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Abstract— The massive use of the Smart Meter at home, is 

associated with two basic aspects [1], [2]. 

1. The transmission of the data, which depends on the most 

convenient technology according to the country: Radio 

Frequency (RF) or Power Line Carrier (PLC)) 

2. The cost of the Smart Meter: In this aspect, the 

technological development has allowed the design of very low cost 

MCUs (microcontrollers) and SoC (System on Chip), which have 

allowed the massification of Smart Meters. Today, countries such 

as the United Kingdom, Germany, Finland, Denmark, Italy, 

USA, Japan, China and others are working on consolidating their 

use [3],[4].  

The major drivers, of Home Energy Management (HEM) 

devices, are [13]: 

The growth of energy demand, the control of its use, remote 

access to the home and technological facilitators (LAN / WAN, 

ZigBee, Wi-Fi, Z-Wave, etc.) and, of course, monitor and control 

the use of Energy, water and gas are the main drivers of Home 

Energy Management. 

 
The present work propose the design an implementation of a 

Home digital energy metering system, based on the SAM4E16E 

microcontroller with  local wireless transmission capability 

implemented using the IEEE 802.15.4 standard. 

 

Keywords- Home Energy Meter, wireless communication, 

modular programming, background process, foreground process, 

sub-buffering. 

 

I. INTRODUCTION 

The common way to measure digitally, the voltage and current 

of an electrical network, is by taking samples during one 

second or during several cycles at a defined sample rate and 

then cumulate those samples to calculate voltages and currents  

[5], [6].  

 

That approach, requires a large amount of flash memory to 

cumulate data. For example, suppose that a three phase 4 

wires system, will be measured by a 16 bits MCU with 12 bits 

ADCs,  and 256 samples per cycle. Taking all the samples 

continuously during N cycles..  

 

The system needs  a minimum flash memory capacity of: 7(3 

voltages, 4 currents)x256(samples per cycle)xN(cycles)x2(2 

bytes) = 3584xN samples. If the system wants to measure 

 
 

during 60 cycles, the available memory must be 215040 bytes 

or 256KB. 

 

If the system realize the measures taking continuous samples 

during 4 cycles, the memory size must have a minimum size 

of 14.336 => 16KB 

Many MCU, have large amount of flash memory embedded, 

but the cost increase with the size of memory. 

 

This project, implements an intelligent three-phase electric 

energy meter for home, based on a microcontroller, which can 

operate autonomously and additionally has communication 

capacity 

The work, propose a method to sampling the voltage and 

current signals, based on little buffers, submultiples of the 

desired sample rate. This method reduce considerably the 

amount of memory needed to cumulate data.  

 

The system can measure basic parameters of the electrical 

network such as voltage, current, frequency and calculate the 

power and energy consumption, as well as the cost associated 

with them. At the same time it has the capacity to accumulate 

consumption data and transmit them locally (inside the house) 

wirelessly to a collecting point using the standard 802.15.4, 

which is the most used for this type of applications, due to its 

low power consumption [7].  

The system can measure a 10KW load on a three phase, 4 

wires, 5(30), configuration. 

 

Nikhil and Dnyaneshwar [8], implement a Smart Meter with 

billing system and energy anti-theft detection system, with the 

use of a processor with embedded operating system. 

 

Xuhu, Na, Peihua, Boyang, [9] present the design of a Smart 

Meter, with the use of Analog Devices SoC AD7778, plus an 

MCU of the Texas Instrument MSP430 line, which shows 

how it is necessary to add an MCU, when an specific SoC 

Energy Measurement is used. 

 

Present article is divided as follows: Section II, describes the 

proposed system, section III includes the methodology used to 

implement solution and section IV  explains the obtained 

results 
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II. THE PROPOSED SYSTEM 

 The system must measure the most important parameters of  

an electric 3-phase 4 wires network: Voltage, Current, Active  

Power, reactive Power, total or apparent Power, total Energy 

consume and cost of Energy consume. 

The system also meet the specifications listed in table 1 

 

Symbol Quantity 
Specification 

and units 

N/A Electrical network 3-phase 4 wires 10 KW 

V Nominal Voltage,  120/208 

 Voltage precision 2% 
Imax Maximum Current 5(30) A 

Imin Minimum Current 300mA 

 Current precision 2% 
f Frequency 

 

60Hz 

 Frequency precision 5% 
 Wireless 

communication 

802.15.4 

 

 
Samples 64 per cycle Samples 

   
   

Table 1. System Specifications 

 

The implementation is made by using the development board 

SAM4E-K from Atmel Corporation
R 

, which is based on the 

SAM4E16E MCU, and a PCB designed to signal conditioning 

and named AFE-PCB. The SAM4E16E, is an ARM cortex M4 

at 120MHz, with 2 12bit ADC, 2 DMA (PDC) controllers, 3 

Timers (with 3 channels each one), 1 RTC (Real Time 

Calendar), 2 UART, 128KB RAM, 1MB flash, more than 100 

GPIO. 

 

Figure 1, shown the architecture of the system. Blue blocks 

refers to the hardware and orange to software blocks. 

 

AFE module is a PCB, designed to accomplish all the circuits 

needed to conditioning the seven input signal. Figure 1, shown 

the designed AFE_PCB board 

 
Figure 1. Signal conditioning, AFE_PC Board. 

 

The ZigBee module, correspond to the selected radios chose to 

meet the wireless standard specification. In this case the Xbee 

S2, radio modules from Digi International
R
 were selected. 

III. IMPLEMENTATION OF SYSTEM. 

The process to accomplish the specifications is developed in 

five basic stages: 

Stage 1: Signal conditioning: Hardware implementation 

Stage 2: Sampling of signals: H-Software implementation 

Stage 3: Data accumulation: Software Implementation 

Stage 4: Parameters Calculation. Software Implementation 

Stage 5: User interface and Communications. 

  

To accomplish the above stages, the work is divided in tow 

mayor blocks: Hardware implementation and Software 

implementation, with the architecture shown in figure 2. 

 
Figure 1. Block diagram of the proposed system 

 

  

A. Hardware Implementation. 

Step 1: This Block, correspond to the circuits, needed to step 

down, filtering and level shifting of the signals. It realized 

with the design of AFE_PCB board. Figure 2, shows the 

circuit 

 
Figure 2. Signal conditioning circuit 

The circuit correspond to a single phase, so 3 identical circuits 

are implemented. 

Voltage signals, are step down, by using PT transformers, 

such that system is isolated. Because the ADC analog inputs 

doesn´t accept negative voltages (because the ADC is working 

in single ended mode), low side AC voltages are level shifted, 

with an additional voltage of 1.65V. 

 

The system has a sample rate of 64 samples per cycle, or 3840 

samples per cycle. A two stage circuit, perform the anti-
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aliasing filter of signals at frequencies above 1920Hz. Then 

           and             . 

 

The phase shifting, caused by the anti-aliasing filter, is 

compensated digitally by the system. The phase value is 

180μS as depicted on figure 9 in results section. 

Module 6 (Sampling) is a combination of hardware and 

software tasks. 

 

B. Software Implementation 

Corresponds to the implementation of stages 2 to 5. The job is 

accomplish using the Atmel Studio
R
, suite, from Atmel 

(Microchip) Corporation and is realized in C language. 

 

The specifications impose a minimum of 64 samples per 

cycle. This obeys, to what is desired in the future, that the 

system can measure industrial networks with content of 

harmonics up to 32nd. 

To measure all the parameters, the systems divide the work in 

two main process: The Background and the Foreground 

processes. 

The Background process, has the primary work to obtain the 

samples of voltage and current, at the specified rate 

 

Stage 2: Sampling of signals: 

This process is known as the background-process an is 

implemented with a method named sub-buffering.  

 

This method consists of subdividing the sampling task, into 

sub-samples of smaller size, to complete the necessary 

samples for each cycle of fundamental frequency. Figure 3, 

illustrate how it works.  

 

 
Figure 3. Sub-buffering method illustration 

 

Each arrow in the figure, represent the size of the respective 

sub-buffer. For example ISR 16, means that background 

process takes 16 samples of each signal (7x16 samples), and 

pass them to the Data accumulation process (fig 1).  

 

This method reduce considerably the amount of data memory 

of system as we will see on results section. 

 

If we compare the background process implemented here with 

others [1],[2], we can observe, the additional loop involved 

with the implementation. This not necessarily increase the 

computational time, because the time used by Accumulation 

task is reduced also. 

 

The flow diagram of background process is shown in figure 4  

 
Figure 4. Background Process flow diagram 

 

The Sampling synchronization is performed, by a Timer, 

which is programmed to trigger the ADCs, with a signal with 

a time period of 260μS (1/3840).  

 

Stage 3: Data Accumulation: 

This task is performed by the Peripheral DMA controller 

(PDC), which takes the samples produced by both ADCs and 

pass them to memory without CPU intervention. 

 

Also the task performs the accumulation of square values of V 

and I (∑   ∑    ) and the product of V by I (∑   ). The 

accumulated values are passed to foreground process when a 

second of sampling has happened. See fig 5 

 
Figure 5. Background process implementation 
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Stage 4: Parameters Calculation 

This stage is part of the foreground process. Foreground is 

responsible of the system configuration (clocks, peripheral, 

interrupts, etc.), parameter calculation and communication and 

user interfaces.  

Foreground receives data from background process and 

perform the mathematical equations to obtain the values of 

Vrms, Irms, Active Power, Reactive Power, Apparent Power, 

Power Factor, Energy and Cost of consume. The flow diagram 

of foreground process is illustrated in fig 6 

 

 
Figure 6. Background Process Flow Diagram. 

 

The equations applied to obtain V,I,P,Q,S are: 

RMS Voltage per phase k: 

       
 

    
∑         

                                               

    

   

 

RMS Current per phase k: 

 

       
 

    
∑         

                                               

    

   

 

Active Power 

   ∑
 

 
∑             

    

   

 

 

                         

Apparent Power: 

   ∑            

 

   

                                          

Reactive Power: 

   ∑
 

 
∑               

    

   

 

 

                    

Displacement Power Factor: 

    
  

  

                                                                                  

 

Stage 5: Communications and User Interface 

The System implement a wireless data transmission locally (In 

Home), applying the 802.15.4 standard from IEEE. This is the 

most recommended for this type of solutions [3]. 

The foreground send data each minute, hour, day or a 

programmed period of time, from the platform to a remote 

terminal, using two Xbee modules from Digi International. 

 

Also, the user may have information in a terminal connected 

by an RS232 serial interface 

 

IV. RESULTS 

A. ADC Calibration 

The two ADC was calibrated, applying 3 level voltages and 

comparing with a precision multimeter lecture. The 

multimeter used was a KEITHLEY model 2110. Voltage were 

near 24 mV (the resolution required), a medium voltage  near 

1.65 Vdc and a maximum voltage of 3.3V. Images in fig 7 

shown the results. 

 

 
Figure 7. ADC Calibration. Comparing Multimeter with 

 

Table 2, shown the results 

 
Table 2. ADCs Calibration results 
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B. Signal Conditioning 

The input voltage and current signals are, first reduced to 

levels between 0-3.3 V, which are accepted by the ADC. Then 

the signals are level shifted from 0 to 3.3V. Figure 8, 

illustrated the results. 

  

 
Figure 8. Voltage signal after Level shifter conditioning 

 

C. Filtering: 

The signals are passed through a low pass anti-aliasing filter to 

reject the frequencies above 1920Hz. This produces a phase 

shifting of 180μS as shown figure 9. The phase shifting is 

compensated internally by the system 

 

 
Figure 9. Phase shift produced by anti-aliasing filter 

 

D. Sub-buffering Method 

The data memory space, was reduced considerably by 

applying the sub-buffering method. Images on fig 10 show the 

results, comparing 256 buffer of samples versus, a 32 samples 

buffer. The memory space reduction is approximately 19.2KB. 

 

 
 

sub-buffering 2 

 

Figure 10. Sub-buffering method results 
 

 

E. Parameters Measurement 

Voltage, Current, Power and Energy measurements 

implemented by the system were very acceptable and 

according with spected results.  

Monophasic tests, with variable voltage, with 5V steps, from 

102VAC (the minimum voltage specified), to 135VAC are 

shown in figure 11. The accuracy levels are of calculated 

parameters are within the specified limits. 
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Figure 11. Mono-phase test results. 
 

Three phase test were obtained by taking data during a 

10minutes period, and results are shown in figure 12. 

 

 

Figure 12. Three phase test results. 

 

V. CONCLUSIONS 

A. The Implemented system complies with the required 

specifications, within very acceptable limits 

B. The system demonstrates how an adequate selection of 

peripherals are fundamental, when you want to implement a 

smart meter. 

C. The sub-buffering method demonstrated its effectiveness, 

achieving significant reductions in the memory space used by 

the data. This method contribute to the design of Smart Meters 

using low cost MCUs 
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Vin (V) Vadc ERROR V I Iadc ERROR I P Padc ERROR P

102,3560 99,8990 2,4004 0,3412 0,3317 2,7843 34,9239 33,1365 5,1179

105,491 103,5920 1,8002 1,0800 1,0500 2,7778 113,9303 108,7716 4,5279

108,233 106,7180 1,3998 2,1200 2,0600 2,8302 229,4540 219,8391 4,1903

112,3140 111,4150 0,8004 3,0800 3,0345 1,4773 345,9271 338,0888 2,2659

115,682 116,8150 -0,9794 4,1400 4,0300 2,6570 478,9235 470,7645 1,7036

118,243 119,8030 -1,3193 5,0900 5,0100 1,5717 601,8569 600,2130 0,2731

121,972 119,4100 2,1005 6,0500 6,1200 -1,1570 737,9306 730,7892 0,9678

125,684 126,7520 -0,8498 7,0800 7,1500 -0,9887 889,8427 906,2768 -1,8469

130,215 127,1650 2,3423 8,0600 7,9470 1,4020 1049,5329 1010,5803 3,7114

ERROR EN  PORCENTAJE PARA VOLTAJE Y CORRIENTE VARIABLE EN UNA FASE

http://www.freescale.com/
http://smartgrid.eei.org/Pages/resources.aspx

