
developer mode (pulse count and other relevant development data were displayed on the 
LCD). A pulse count was generated external to the system and the pulse count before each 
logging sequence (when the counter is reset) was compared with those logged values (as they 
were extracted directly from the MySQL database). 
 
 

3.2.2 Results and description 

3.2.2.1 Experiment 3: Instantaneous power approximation test 
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3.2.2.1.1 Results 

True load (W) 
Approximated instantaneous power 
(W) 

0 0
10 20
13 20
22 20
30 50
60 50
80 100

100 100
120 100
150 150
200 200
300 300
400 400

Table 6. 
Results for experiment 3 

3.2.2.1.2 Graphs of measurement 

 
Figure 35. 
Approximation of instantaneous power linearity 

3.2.2.1.3 Description of results 
As was expected, the system rounded the actual load to the closest entry contained in the 
lookup table. This lookup table can be tailored to a specific resolution. It does not seem 
logical to use an increment smaller than 50W and in so doing in any case lose accuracy of the 
lookup table. 
 
The system performed quite well in approximating the load connected to it, at least well 
enough to give a consumer an indication of the instantaneous power consumption. Testing the 
system for much larger loads was not deemed necessary, as the significance of incremental 
error (50W increment) decreases immensely. What is meant by this is that, if a user is running 
at a true consumption of 100W, an incremental error resulting in an approximation of 50W is 
misleading. If a user is consuming 2450W on the other hand, but the system approximates this 
to be 2400W, the error is much less significant. 
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3.2.2.2 Experiment 4: Pulse count accuracy test 

3.2.2.2.1 Results 
 
Load 
(kW) Pulses from Energy meter Pulses counted Ratio % Error 

2 100 100 1 0 
2 200 200 1 0 
2 100 100 1 0 
2 50 50 1 0 
2 150 150 1 0 
2 100 100 1 0 

Table 7. 
Pulse counting results 
 

3.2.2.2.2 Description of results 
Although the testing performed was limited and far from sufficient for certification purposes, 
the significance of this test is rather to scope for fatal functioning errors between subsystems. 
 
From the results, the control circuitry counted 100% of the pulses generated by the energy 
metering circuit and it can thus be concluded that the pulses counted by the control circuitry 
are a very good (if not perfect) representation of the energy consumed (according to the 
energy metering circuit). 
 

3.2.2.3 Experiment 5: USART communication reliability test 
 

3.2.2.3.1 Graphs of measurement 
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Figure 36. 
Screenshot of experiment 5 results 
 
Recorded Pulses Logged Pulses 

66 66
55 55
33 33
45 45
55 55
77 77
66 66
78 78
55 55
99 99
55 55
44 44
99 99

Table 8. 
Experiment 5 results 

3.2.2.3.2 Description of results 
The figures above show that the number of pulses recorded before the logging timer elapses 
corresponds exactly with the result set extracted from the database. This means that all the 
energy consumption data are logged correctly and no pulses are lost or added.  
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3.3 IMPLEMENTATION 3: GPRS MODULE 

3.3.1 Qualification protocol 
Since the GPRS module relies on internal scripts to set up a connection context, connect to 
the internet and perform HTTP requests, it can be viewed as a modular entity on its own. It is 
therefore of key importance that this entity functions well on its own (as its performance and 
actions are not explicitly monitored or controlled by the control circuitry). 
 
 

3.3.1.1 Experiment 6: Poor signal condition behaviour 

3.3.1.1.1 Objective 
 
The objective of this test was to gauge whether the GPRS link would overcome temporary 
bad signal conditions without freezing up or shutting down. 
 

3.3.1.1.2 Equipment used 
For this experiment, the GPRS module, a metal container as well as MySQL software on a PC 
with an internet connection were used. 

3.3.1.1.3 Experimental setup 
The system was powered up normally and allowed to run in steady state for a period of time. 
A bad signal condition was simulated by placing the GSM antenna from the GPRS module in 
a sealed metal container (RF shield). After a few logical logging timeouts had occurred, the 
antenna was removed and the system’s behaviour was documented. 

3.3.1.2 Experiment 7: Time response of tariff or control signal changes 

3.3.1.2.1 Objective 
This experiment was required to determine the time response of the system to a change in 
tariff or control signal. As the methodology of connection protocol, energy measurement and 
data logging had been implemented in a very different manner as was originally proposed, it 
is difficult to measure the system against the proposed specifications. It is, however, 
important in an engineering context to test the system against the original specifications and 
draw insightful conclusions with respect to the results obtained. 
 
The prediction of the outcome was that the system would respond to changes in tariff or 
control signal on average as quick as the logging timer times out. This would then be able to 
meet the original proposed specification (provided that the timer be set very low), but would 
be grossly inefficient (in the view of the whole system), very expensive on GPRS data, and 
unnecessary. 

3.3.1.2.2 Equipment used 
For this experiment, the full smart electricity meter as well as MySQL software on a PC 
connected to the internet was used. 
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3.3.1.2.3 Experimental setup 
The system was setup in a normal working condition, but by varying the logging timer, the 
proposed specification was attempted. This setup was repeated and the logging time response 
could easily be extracted from the MySQL database, as the time elapsed between logging 
entries.  

3.3.2 Results and description 

3.3.2.1 Experiment 6: Poor signal condition behaviour 
 

3.3.2.1.1 Results 

 
Figure 37. 
Poor signal condition results 

3.3.2.1.2 Description of results 
The experiment was conducted from 14h38, and the logging timer was set to approximately 
60 seconds. The system was allowed to run normally for 20 minutes, until 14h58 when the 
antenna was placed inside the metal container. 
 
The original idea was that the GPRS module would be completely without GSM signal, but 
from 14h58 when the antenna was encapsulated until 15h09 when the encapsulation was 
removed, the system was able to log data twice. This shows that the system does not freeze up 
during bad signal conditions and logs data whenever an acceptable signal level is present.  
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3.3.2.2 Experiment 7: Time response of tariff or control signal changes 

3.3.2.2.1 Results 

 
Figure 38. 
Time response of tariff change results 
 
Logging Timer (minutes) Success rate (%) 

0.1 0
0.2 0
0.3 63
0.5 70

1 81.3
2 83

10 92
30 94

Table 9. 
Success rate for different logging timers 

3.3.2.2.2 Graphs of measurement 
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Figure 39. 
Graph of success rate vs. logging timer 

3.3.2.2.3 Description of results 
The plot and the table show that the efficiency picks up drastically for logging timeouts 
greater than 20 seconds. This is mainly because the connection sequence (including the HTTP 
request and data return) takes approximately 20 seconds to complete. Any success in logging 
for logging timeouts smaller than 20 seconds, is really actually a fluke. 
 
These results do not even closely meet the originally proposed 10 second response time. 
However, taking into account the engineering change proposal and other practical aspects, 
like the cost of connection, the system would ideally rather use a logging timeout of 30 
minutes. The system performs optimally for timeouts of 30 minutes and longer.  
 

3.4 IMPLEMENTATION 4: PHP PORTAL AND MYSQL DATABASE 

3.4.1 Qualification test protocol 
 
The PHP portal and MySQL database are grouped together as the internet based part of the 
informational structure. Although each of these components is individual entities and can be 
tested as such, it is usually the internet service provider’s responsibility to ensure that the 
resources hosting these are operational. Further, if the PHP portal and MySQL database prove 
to be functional upon commissioning of the system, it is highly unlikely that they will stop 
functioning or go corrupt. Although it is beyond the scope of this project, should such a 
system as this be implemented commercially, the likelihood of the system’s failure can further 
be decreased by using a more professional multi-site, multi-medium ISP. 
 
The qualification of the test protocol for this set of experiments thus lies in determining 
whether the PHP portal and MySQL database communicate reliably and correctly with each 
other. 
 

3.4.1.1 Experiment 8: Communication reliability  

3.4.1.1.1 Objective 
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This experiment aimed to test how reliably the PHP portal enters energy consumption logging 
data to the MySQL database. The biggest requirement for this experiment was to isolate the 
informational structure from other error causing elements (such as the energy metering unit) 
and although not entirely possible, the probability for external errors had to be minimised by 
using a web browser for simulating logging sequences, rather than the energy metering unit 
itself. 

3.4.1.1.2 Experimental setup 
A (logical) sequence of amounts was logged to the MySQL database, using the “test account” 
number 456 and logging them from a web browser with the following HTTP request in the 
address bar. 
 

             
Figure 40. 
Parameters parsed to PHP portal via web browser 
 

3.4.1.2 Experiment 9: Cost of connection sequence 

3.4.1.2.1 Objective 
This experiment was intended to measure the cost incurred by a single data logging/tariff 
acquisition sequence due to GPRS data cost. It was expected that the cost would be identical 
for every sequence (although logging and tariff data may vary) because there would exist 
some minimum data size to be charged (1 kilobyte) and the data used for the logging 
sequence should be far less than this (28 bytes). 

3.4.1.2.2 Equipment used 
The equipment used included the control circuitry (with the GPRS unit switched on) as well 
as a PC with an internet connection. 

3.4.1.2.3 Experimental setup 
Although it was assumed that the cost of all logging sequences would be the same, more than 
one had to be analysed to verify if this was in fact true.  
 
The balance of the GSM account used for the energy metering system was determined before 
the experiment. A few logging sequences were conducted, recording the balance of the GSM 
account between each. The difference between each start and end balance would then be the 
cost of the logging sequence. 
 

3.4.2 Results and description 

3.4.2.1 Experiment 8: Communication reliability 
 
 
 

3.4.2.1.1 Results 



56 

 
Figure 41. 
Screenshot displaying results from experiment 

3.4.2.1.2 Description of results 
The screenshot above shows the logging events for a specific day in the test account. The fact 
that these logging entries show the sequence (from 0 to 15) in the amount column proves that 
the sequence entered into the web browser were logged correctly. This test was very limited 
in sample size and it should merely be a gauge to test for major communication errors. 
 

3.4.2.2 Experiment 9: Cost of connection sequence 

3.4.2.2.1 Results 
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Figure 42. 
Screenshot from billing section of GPRS account 

 

3.4.2.2.2 Description of results 
The picture is a screenshot taken from the billing section of the GSM service provider’s web-
site, indicating the last ten transactions performed on the account used for the smart electricity 
meter. 
 
It is clear from the table that although the service provider claims a fee of R2 (two Rands) per 
megabyte of data, there exists some minimum charge (of 1c) on an amount of data never 
reached by the logging sequence of the smart electricity meter. All the other billing records 
show identical costs for each connection, it will thus be assumed that all logging sequences 
cost 1c. 
 

3.5 IMPLEMENTATION 5: BILLING SOFTWARE 

3.5.1 Qualification test protocol 
This section briefly describes the verification experiments used to analyse the correct working 
of the billing software. As was set out in the proposal, the billing software should merely be a 
tool to help gauge the utility offered by this approach to energy metering. It is, however, 
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beneficial to the final result if the billing software performs all its functions accurately and 
reliably. 
 

3.5.1.1 Experiment 10: Query extraction reliability 

3.5.1.1.1 Goals  
The goal behind this experiment was to test whether the billing software extracted the same 
data for a set of parameters set in a query, time after time, thus testing the repeatability of the 
system. 

3.5.1.1.2 Experimental setup 
 
The billing software requires the database to have numerous entries in order to play around 
with different parameters such as date and account numbers.  
 
For each set of results, a specific query was drawn up by setting the parameters such as date 
and account number. The specific query was then executed repeatedly and the result sets were 
compared.   
 
 

3.5.2 Results and description 

3.5.2.1 Experiment 10: Query extraction reliability 

3.5.2.1.1 Results 
A query for the 16th

 to the 20th
 of October 2008 was executed 100 times and the resulting 

output was as follows: 
 
                                                      

 
Figure 43. 
Query result from software 

3.5.2.1.2 Description of results 
The output provided by the software as indicated above, were identical for all the repetitions 
of the experiment. The software will thus be accepted to have an excellent repeatability for 
query extraction and subsequent billing. 
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3.6 IMPLEMETATION 6: OVERALL SYSTEM CHARACTERISTICS 

3.6.1 Qualification test protocol 
This section places the whole system on the test bed and aims to characterise the system 
especially in terms of global specifications as well as addressing matters which cannot be 
logically slotted into other implementations, such as overall power consumption. 

3.6.1.1 Experiment 11: Determination of the power consumption for the system 

3.6.1.1.1 Objective 
This experiment was meant to determine the power consumption of the circuit. The back-up 
time provided with the inclusion of a backup battery could then be determined for different 
battery sizes without physically running down any batteries. The overall power consumption 
is also an important figure for computing what amount of energy usage was contributed to the 
power grid by the meter itself. 

3.6.1.1.2 Experimental setup 
It was suspected that the meter would not have a constant power usage and would thus need 
to be closely monitored during a combined cycle (all possible routines such as data logging 
were performed) so as to determine a peak and average power consumption. 
 
The power consumption would be based on the current used by the system while running 
from a backup battery (and multiplied by battery voltage to get to the instantaneous power). 
The reason that the setup was performed like this and not as the power drawn directly from 
the 220V power line, was that this would factor in the (usually poor) efficiency of the power 
transformer used and that this would not give a true reflection of how long the system will last 
with a backup battery or even what the power consumption would be provided a different 
power transformer (better or worse) was used. 
 
The power would be calculated by the relation, 
 
 (4) 
 
and the current would be measured for different batteries used (6V and 12V), also for 
different phases that the system encountered, e.g. start up, logging and so forth. 

3.6.2 Results and description 

P VI=
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3.6.2.1 Experiment 11: Determination of the power consumption for the system 
 
Instance Voltage (V) Current (mA) Power (W) 
System startup 12 265 3.18 
System startup 6 273 1.638 
GPRS network registration 12 400 4.8 
GPRS network registration 6 410 2.46 
GPRS connect (logging) 12 420 5.04 
GPRS connect (logging) 6 443 2.658 
Normal operation (between 
logging) 12 300 3.6 
Normal operation (between 
logging) 6 310 1.86 

Table 10. 
Power consumption for different system events at 6V and 12V 
 
The above table shows the average power consumption of the system for the different phases 
that the system encounters. The first obvious occurrence is that the system uses almost half of 
the power when operating from a 6V battery. This is because the bulk of the power drawn is 
regulated linearly to 5V; the remainder of the power is dissipated as heat. Therefore the 
current drawn is approximately the same, but the power decreases as the battery voltage 
approaches 5V. 
 
This power consumption can be drastically improved by using a switching regulator instead 
of a linear regulator. 
 
The second point worth mentioning is that the instances beside the “Normal operation” 
instance, accounts for such a small fragment of the operating time that the “Normal 
operation” instance can be taken as the system’s average power consumption. 

3.7 DISCUSSION OF THE OVERALL SYSTEM 

3.7.1 Interpretation of results 
The results of the system show that all the requirements placed on the system were met. The 
system can thus be accepted to be in a working condition, based on the duties that the system 
should perform. 

3.7.2 Problems in the current design 
The only real problem that stands out with the current design is the mere fact that the 
metering unit is able to connect to the PHP portal on request of the utility. This might result in 
some clients switching to a higher (and lower) tariff sooner than others. This can be modelled 
as a random function and should even out over time, resulting in a similar result to all clients, 
ruling out unfair billing toward clients. The utility might still suffer from this, however. 
 
Although the system is fully functional, it should be mentioned that there is a big difference 
between a working prototype and a commercial product. The system has been tested as far as 
the boundaries of the test bed allow, but the real implementation might produce a slightly 
different scenario that could reveal some hidden design flaws. 
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Potential problems that might surface if the prototype were to be implemented on a large scale 
pertain to issues such as how the GSM network will handle the extra traffic. Also, where only 
the utility suffered if an energy metering unit would fail completely, with the addition of the 
non-essential load switching, the client might also be deeply affected if the failing unit 
disconnects the non-essential loads on failure. 

3.7.3 Strong points of the current design 
Besides the relays, the whole system is implemented on solid state (no mechanical moving 
elements) technology, eliminating the biggest (if not the only) cause of failure of the meters 
currently in use. Even the relays were implemented in an engage-on-fail (normally closed) 
manner which means that if the system dies completely, the power will remain intact and the 
consumer will at least not be affected. 
 
The strongest point of the current design is that the smart electricity meter does not require an 
altogether new infrastructure to be implemented before it can be put into use.  
 
Although one might argue that the GPRS logging method is too expensive to justify the utility 
not implementing its own infrastructure, when the cost of implementing and maintaining a 
national infrastructure is considered, a very different picture emerges.  
 
Other aspects of the design which appeal to both the user and the utility include the fact that 
the sale of electrical energy will for the first time be representative of the cost. Also, it 
provides a very powerful way for the utility of implementing demand side management. 
 
Finally, the way that the system is implemented could relieve an immense amount of 
manpower from the utility, both in the form of meter reading as well as compiling energy 
usage bills and could lead to a future in which all resources would be sold and managed in a 
similar manner. 

3.7.4 Under which circumstances will the system fail?  
Although the experimental phase encountered no situations where the system failed, some 
obvious causes for system failure can be envisioned. 
 
Total GSM absence (although very rare) would render the system unable to log any energy 
consumption data or respond to control signals and display tariff changes, reducing the 
functionality to that of a standard residential energy meter. 
 
Because the smart electricity meter is equipped with static sensitive circuitry not found on the 
meters currently in use, the smart electricity meter might be vulnerable to damage from 
lightning and surge conditions which would not harm the energy meters currently in use. 
 
As the system is proposed to use a lead-acid type battery for backup reasons and is not fitted 
with battery protection gear, due to the innate properties of lead-acid batteries, the system’s 
backup time will be reduced under regular, prolonged power outages (effectively damaging 
the battery).  

3.7.5 Design ergonomics 
The system was designed with a strong approach to ergonomics, since the only skill needed to 
use the system efficiently from the user’s perspective would be to understand what the LCD is 
displaying. Even the LCD was chosen to be of a large, easily readable kind, fitted with a 
backlight for poorly lit conditions. 
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The final level of ergonomics achieved by the system will strongly depend on the installation 
of the meter. Seeing that previous meters were installed with the meter reader in mind, they 
do not pose great ease of use to the consumer. This would have to be changed as the smart 
electricity meter is primarily intended to be read by the consumer and rarely (if at all) by a 
meter reading auditor. This change should be as simple as changing the installation location 
of the meter to somewhere within the house, for instance, the distribution board. 

3.7.6 Health and safety aspects of the design 
The smart electricity meter is a high voltage device. Improper installation procedures and/or 
handling of the device might lead to serious injury or death.  
 
The smart electricity meter, just like other energy meters, are not meant to be interfaced by an 
unqualified person (except for reading the LCD) and therefore, most of the electrocution 
hazard can be eliminated by using a completely sealed enclosure with a display window 
similar to the ones used in other energy meter installations. 

3.7.7 Social and legal impacts and benefits of the design 
The system is intended to improve the quality of service delivered to residential energy 
consumers as well as drastically improve the system by which energy is managed and sold to 
residential energy consumers.  
 
Although the system would introduce a dramatic improvement in the above-mentioned 
aspects, there may be strong initial resistance in changing from the current metering 
technology. This is derived from the social and legal impacts that the automation of industrial 
processes has displayed since the dawn of the industrial revolution. The advent of the 
automated conveyor belt gave rise to technologies such as the first true production line motor 
vehicle (the Ford Model T). Despite the fact that these automation advances drastically 
decreased the cost of manufacturing, in turn improving the standard of living for many 
consumers who previously could not afford a motor vehicle, it spawned a strong opposition 
from other automobile manufacturers and scores of factory workers and turners who were 
suddenly without work. 
 
Just so, the automation of meter reading and billing of utilities might spawn resistance from 
the workforce currently responsible for those duties. 

3.7.8 Environmental protection  
A decommissioning plan might be necessary since the device contains non-biodegradable 
material. The back-up battery contained within the system should only be changed by a 
qualified person and disposed of properly, according to legislation. The system itself should 
be installed in a waterproof enclosure of IP55 rating or higher, although this is a given with all 
electrical installations. 
 
The smart electricity meter should prove more resistant to environmental factors such as 
corrosion and temperature fluctuations, which had a much larger effect on electro-mechanical 
meters. 
 
 



63 

4 CONCLUSION 

4.1 SUMMARY OF THE WORK 
This project concerned the design and implementation of a fully functional Class II residential 
energy meter with added functionality of AMR, compatibility with variable tariffs, forcible 
non-essential load switching (teleswitching) and DSM functionality implemented with LCD 
user interface. 
 
A fully functional internet hosted MySQL database was implemented, complete with PHP 
connection portal for the prototype meter to log energy consumption data to and retrieve tariff 
and control signal data from. 
 
A simple working version for billing software was developed, complete with functionality to 
extract consumption data from the MySQL database for a client and create printable .pdf 
invoices (in an itemised billing fashion) of the client’s energy consumption. 
 

4.2 SUMMARY OF THE RESULTS AND CONCLUSIONS 
All of the given system specifications have been met with the exception of the tariff update 
time and the system’s maximum current limit. As was mentioned, this meets the outcomes for 
the proposal and engineering change proposal, but do not constitute the project prototype to 
be seen as a product. 
 
In retrospect, implementing the energy metering circuit discretely (with a multiplier and 
ADC) would have produced very crude energy measurement results and would be like 
reinventing the wheel, seeing that there are so many (cheap) technologies specifically 
intended for this. The ADC measurement for the instantaneous power is still crude, but 
sufficient for informing the consumer on power consumption. 
 
The metering system produced very desirable results with the exception of a missed logging 
sequence here and there due to the GPRS module not being ready for a connection. 
 
The core duty of being able to measure and log the energy consumption accurately was 
proven to be impeccable and the information structure also proved complete accuracy and 
reliability. 
 
The billing software implementation, although not a key to the outcomes of the project, 
displayed the immense utility of a system like this and with further development, the billing 
for energy consumption could well be fully automated and just be audited on occasion by 
humans. With more development, even the tariff determining aspect of the software might be 
automated, following a strict supply and demand structure very similar to other supply and 
demand priced commodities such as oil. 
 
 

4.3 SUGGESTIONS FOR FUTURE WORK 
Future work concerning this project lies in adding features and streamlining the prototype 
towards production. 
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The most important feature that should be added is the “connect on demand” possibility. 
Although the GPRS module is connected to the GSM network, even when there is no active 
GPRS connection, it could be argued that a connect-on-demand can be initialised with an 
SMS, for example. This would render the system very expensive seeing that the average SMS 
costs more than 80c (compared to a GPRS logging sequence costing 1c), therefore to 
accomplish this, other possibilities should be considered.  This might require an in-depth 
understanding of GSM networks especially pertaining to service signals which cellular phone 
and GPRS users are not even aware of. 
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1. PROBLEM STATEMENT 
 

Although industrial and corporate clients of Eskom have experienced time/season dependant 
power tariffs in the past, domestic clients have only ever been billed on a fixed tariff 
determined by the NERSA (National Energy Regulator of South Africa) in cooperation with 
Eskom. The fixed tariff structure presented to domestic electricity users has a twofold 
disadvantage. Firstly, the tariff doesn't represent (even proportionally) what the electricity 
sold, is costing Eskom. In other words, when Eskom is generating at full capacity (expensive 
gas turbine generators are running), a kWh unit is costing the domestic user exactly the same 
as when Eskom is not even running at base load (more energy is generated than is being 
used). Secondly, with the current power crisis in South-Africa, domestic users aren't properly 
incentivised to change their energy usage habits, resulting in the poor domestic load profile 
that Eskom experiences currently.  This will probably only  change if Eskom is able to shape 
energy tariffs according to supply and demand. This can be explained with the “price 
equilibrium” supply and demand curve. 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure110. 
Supply and demand 
 
 
The x-axis represents the quantity of product delivered by a market, while the y-axis 
represents the price at which it is delivered. The curve labled “S”, indicates the supply from 
the market, while the two “D” curves represent the demand. As the Demand increases from 
D1 to D2, the quantity that the market has to deliver moves from Q1 to Q2 and this forces the 
price to increase from P1 to P2 along the supply curve. In the same way, power utilities, need 
to price their service according to the demand. 
 
The meters currently in use are only capable of recording kWh units. The kWh units used 
then still have to be recorded monthly by meter readers on foot. The recorded data needs to be 
processed by a meter reading company for processing. The meter reading company needs to 
firstly link each recorded power usage datum to an account holder and then determine the 
amount owed by means of the specific tariff in use. Only then can the bills be sent to the 
users. When developing a technology that might replace one which has been in use for more 
than thirty years, not only the key issue needs to be addressed, but added functionality and 
solutions to other obstacles presented by the previous technology needs to be addressed, for 

                                                                                                                                                 
10 Figure courtesy of www.wikipedia.org [9] 
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example the elimination of physical address (on-site) meter reading and forcibly reducing the 
national load during critical load times.  
 
The main problem is to simultaneously find a way to incentivise power users to improve their 
power consumption habits, in effect improving the domestic load profile and secondly to 
automate meter reading by means of  a centralized data storage centre. This could be achieved 
by a system that will determine the electricity usage of a household,  and create an electrical 
bill based on variable tariff rates communicated to the meter. The meter should also display to 
the user the cost per time (R/h), of the electricity currently being consumed and transmit the 
consumption data back to a centralised point of some sort. 
 
Although there exists a lot of technical documentation on variable domestic tariffs, Great 
Britain has one of the few successful implementations of variable domestic tariffs, dubbed 
“Economy 7”. This system has been used since 1984 and utilizes specialized electricity 
meters that receive “radio teleswitch commands” over AM (amplitude modulation) RF (radio 
frequency). Even though this system has proved itself to work well for more than twenty 
years, it is very limited in capability (can only accept two tariffs, peak and off-peak). In 
addition to this, the technology is very outdated and would still prove difficult to implement 
locally. This justifies the need, to investigate a fresh approach and design a new “smart 
metering system” all together. 
 
2. USER REQUIREMENT STATEMENT 

 
The user needs a smart metering system that “intelligently” receives tariff information and 
manages the electrical metering and billing based on this.  
 
The requirements of the smart metering system is as follows: 
 

4. The meter must be able to fulfil the energy metering functionality of the “Ferraris 
disc”11 metering systems currently in use and be accurate up to class II12 
specification. 

5. The meter must receive electricity tariffs in “real-time” from some central control 
centre/s wirelessly. The tariff can be changed at the discretion of the utility as the 
power demand changes nationally. 

6. These received tariffs have to be utilised to calculate the amount of electricity used 
in terms of R/h (rands per hour). 

7. The meter must have a visual display, communicating to the user the current tariff 
in effect, the current power consumption in kW and the amount this is costing per 
hour (R/h). 

8. The information mentioned above must be communicated back to the control 
centre as to compose a bill of the electricity use, eliminating the need for meter 
reading at each physical address. 

9. The meter must also have teleswitching13 capabilities, whereby the control centre/s 
can switch off domestic users' non-essential loads (geyser, pool pump etc.) in 
times when the utility is under critical load. 

 

                                                                                                                                                 
11 Ferraris Disc meters are the current standard for metering of single phase power in South-Africa. The basic working, constitutes 
of a “counter” wheel that is spun, with it's speed proportional to the voltage and the drawn current. 
12 Class II (IEC) specification, states a measurement accuracy of at least 98% of the true value. 
13 Teleswitch is the word adopted for technologies that are able to switch on/off power to equipment over long distances by some 
kind of wireless interface. 
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3. FUNCTIONAL ANALYSIS 
 
A functional block diagram of the system is presented next and discussed in the following 
text. 

 
Figure 2. 
Functional block diagram 
 
From the control centre's perspective, the tariff, needs to be calculated based on information 
about the national power usage. This information is received through a software terminal or 
port, FU1. Development of this terminal is beyond the scope of this project and this terminal 
will be emulated by data input directly by the user. 
 
The information on the national power usage is utilized by the tariff computation module, 
FU2 to determine a appropriate tariff. This tariff is sent to the meter via the control centre's 
wireless module FU3. 
 
The transmitted tariff is received on the meter's side by the meter's wireless module FU7. This 
received tariff is communicated to the cost computation unit FU8. The power meter unit FU8 
has the function of determining the average real (active) power consumed by the premises 
which it serves. This is accomplished by multiplying the instantaneous measured voltage and 
current from the power line FU6 and averaging this value over time.  
 
This measured real power is also sent to the cost computation unit FU11. FU11 computes a 
Rand per hour (R/h) value of the electricity consumed. This value is integrated over a period 
of time to come to  an amount in rands. This amount is sent back to the control centre via the 
wireless link between FU7 and FU3 at intervals determined by either an reaching a threshold 
amount or whenever the tariff changes. 
 
The control centre, parses this received amount on to the database FU4, where this amount is 
entered and referenced to the client. At the end of each calendar month, the billing software 
FU5 extracts the billing information for each client from the database and composes a bill 
from this, for each client. 
 
FU9 serves as the control over non-essential loads that need to be able to be switched off by 
the utility. Thus, all non-essential loads will be connected to FU9. When a certain upper, 
power usage threshold (to be determined) is received from FU1, a teleswitch control signal 
must be generated by FU2 and be communicated to the meter via the wireless link between 
FU3 and FU7.This control signal needs to be relayed to the teleswitch unit FU9. FU9 should 
remove power to all loads connected to it. When the national power usage falls below a 
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certain threshold (to be determined), by the same process, power should be returned to non-
essential loads through FU9. 
 
The visual display unit FU10, receives information from FU6, FU7 and FU8, namely the  
measured power consumption, the cost of electricity consumed (R/h) and the current tariff 
(sent to the wireless module from the control centre). 
 
 
4. SYSTEM SPECIFICATIONS 
 
4.1 GLOBAL SPECIFICATIONS 
 

• The smart metering system should replace all the metering functionality (up to class II 
accuracy) currently fulfilled by the Ferraris disc energy meters in use for the metering 
of single phase domestic electricity, currently in use in South-Africa. 

• In addition to this, it should eliminate the need for “on site” meter reading of 
residential energy meters, given the availability of a wireless link to a control centre. 

 
  
4.2 DETAILED SPECIFICATIONS 
 

• FU1-There already exists an internal information service about the national power 
consumption, reserve capacity etc. Therefore, this will not be further developed, 
however, for testing and demonstrational purposes this service will be simulated by 
entering test information directly into the software. 

• FU2-The tariff computation module should consult FU1 either by poll or interrupt 
signal and be able to detect a tariff change within 10s of effect. The tariff computation 
module should be able to compute an applicable tariff to be used within 1s (one 
second) from the time that the data from FU1 has been acquired. 

• FU3 and FU7-The wireless modules utilized should be of a digital wireless 
communication platform (to be determined) and be capable of data transmission of 
1kbit/s or more under all operating conditions (provided that the range between 
wireless modules or between module and service network is within hardware 
specification). 

• FU4-The database used must be of a platform14 independent type (e.g. MySQL, oracle 
etc.) and be able to handle queries/entries from multiple users, simultaneously. 

• FU5-The billing software must be able to extract billing information as well as energy 
use for each client, from the database and be able to generate an electrical bill, suitable 
for printing purposes, for a client, within 10s (ten seconds) from receiving the data 
from the database. 

• FU6-The power line must be monitored for instantaneous voltage and current (up to 
60A). And these measurements must comply with the class II accuracy to be achieved.  

• FU8-The power meter unit must be able to measure the average real (active) power 
consumed up to 60A, on a 220V single phase power line, with a class II15 accuracy. 

• FU9-The teleswitch unit must be able to supply power up to 30A for the combined 
load connected to it. It should be able to switch states within 1s from the time that the 
control signal is received. 

                                                                                                                                                 
14 Platform refers to the operating system (windows, linux etc.) on which it will be running. 
15 Class II (IEC) specification, states a measurement accuracy of at least 98% of the true value. 
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• FU10-The visual display unit should be able to display to the user the current power 
consumption, the tariff in use and the cost per hour (R/h) this is amounting to. These 
data should be refreshed, at least every 10s (ten seconds). 

• FU11-The cost computation unit must be able to generate a value for the cost of the 
current energy consumption, given the tariff within 1s (one second) and integrate this 
value to a monetary value with a 98% accuracy compared to a real time (analogue) 
integration method. 

 
 
 
5. DELIVERABLES 
 
5.1 TECHNICAL DELIVERABLES 
 
The hardware that will delivered is as follows. 
 
A fully functional class II domestic single phase 220V electrical energy meter, capable of   
receiving tariff and teleswitch signals from a control centre. The meter must also have a visual 
display that displays to the user the current tariff, current energy consumption and what the 
current energy usage at the current tariff is costing per hour (R/h). 
 
A control centre, either implemented discretely or by software on a computer, being 
interfaced to the meter with a wireless interface. 
 
The software that will be delivered is as follows. 
 
A simple (working) version of the software able to extract the logged data from the meter/s 
and utilize this data for display and billing purposes. 
 
 
5.2 ADDITIONAL REQUIREMENTS 
 
There are no additional requirements. 
 
5.3 DEMONSTRATION AT THE EXAMINATION 
 
The Demonstration will comprise of a test setup routine where the accuracy of the meter will 
first be determined to comply with class II standards or higher. This will be achieved by 
loading the meter with a load/s of which the power consumption is known and will be 
compared with the displayed reading. 
 
Following this, some key features of the meter will be demonstrated by subsequently 
changing the load and tariff, all the while monitoring the change in data displayed by the unit. 
 
The instance where the control centre sends a teleswitching signal will also be demonstrated 
with the aid of a test load (e.g. a light bulb) to be switched off and on again once the 
teleswitch command is reversed. 
 
Finally to demonstrate the data logging and billing software, the demo will be concluded by 
delivering a bill for the power used during the demo and examples of previously logged data 
will be retrieved from the control centre and displayed on a notebook computer. 
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APPENDIX 1.A: ENGINEERING CHANGE PROPOSAL 
This appendix deals with proposed changes introduced in the approach, design and 
implementation of the project brought about by limitations, knowledge or improved 
engineering practise derived from the experience gained through the course of the project life. 
 
There will regularly be referred to the Project Proposal (Appendix 1) in this document, in 
order to refer to the proposed approach or implementation that will be changed upon. 
 

2  ENGINEERING CHANGE PROPOSAL 

2.1  IMPLENTATION 1: ENERGY MEASUREMENT CIRCUITRY 

2.1.1Proposal  

2.1.1.1Sampling errors 
In the original Project Proposal, there was proposed to determine the energy consumption by 
discrete time integration of the instantaneous power. This would entail multiplying the 
voltage and current signals from respectively voltage and current transducers with an 
analogue multiplier, sampling this signal (instantaneous power) and integrating it discretely. 
 

 
Figure 1. 
Illustration of voltage, current and power signals 

2.1.2Problems encountered 
When sampling signals with an ADC, the signal usually has to be within 0V-5V (logic 
levels), if the signal is larger or smaller than this it should be attenuated or amplified to utilise 
the full range of the ADC. If it is an AC signal, the signal needs to be offset (to 2.5V in this 
case) to stay within the bounds of the ADC range. This offsetting of the signal effectively 
halves the resolution of the ADC.  
 
According to IEC 61036, the maximum allowed error is 2.5% for loads less than 0.1Ib (being 
2.5A). If the ADC needs to maintain an error of less than 2.5% at 2.5A, it requires more than 
40 increments, to sample for 2.5A loads. 
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And this implies that each of these increments need to represent 0.0625A. 
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To be able to reach the 60A limit for residential users, this implies there have to be at least 
960 increments. 
 

960
0625.0
60 =

A
A

 

 
Seeing as the signal is offset to half of the ADC range, the number of increments actually 
have to be twice 960, namely 1920. The ADC that closest satisfies this, is an 11-bit ADC, but 
due to tolerances, this shouldn’t be attempted by an ADC smaller than a 14-bit ADC. 
 
This discussion leads to two obvious problems that will be encountered. 14-bit ADCs are very 
expensive, approximately R300 each (considering the cost constraint placed on the project) 
and secondly, the 8-bit PIC microcontroller to be used, would have difficulty, effectively 
handling 14-bit words. 
 
 

2.1.2.1Analogue multiplier errors 
The proposed method to obtain the instantaneous power to be sampled, was by using the 
AD534 analogue multiplier from Analog Devices. This IC multiplies two analogue signals 
(between 0V-10V) and supplies a scaled representation of the product. 
 
Because of the immense dynamic range over which the measurements might vary, especially 
the current signal (from 0.0625A to 60A), the AD534 implementation was never able to reach 
accuracies of more than 93%. 
 

2.1.3Proposed solution 
The proposed solution to the problem encountered, is using an energy measurement IC (such 
as the Microchip MCP3905). These ICs usually have a pulse output proportional to the 
amount of energy consumed. 
 
The voltage and current samples from the voltage and current transducers will still be sampled 
by the 10-bit ADCs implemented on the microcontroller and used to display an approximate 
of the instantaneous power consumption. These are merely an indication to the user and not 
used for billing and thus does not need to be precise. 
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2.1.4Advantages to the proposed solution 
The main advantage of the proposed solution is that the pulse output interface method is a 
widely accepted standard for new energy measurement devices, making the system very 
modular. 
 
Another advantage of the proposed solution is the cost advantage. Most of the energy 
measurement ICs on the market are far cheaper and produce a much more accurate result than 
the AD534. 
 

2.1  IMPLENTATION 2: CONTROL CIRCUITRY 

2.2.1Proposal 
In the original Project Proposal, it was proposed that the Control circuitry would calculate the 
cost of the energy consumed and log this data to the database. 
 

2.2.2Problems encountered 
As the microcontroller used does not possess a floating point calculation unit, it is very 
resource intensive to perform normal multiplications (usually taking more that 32 instruction 
cycles) not even mentioning floating point calculations. 
 

2.2.3Proposed solution 
It is proposed to log direct energy consumption data to the database (in the form of pulses, or 
fractions of kWh energy units) rather than monetary amounts owed. The approximate of the 
cost per time (R/h) of the energy consumed, will still be determined and displayed to the user, 
but doesn’t need to be extremely precise. 
 

2.2.4Advantages to the proposed solution 
The main advantage to the proposed solution is the accuracy gained within the billing process. 
As the final amount of money owed by the consumer will be calculated by a computer 
containing a floating point unit, the accuracy of the final bill will surpass that of the 
calculations performed on the microcontroller. 
 
A second advantage to the proposed solution is the value adding to the database. Because the 
database contains all the information to construct the energy bill (i.e. the energy consumption 
as well as the tariff in effect for that consumption) but not only the amount, many other 
statistical analyses can be performed from the logged data, such as load profiles and the effect 
that tariff changes have on energy consumption habits. 
 

2.3   IMPLEMENTATION 3: GPRS MODULE 

2.3.1Proposal 
Although the type of communication medium was not specified in the original Project 
Proposal, it was insinuated that the control centre would be able to connect to the metering 
unit on demand, in order to change the tariff in effect or the control signal for the teleswitch 
relays. 
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2.3.2Problems encountered 
GPRS communication was determined to be the best implementation choice for the 
communication medium as GPRS communications rely on an already implemented, well 
maintained infrastructure. In addition to this, none of the other communication media 
provides an HTTP interface through which the MySQL database is accessed. 
 
The main problem that was encountered, is that, without the use of services such as a Radius 
server, requiring a dedicated APN, connect on demand functionality isn’t practically realised. 
 
Other alternatives, which could be utilised for a “connect on demand” sequence, such as 
SMS, would amount to unreasonable costs, considering that the meter might need such a 
control SMS every half hour. 
 

2.3.3Proposed solution 
It is proposed to have the system connect to the internet, under control of a logging timer. 
Practical settings for this timer will be determined by experiment. 
 
The tariff that the user will be billed on for sets of energy consumption data, will be the tariff 
that was in effect when the meter started recording that specific energy usage datum. This is 
also the tariff that will be displayed on the LCD. For example, the control centre sets the 
national tariff to 50c/kWh (from 25c) at 17h00. The meter under discussion’s logging timer 
lapses at 17h03. The data that the meter logs (at 17h03) is billed at 25c/kWh, the LCD of the 
meter will now display the new tariff of 50c/kWh and the energy usage datum being recorded 
from 17h03 will be billed on 50c/kWh. 
 

2.3.4Disadvantages to the proposed solution  
Although some users might start paying for an increased or decreased tariff slightly sooner 
than others, this should even out over time, because this is a unbiased random variable. 
 

2.3.5Advantages to the proposed 
It is a fact that the national load profile will not decrease as rapidly to a change in a teleswitch 
control signal as when the meters use connect on demand, which would have caused an 
immediate response to a change in control signal. Although this might be seen as an 
disadvantage, the argument for its necessity seems stronger. When the control centre decided 
to switch off all the possible non-essential loads possible, all the warm water geysers 
nationally would also be switched off. If the control signal is reversed after a significant time, 
all the geysers would have cooled off somewhat and would start consuming energy as soon as 
the power is returned. When considering the bigger picture, this might introduce a new critical 
load and might even cause an automatic control centre to oscillate. 
 
In comparison with this, when the power to nonessential loads isn’t returned simultaneously, 
but rather over a period of the logging timer (as all the meters decide to connect and retrieve 
the new control signal), this give the power infrastructure time to adapt to the energy 
consumed by the non-essential loads (effectively damping the overshoot of energy 
consumption). 
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APPENDIX 2 
This appendix explains the structure of the technical documentation CD. 
 
>Root 
 >Author/ 
 This directory contains information, including a photograph of the author. 
 
 >CAD/ 

This directory contains all the CAD files such as schematics, PCB layouts and circuit 
simulations developed during the course of this project. 

 
 >Datasheets/ 

This directory contains all the datasheets for the different components used and 
investigated during the course of the project. 
 
>Report/ 
This directory contains the Final Report in a soft copy version. 
 
>References/ 
This directory contains all the electronic journals used for the research and 
development of this project. 
 
>Software/ 
This directory contains all the source code developed for this project. 
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APPENDIX 3: IEC 61036 CLASS II EXPLAINED 
This section explains the IEC 61036 Class II specification. 
 
The IEC 61036 Class II specification broadly states, that a device conforming to this 
specification shall not encounter a measurement error larger than 2% for the largest part of its 
measurement range. 
 
For the specification, two constants are assumed. A maximum (Imax ), which is 60A in the case 
of residential energy measurement and a calibration current (Ib ), taken to be 25A as a 
standard. 
 
The specifics of the allowed measurement error for a IEC 61036 Class II device are as follow. 
 
Current Range Power Factor Maximum error % 
0.1Ib 1 2.5% 
0.2Ib 0.5 2.5% 
0.1Ib < I < Imax 1 2% 
0.2Ib <I < Imax 0.5 2% 
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