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The need to control the power grid in real time has opened a new field of research, today 

researchers are trying to design electrical meters that are completely remote controlled, to create 

an advanced metering infrastructure. One of the most important processes in the field of 

measurement is the calibration of measuring instruments. The calibration process of the electrical 

meters was performed at laboratories. However, the new directives, now, require a regular test of 

accuracy. Nevertheless, moving each time on site to check the accuracy of a meter can be annoying. 

To solve this problem our contribution is to propose a new structure of a smart meter that 

integrates a calibration card, so that, this process is carried out remotely. To be able to calibrate 

the meter or test its accuracy, we have included an AC-AC converter powered by the electrical 

grid and that provides a stable voltage independent of the electrical grid in term of frequency and 

amplitude. The output voltage of the converter is used as the reference signal during calibration 

or accuracy testing. In this paper, we will present the structure of the calibration card, the study 

and dimensioning of the converter, as well as the control technique used to eliminate variations 

of the input voltage. At the end, we will present the results of simulations and experiments. 

Keywords: Remote calibration; calibration on site; AC-AC converter; unipolar PWM technique; Smart 
meter structure. 
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1. Introduction 

Electrical energy meters are measurement instruments that are widely used, since at 
present, almost every inhabitant in the world uses electrical energy. The utility of these meters 
is to measure the electrical energy consumed by the customer. Thus, the provider of electricity 
uses this information to bill the customer. 

The first electrical meter used is the electromechanical meter; it is not communicating and 
it could measure via the induction effect and display only one type of energy e.g. the active 
energy. As the number of customers grew, the electricity providers found difficulties to record 
the consumption information manually and monthly. Therefore, it has appeared the Automatic 
Meters Reading (AMR)[1]–[6], where the process of data reading has been automated by 
programming the meter to send the data periodically. After the innovation of the AMRs, other 
problems appeared which are related to the distributed networks, the management and the 
diagnostics. Therefore, the suppliers noted that they had to manage the electricity network in 
real time. Currently, the researchers work on the automation, the real time management and 
remote control of the electrical network infrastructure, what is called Advanced Metering 
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Infrastructure (AMI) [7]–[15]. In these works we focus on two essentials points: the smart 
meter and the control central. To control the electrical network remotely, we must first have 
accurate information of the consumption and the production of the electrical energy. 
Therefore, the meter must send accurate information. However, these meters are manufactured 
by electronics components and integrated circuits that can cause errors during measurement. 
For this reason, the first step after manufacturing or maintaining the meter is to eliminate the 
error of the measure by the calibration process. In this step, the meter is powered by a known 
power source used as a reference, and based on the measurement and reference values, the 
error (or errors) is calculated and then eliminated either analogically or by programming the 
integrated measurement circuit.  

The electrical energy meters have been calibrated at laboratories. However, the problem 
was that if a meter would require an accuracy check or if it did not work, it would have to be 
brought back to the laboratory. In addition, the directives for measurement instruments are 
becoming more and more stringent, for example in Europe, they require that the measurement 
instruments should be tested periodically and on site [16]. This gave birth to the idea of on-
site calibration [16]–[25]. These researches propose external equipment used to test the 
accuracy of electrical energy meters. Since these equipments are independent of the meter (not 
of the same manufacturer), if this latter requires correction of errors, it must be returned to the 
laboratory. Moreover, to cover an enormous number of customers (5392479 in Morocco [26]) 
and test their meters periodically, it is necessary to prepare a hundred teams dedicated to this 
effect. 

We can draw two major problematic: 

• These calibration equipments can not interact and correct measurement errors if 
there is.  

• We have to move on site to perform this operation, but it is difficult to manage a 
huge number of customers. 

As a result, our contribution is to integrate the calibration circuit into the electricity meter 
instead of using external equipment. And since the electric meter is remotely controlled (the 
principle of advanced measurement infrastructure), this will allow the accuracy test to be 
carried out, so that measurement errors can be corrected without moving a team and without 
having made the electricity meter in the laboratory. When we were designing the calibration 
card, we noticed that we should add a power source used as a reference, because when we 
want to test the accuracy or perform the calibration on site, we cannot know how much is 
exactly the voltage of the electrical grid, because this latter can vary [27]. Then we designed 
an AC-AC converter included in the calibration card. This converter is powered by the 
electrical grid voltage, and provides a stable voltage at the output. Furthermore, we used a 
known load to fix the current. These two electrical quantities (current and voltage) act as 
references of our measurement system during the calibration procedure. 

In this paper, we will first describe the operation of the calibration card and the remote 
calibration system. Then we will present the study and dimensioning of the AC-AC converter. 
Then we will present simulations results and experiments results. Finally, we will end with a 
conclusion. 
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2. Overview of the new remote calibration system 

In our research work we realize a Smart Electrical Energy Meter (SEEM). This 
measurement instrument is intended for the low-voltage single-phase customers. Currently the 
researchers develop this kind of instrument to be totally remote controlled [28], [29], because 
of the increasing of customers and the need of the real-time monitoring. During the study, we 
deduced that the calibration step is one of important steps either during manufacturing or 
during maintenance. Moreover, this step should be performed on site and remotely for these 
reasons: 

• The calibration on site takes into account the electromagnetic perturbations. 

• The accuracy check of the meters will be performed without having moving a team. 

• During maintenance, if the meter was broken, we do not need to take it to the 
laboratory, for the calibration. 

When we want to perform the meter calibration, we need, at that moment, to know how 
much is the value of the electrical measured quantities (current and voltage). However, the 
voltage of the electrical grid can vary. For example in Morocco, the voltage can vary between 
80% and 115% of the nominal value [27]. Therefore, we cannot use this power source as 
reference. Furthermore with a basic structure of a digital meter (figure 1(a)) we cannot perform 
the meter calibration because this instrument is connected directly, trough sensors, to the 
electrical grid. So, we developed a new meter structure and we added a calibration card into 
the meter to perform the calibration process on site and remotely (figure 1(b)). 

 

(a) 

 
(b) 

Figure 1: (a) Structure of basic digital meter. (b) Structure of proposed digital meter. 

 

 The block diagram of the proposed electrical meter is shown in figure 2. The electrical 
flow passes first through the calibration card. This flow is then passed through current and 
voltage sensors. These sensors provide at the output attenuated signals that represent current 
and voltage. Then this analog signals are converted into  digital signals and filtered through a 
special measurement circuit.  

The communication between the measurement circuit and the processing card ,built around 
a microcontroller, is provided by connectors. At the microcontroller being the central unit of 
the measurement system, the data from the measurement circuit are processed in order to 
display them and send them via a wireless transmission.  

It should be noted that the circuit is designed to control remotely the calibration card. This 
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is done by sending instructions to the electrical meter, which are captured by the 
communication module and executed by the microcontroller. This one controls the relays of 
the calibration card. 

 

 

Figure 2: Block diagram of the electrical meter. 

 

The block diagram of the calibration card, shown in figure 3, contains several blocks. The 
most important block that should be studied is the AC-AC converter, and that we will present 
his design in following section. 

We distinguish two modes of use of the electrical meter, the count mode and the calibration 
mode. In the first mode (figure 4(a)) relay 1, which selects the source of energy, selects the 
electrical grid as source, while relay 2 redirects the energy to the home. In the second mode 
(figure 4(b)), the relay 1 selects the AC-AC converter as a source of energy while the relay 2 
redirects this energy to the AC load. 

The role of the converter is to provide a stable voltage at its output whatever the variation 
of the input voltage, in order to be able to calculate the measurement errors with reference to 
this voltage. 

The role of the AC load is to set the current value to a specific value in order to use it as a 
reference. In addition, it is necessary to create a phase shift between the current and the voltage 
to be able to compensate that added by the measuring components [24], [30]. 

3. Design of the AC-AC converter and the AC load 

The converter will play the role of a power source that provide a stable voltage at the 
output. Furthermore, it supplies an AC load. Therefore, the converter will stabilize the voltage, 
while the load will fix the current. To design this converter we posed the following 
specifications: 
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Figure 3: Block diagram of the calibration card. 

 

 

 

 

(a) 

  
(b) 

Figure 4: (a) Calibration card used in count mode. (b) Calibration card used in calibration 
mode. 
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• The converter is supplied by the electrical grid. So, we must compensate the input 
voltage variations. 

• The converter provide a power equals 600VA, with an AC output voltage equals 
120VRMS and an AC output current equals 5ARMS 

• The power factor should equals 0.5 to be able to compensate the phase shift added 
by the measurement system.  

• The calibration process is independent of the electrical grid at the time of 
measurement of the references, so we do not need synchronization between the 
electrical grid and the AC-AC converter. 

 

It should be noted that the choose of these values is not arbitrary. We respected the 
specifications of the measurement integrated circuit "CS5490" [30], as well as the calculation 
is fully detailed in the paper [24].  

3.1. Design of the power part of the converter 
The converter designed is an indirect, single-phase AC-AC converter. The AC input 

voltage passes by a rectifier bridge, then we used a Voltage Source Inverter (VSI) that provide 
an AC voltage at the output. 

Figure 5 illustrates the scheme of the converter. We have chosen this simple structure, 
because the converter will be integrated into the meter. Thus, the calibration card should be 
small, then, it should contain the minimum of components. 

In this type of applications, the choose of the components values is very important. We 
must sizing the diodes bridge of the rectifier, the capacitor filter, the switches, the LC filter 
and the AC load. 

3.1.1. Rectifier 
For the diodes, we must take in consideration the forward current and the maximum 

repetitive reverse voltage. The forward current who crosses the diodes is the same DC link 
current that supplies the inverter. This current is calculated by: 

Figure 5: Power circuit of the AC-AC converter. 
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��� = �� . ��
���

cos �  (1) 

Where Vo is the AC output voltage of the converter, Io is the AC output current of the 
converter, VDC is the DC link voltage and cos � is the power factor. 

Regarding the filter capacitor, we calculate the value of capacitors with: 

�� =  ���
2. �. ∆���

  (2) 

Where f is the frequency of the AC input voltage and ∆���  is the AC input voltage ripple. 
We note that we used two capacitors to create a neutral point and we have: �+ = �− =
 2�� . 

3.1.2. Switches 
We used in our application the IGBT switches IHW40N60R. These switches support a 

high switching frequency. Moreover, they can reach a collector-emitter voltage equals 600V 
and a collector current equals 40A. 

3.1.3. AC load 
The role of the AC load is to consume a known current that will be used as reference. 

Furthermore, it must create a 60° phase shift. This phase shift is used to compensate the phase 
added by the measurement system. We used in the application an inductive load. To calculate 
the values of the load elements we use these formulas: 

���� + (���)� = �� ���   (3) 

��� ��� = tan(60 °) (4) 

3.1.4. Filter 
The VSI generate a voltage that contains a sum of harmonics. To have a sinusoidal 

waveform at the output of the converter, we must eliminate all harmonics and leave only the 
fundamental component. To do that, we should use a low pass filter. Generally, a LC filter is 
used in this type of applications [31]–[34].  

 

To sizing well the converter, we must take into account the increasing and decreasing of 
the input voltage, the maximum voltage ripple and other quantities. Table 1 summarize the 
values that can be used for calculation. 

After calculation, we opt to choose elements whose specifications are shown in the 
following table 2. 

3.2 Design of the control part of the converter 
3.2.1. Modulation technique 

To control the switches, there are many techniques. In our case basing on the study of these 
papers [35]–[37], we chose the unipolar PWM technique.  

In this technique, we use a carrier signal VC that has a triangular form defined by an 
amplitude ��"#$ and a frequency fC. We use also, two modulating signals (VM and –VM) that 
have a sinusoidal form and have the same amplitude �%"#$  and the same frequency fM. 
Furthermore, the two modulating signals are shifted by π. Because there are a π phase shift the 
even harmonics in the output voltage will be eliminated. 
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Table 1: Values of different electrical quantities used for the calculation. 

Quantity Unit Value 

DC link voltage 
VDC 

Min Volt (V) 249 

Max Volt (V) 358 

Maximum voltage ripple ∆���  Volt (V) 49 

Input voltage frequency Hertz (Hz) 50 

AC output voltage Vo Volt (V) 120 

AC output current Io Ampere (A) 5 

Power Factor cos � - 0.5 

 

Table 2: Specifications of converter elements 

Diodes bridge Capacitor filter Switches LC Filter AC Load 

C+ C- Lf Cf Ro Lo 

If = 2A               

VRRM = 200V 

470µF, 

200V 

470µF, 

200V 

IGBT 

40A, 

600V 

32mH 127µF, 

200V 

12Ω 66mH 

 

An inverter that use this modulation technique has, at the output, a fundamental component 
amplitude defined by this formula  

�&'( %)* = +, . ���   (5) 

Where ma is the modulation index, it presents the amplitude ratio of the carrier signal and 
the modulating signal. It is defined by this formula: 

+, = �%"#$
��"#$

  (6) 

To generate the PWM signal we compare the carrier signal with the two modulating signals 
and we have: 

For the Q1, Q4 branch: 

• When �%  >  �� , the switch Q1 is ON and the switch Q4 is OFF 

• When �%  <  �� , the switch Q1 is OFF and the switch Q4 is ON 

For the Q2, Q3 branch: 

• When −�%  >  ��, the switch Q2 is ON and the switch Q3 is OFF 

• When −�%  <  ��, the switch Q2 is OFF and the switch Q3 is ON 

Figure 6 presents the PWM signals generated by this technique, as well as, table 3 presents 
the switches states and different values of the VSI output. We note that the VSI output can 
have three levels:  -VDC, 0 and +VDC. 



Z. Jebroni et al: Remote calibration system of a smart electrical energy meter 

 

 814

Table 3: Switches states and VSI output values. 

State N /1& /43333 /2& /33333 VAN VBN VAB 

1 ON ON VDC/2 VDC/2 0 

2 OFF OFF -VDC/2 -VDC/2 0 

3 ON OFF VDC/2 -VDC/2 VDC 

4 OFF ON -VDC/2 VDC/2 -VDC 

 

3.2.2. Control technique 

The converter must compensate the increasing or decreasing of the voltage, and it should 
compensate the voltage ripple due to the charging and discharging of the capacitors. Because, 
referring to formula 5, if the input voltage varies, the DC voltage varies, then the output voltage 
varies. 

As the variations are only at the input of the inverter, furthermore, we use a known linear 
load. We designed a control based on a feedforward technique. In this technique, we sense the 
input variations and we adjust the PWM signals, in such a way to have at the output of the 
converter a stable voltage. 

For example in Morocco, the voltage can vary between 249V and 358V, and taken in 
consideration the voltage ripple it can decrease to 200V. We can rewrite the formula 5 as 
follows: 

�&'( %)* = +, . (���567 ± ���9#5 )  (7) 

Where ���567 is a chosen DC voltage reference, and ���9#5  is the variations around the 

DC voltage reference. We chose a DC voltage reference equals 311V, which corresponds to 

 

Figure 6: Carrier and modulating signals forms and PWM signals generated with a carrier 
frequency equals 500Hz and a modulation index equals 0.8. 
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220VRMS. This value is the nominal value provided by the electrical operator in Morocco [27].  

Now we see that �&'( %)* is influenced by the voltage variations. To eliminate these 

variations, we must adjust either �%"#$or ��"#$. If we choose �%"#$we must calculate at 

each time its value by this formula: 

�%"#$ = �%567 × ���567
(���567 ± ���9#5) 

  (8) 

Where �%567is a reference value calculated by the formula 5, by replacing VDC by ���567 

value and replacing �&'( %)* 
by the desired value. 

Figure 7 present the adjustment of the modulation index according to the voltage error 
(voltage variations). 

 

Finally, if we put the result of formula 8 in formula 7 of �&'( %)* voltage, we find: 

�(&"#$ = �%567
��"#$

���567         ∀ ���9#5  (9) 

As we see, by applying this technique, the amplitude of the output voltage of the converter 
remains stable regardless of the input voltage variation. 

 

3.2.3. Control program 

To generate the PWM signals we opted to use a digital controller. The control technique 
is implemented as a program into a microcontroller in discrete form. The frequency of carrier 
signal chosen is 1 kHz. We used a sampling step equals 50µs that corresponds to a sample 
frequency equals 20 kHz. We note that the Nyquist-Shannon theorem is respected. 

Figure 7: Voltage error vs modulation index. 
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The program implemented in the microcontroller is presented by the flow charts at figure 
8. The flow chart (a) presents the main function. This function is responsible for the 
initialization of the microcontroller, the reading of the VDC  value from the register which 
records the result of the conversion of the ADC, and the adjustment of the �%"#$value. The 
flow chart (b) presents the interrupt function. An interruption is generated each 50us. Into this 
function after the interrupt call, we compare the value of the carrier signal with the values of 
the modulating signals, taken in consideration the adjustment. In the comparison, we take the 
samples that correspond to the same time. We note that as the microcontroller turns at a high 
frequency (48MHz) the comparison between VC and VM and between VC and -VM is performed 
almost at the same time. 

 

 

4. Simulation results and experimental results 

4.1. Results of simulations and tests of digital control 

The program presented in the past section, is implemented in a microcontroller 
PIC18F2550. We will present some results from elaborated tests. In figure 9(a) we see the 
PWM signals generated by the microcontroller with a carrier frequency equals 500Hz and an 
modulation index equals 0.8. If we compare them with the signals generated by a simulation 
in MATLAB (figure 9(b)), we can see that are practically the same. 

In figure 10 we present another comparison between a PWM signals generated by the 
microcontroller (figure 10(a)) and PWM signals generated on MATLAB (figure 10(b)). In this 
test we use a carrier frequency equals 1 kHz and a modulation index equals 0.8. 

 

                                                               (a)                                                       (b) 

Figure 8: Flow charts of the program implemented in the microcontroller: (a) Main 
function, (b) Interrupt function. 
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To validate the control program, we tested the algorithm with a variable input, and we had 
results that are presented in figure 11. We have chosen a low carrier frequency (250Hz) in 
order to be able to view the changes. Figure 11(a) present the results when the input voltage 
equals 200V and that corresponds to a modulation index equals 0.85. Figure 11(b) present the 
results when the input voltage increase to 358V that corresponds to a modulation index equals 
0.475. We notice that the pulse width changes by changing the input voltage. When the input 
voltage decrease the pulse width increase and vice versa. 

 

 
(a) 

 
(b) 

Figure 9: (a) PWM signals generated by the microcontroller. (b) PWM signals generated 
by MATLAB. 

 

(a) (b) 
Figure 10: (a) PWM signals generated by the microcontroller. (b) PWM signals generated by 

MATLAB. 
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(a) 

 
(b) 

Figure 11: PWM signals generated by the microcontroller. (a) Input voltage equals 200V. 
(b) Input voltage equals 358V. 

 

4.2. Results of simulations of AC-AC converter circuit 

The circuit presented in figure 4 is realized in MATLAB Simulink. All blocks mentioned 
before (rectifier, inverter...) are chosen as the performed study. We have used as AC input 
voltage a modified source. This source provides a voltage whose the amplitude varies during 
the time. The amplitude increase from 249V to 358V. 

As results, we present firstly the output voltage of the VSI. Figure 12 present the output 
voltage waveform without filter or load. We notice that in this figure the amplitude of the 
output voltage increases and follows the amplitude of the input voltage. But, if we look at 
figures 13(b), 14(b) and 15(b), that present respectively the portions (A), (B) and (C) we notice 
that the pulse width changes, it decreases by the increasing of the input voltage. Furthermore, 
if we refer to figures 13(a), 14(a) and 15(a) where they present the spectrums of the output 
voltage when the amplitude of input voltage is at 249V, 311V and 358V respectively. We 
deduce that the amplitude of the fundamental component remains practically stable.  

As second results, when we added the LC filter and the AC load. We notice that the AC 
output voltage of the AC-AC converter is a good sinusoidal waveform (figure 16). This is 
justified by the low THD (figure 17(b)). Furthermore, the voltage amplitude remains stable 
(equals 120V RMS) even if the amplitude of the AC input voltage changes. 

For the current, we obtained a good sinusoidal waveform (figure 16), as well as the 
amplitude equals 7A that corresponds to a RMS value equals 5A.  

As last result of the simulation. The phase shift between the current and the voltage equals 
3.33ms that corresponds to a 60° phase shift. 
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(a) 

 
(b) 

Figure 13: Output voltage of the converter when the amplitude of input voltage is at 
249V. (a) Spectrum.  (b) Part (A) of figure 12. 

 

Figure 12:  Output voltage waveform of the converter without filter or load. 
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(a) 
 

(b) 
Figure 14: (a) Output voltage of the converter when the amplitude of input voltage is at 

311V. (a) Spectrum.  (b) Part (B) of figure 12. 

 

 
(a) (b) 

Figure 15: Output voltage of the converter when the amplitude of input voltage is at 
358V. (a) Spectrum.  (b) Part (C) of the figure 12. 

 

5. Conclusion 

Today's electrical grid requires serious improvements in control, diagnostics and energy 
management. Electricity operators need a real-time monitoring of the network state as well as 
the measurement equipment state. For this reason, researchers are trying to design 
measurement instruments that are completely accessible remotely in order to read the 
consumption information and the state of the measuring instrument itself. Moreover the 
control and the execution of the tasks remotely if it was necessary, like the precision test of 
the electric meters. Through this paper, our contribution in this area of research is to automate 
the calibration process. Indeed, energy measurement systems need to be calibrated, in such a 
way to eliminate the measurement errors. The calibration process was performed at laboratory, 
but currently, we need to perform this process on site and periodically. For this reason, during 
our study of the structure of the smart meter, we have the idea to integrate a calibration card 
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into the energy measurement, to perform the calibration on site and remotely, and to be able 
to manage many meters (check their accuracy) in a short time.  

To be able to perform the accuracy test or to calibrate the meter, we need a stable power 
source used as reference. We cannot use the power line because, for this power source, the 
voltage can vary, and we cannot know at the moment of the calibration how much is the 
voltage value. For that, we designed an AC-AC converter included in the calibration card. The 
role of this converter is to provide a stable known AC voltage at the output, even if the voltage 
line that can vary supplies it. Moreover, the current is fixed by a known AC load. 

The designed converter is an indirect AC-DC-AC converter. In such structure, we convert 
the AC voltage to a DC voltage, then, we use a voltage source inverter to generate the AC 
output voltage. The rectifier is a simple diode bridge and a filter capacitor, as well as, the 
voltage source inverter has an H-bridge single-phase structure. As has been mentioned, the 
choose of this structure is to minimize the components. We note that to stabilize the AC output 
voltage we used a feedforward technique. In this technique, and because the AC input voltage 
which varies, we correct the modulation index, by calculating the AC input error, this by 
comparing the instantaneous DC voltage value with a DC voltage reference. 

To validate our design, we simulated the whole circuit on MATLAB Simulink. The results, 
presented before, prove that we reached our objective, which is to provide a stable power 
source at the output of the AC-AC converter, even if the AC input voltage varies. Furthermore, 
the control technique has been tested experimentally, and we noticed that the PWM signals 
change according to the input error. 

As results, the AC output voltage remains stable at 120V even if the AC input voltage 
varies. The AC output current is stable and equals 5A. It is fixed by the AC load. The AC 
voltage and the AC current are used to correct the gain values of the voltage chain and the 
current chain respectively. There is a 60° phase shift between the current and the voltage that 
is used to compensate the phase shift error added by the measurement system. 

 

 

Figure 16:  output voltage and current waveforms of the Converter with filter and load. 
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(a) 

 
(b) 

Figure 17: (a) Spectrum of the output current of the converter. (b) Spectrum of the output 
voltage of the converter. 
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