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With the advanced information technology, the power system becomes 
more efficient and reliable by widely deploying smart sensors in the field 
side, which construct a powerful monitoring sensor network. However, 
due to the complicated radiation environment, the sensors will be affected 
and thus present abnormal data to the control center, which might destroy 
the system’s observability. Based on the radiation immunity test principle 
for radiofrequency electromagnetic field (RF-EMF), in this paper, we use 
LabView and GTEM cell to design an automatic RF-EMF radiated immu-
nity (RI) test system for electricity meters. To improve the testing perfor-
mance, we propose a new method to design the hardware and software to 
filter out signal noises. We verify the effectiveness, reliability, and consis-
tency of the automatic testing system with a 3-meter anechoic chamber 
system by conducting extensive experiments.

Keywords: Power monitoring network, electricity meters, GTEM cell, anechoic 
chamber test, electromagnetic compatibility

1 INTRoducTIoN

Networking is a fundamental requirement to realizing the overview context-
aware and coordinated control. There are plenty of studies focusing on improving 
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the performance of networked systems regardless of the wired and wireless  
connection. These researches promote the applications of networked devices in 
industrial scenarios such as home area sensing [1], secure edge computing [2], 
industrial internet of things [3], new human-machine interaction technologies [4], 
etc. However, there are still open problems and challenges to make the networked 
system better. For example, the author of [5] has summarized the motivations, 
scenarios, and challenges for the intelligence integrated networking systems.

An an important application, sensor network has enabled the power sys-
tem to widely and timely monitor the operation states. However, in the elec-
tricity environment, there are many issues that the sensors should address to 
guarantee their stable working status. The sensor must report correct data to 
the control center even that there are inferences, especially, the electromag-
netic radiation [6]. In recent days, RF electromagnetic radiation is widely 
used in advanced communication and computation devices, resulting in an 
increasingly complex electromagnetic radiation environment. On one hand, 
electronic devices emit electromagnetic radiation to the outside world, on the 
other hand, they are interfered with by the surrounding electromagnetic radi-
ation environment. Therefore, it is critical to verify the anti-interference abil-
ity of electronic devices in the electromagnetic environment [7]. 

There are a lot of works investigating the RF radiation of the electronic 
devices and the anti-interference ability of the electronic devices [8-12]. The 
latter is usually termed Electromagnetic Compatibility (EMC) [13-16]. Giga-
hertz Transverse Electromagnetic (GTEM) cell is a popular test facility for 
evaluating the radiated emission of the integrated circuit. Chua et al. [17] 
improved the correlation between GTEM and semi-anechoic chamber 
through a correction factor. Xing et al. [18] theoretically derived the input 
impedance of dipole antenna in GTEM cell, which guided the test compensa-
tion and error analysis of Electro-Magnetic Interference measurements in 
GTEM cell. Hallon and Kovac [19] presented a solution to fulfill homogene-
ity requirements without the absorbers only by changing the antenna height 
between two positions and by appropriately controlling the tested electro-
magnetic field frequency. Cooper et al. [20] compared the current RF immu-
nity test systems and demonstrated how consistent and repeatable RF 
measurements are achieved by the electricity meter examining service. Wang 
et al. [21] built a system to test the RF-EMF radiated immunity and improved 
the anti-jamming capability of electricity meters using the EMC technology. 

The RF-EMF immunity tests conducted on electricity meters are the most 
demanding of all influence type tests [22]. To test the RF-EMF interference tol-
erance ability of the electricity meters, we need to construct a constant and stable 
electromagnetic radiation field that can be proactively changed to simulate  
the real-world electromagnetic radiation environment [23, 24]. In this paper, the 
RF-EMF radiated immunity test system of electricity meters is based on Giga-
herrtz Transverse Electromagnetic, which is developed following the national 
standard, namely “Electromagnetic compatibility–Testing and measurement 
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techniques–Radiated, radio-frequency, electromagnetic field immunity test”. 
The mentioned standard for the immunity test of RF-EMF radiation is widely 
used for small electronic devices. It is a basic standard, that is, when the product 
needs the test, the test method specified in the standard shall prevail. In this 
paper, we specify the radiated immunity (RI) test for electricity meters.

In summary, the contributions of this paper are as follows:

1. We design an RF-EMF RI test system for electricity meters with GTEM 
cell and LabView, which can automatically conduct the test process.

2. We design a filter device for the voltage and currents and develop an active 
current compensation device for hourly tests. Besides, we solve the prob-
lem to quantify the measurement errors during the RF-EMF RI test.

3. Finally, we conduct extensive experiments to compare the performance 
of the RF-EMF RI test for electricity meters between the automatic test 
system with GTEM cell and the electric wave anechoic chamber, which 
provides a solution for the RI test comparison between two different 
hardware platforms.

The organization of this paper is as follows. Section 2 provides some pre-
liminary knowledge for the RF-EMF RI test. Section 3 and Section 4 present 
the hardware and software design of the RI test system, respectively. Section 
5 shows the experimental results of the proposed system. Section 6 compares 
the performance of two different test systems. Section 7 concludes the paper. 

2 PRElIMINARy

The power network is an important part of the power system. It is a typical 
cyber-physical integrated network. To achieve adequate situational aware-
ness, providing secure and reliable operation of the grid when it is affected by 
system disturbances and natural events, the power network is deployed with 
many sensors. The operating data from sensors are collected and transferred 
to the cyber layer for control, scheduling, contingency analyzing, marketing, 
etc. One of the critical devices is the electricity meter, which collects the data 
of current, voltage, power flow, etc. However, the radiation environment 
might affect its functions. Therefore, it is important to test the radiation 
immunity of the electricity meter.

For the RF-EMF RI test, the constructed electromagnetic radiation field 
must meet the following conditions:

1. It must cover the frequency range of 80MHz-6GHz according to the GB/
T17626.3-2016 standard;

2. It must provide field strengths that meet the GB/T17626.3-2016 standard, 
which is shown in Table 1.
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During the test, a sine wave with a starting frequency of 1kHz is used to 
modulate the signal by 80% amplitude to simulate the real-world environ-
ment. In fact, we can choose lower frequencies to modulate the frequency 
with other standards. Besides, with the expansion of the spectrum used by 
electronic devices, the upper limit of the frequency will increase in the future.

The electromagnetic radiation immunity test of electricity meters mainly car-
ried out two tests of 10V/m (current in the current circuit) and 30V/m (no current 
in the current circuit). Meanwhile, the test system should also take into account 
the RF-EMF radiated immunity test for ordinary electronic devices.

3 HARdwARE dESIgN ANd IMPlEMENTATIoN

Specifically, the structure of the proposed RI test system is shown in Fig. 1.1. 
Except the GTEM cell, the main components of the RF-EMF immunity test 
system of electricity meters include: RF signal generator, power amplifier, 
three-phase filter de-vice, three phases electricity meter test equipment, 
power probe, monitor, etc.

The GTEM cell is a device designed based on the principle of an asym-
metric rectangular transmission line. In order to avoid the reflection and reso-
nance of internal electromagnetic waves, the shape of the GTEM cell is a 
pointed cone. The input end of the GTEM cell is an N-type connector. The 
rectangular uniform field area is located between the bottom plate and the 
core plate. In order to improve the transmission of the spherical wave between 
the input end and the load end, the terminal of the core board is non-reflec-
tive, which adopts a resistance matching network. The bottom of the GTEM 
cell is pasted with special material to absorb interfered electromagnetic 
waves. Therefore, between the bottom and the core plate, there is a test area 
that has a relatively strong uniform field. The tested object is placed in the test 
area to reduce the change of the field strength caused by the other devices. 
The object’s height should be less than one-third of the distance between the 
core and bottom plate. Fig. 1.2 shows the GTEM cell.

The electromagnetic field strength of the GTEM cell is proportional to the 
voltage value of the N-joint and inversely proportional to the vertical distance 

level Field strength V/m

1 1

2 3

3 10

4 30

TABLE 1
Level of field strength
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of the core board. Therefore, if we inject the signals with the same power into 
the GTEM cell, then the closer the distance between the core and bottom 
plate, the greater the field strength. Therefore, for a small tested object, if we 
place it in front of the GTEM cell, we can obtain a strong electric field. How-
ever, since the core board is closer to the bottom board, the height of the 
tested object should be small enough, otherwise, the stability and uniformity 
of the field strength cannot be guaranteed.

Besides, in order to ensure the performance of the GTEM cell, a filter is 
used, which is composed of capacitors, inductors, and resistors. In order to 
ensure high insertion loss, large common-mode capacitors are used. Large-
capacity capacitors increase the leakage current of the line and cause reactive 
power. In general, the loss rises during the dummy load test. Because the 
current will pass through the inductive components of the filter, and in  
the general AC transformer, the excitation current I0 is required to supply the 
excitation and power consumption of the core. Therefore, it is necessary to 
design a compensation device to solve this problem.

The active current compensator, which is shown in Fig. 1.3, consists of 
two iron cores. The corresponding hardware is shown in Fig. 1.4. A set of 

FIGURE 1.1
An illustration of the RI test system for electricity meters with GTEM cell 

FIGURE 1.2
GTEM cell 
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detection windings is wound on the main iron core, while a set of compensa-
tion windings (the number of windings is N3) are wound on the compensa-
tion iron core, and (the number of windings is N1) is wound on both iron 
cores at the same time. As for the primary and secondary winding (the num-
ber of windings is N2), its magnet-motive voltage balance equation is:

Main iron core: I1N1+I2N2=I0N1, where I0 is the induced current of the 
main iron core. 

Compensation core: I1N1+I2N+I3N3=I'0N1, where I’0 is the induced 
current of the compensation iron core. 

To make the error of the current transformer zero, i.e. I0N1=0, it results in 
that I3N3=I'0N1. That is, if an external potential is provided on the compen-
sation iron core, the exciting current generated by it makes I3N3=I'0N1, then 

FIGURE 1.3
Schematic diagram of the active compensator 
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the magnetomotive voltage balance equation of the compensation iron core is 
I1N1+I2N=I'0N1-I3N3 =0. It follows that I1N1+I2N2=0 on the main iron 
core, that is, the error of the current transformer is zero.

In Figure 1.3, the U1 on the main iron core is the induced electromotive volt-
age of the main iron core, which is amplified by electronic power and output to 
the N3 winding of the compensation iron core to provide excitation current for 
it. After the feedback adjustment, I3N3=I'0N1 is satisfied. And the error com-
pensation of the current transformer is achieved. Since the compensation is 
provided by the external power supply, it is called active compensation. In prac-
tice, since U1 cannot be zero, that is, the induced electromotive voltage of the 
main iron core of the current transformer is not zero, its error accuracy depends 
on the magnification of the electronic compensation circuit. Under the premise 
of ensuring its stable operation, active compensation is used. The accuracy of 
the current transformer is generally below 0.01%, which can fully meet the 
daily test requirements of electricity meters.

4 SoFTwARE dESIgN ANd IMPlEMENTATIoN

In fact, the software development for the RI test system will affect its effec-
tiveness in different applications. The software is designed to control the 

FIGURE 1.4
Hardware design of active compensator 
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instrument, monitor the test process and data transmission, analyze the data 
after the test and handle the emergency operations in case of abnormal con-
ditions. Therefore, in order to guarantee the effectiveness of the test system, 
we need to select a software platform that meets the system development 
requirements.

LabVIEW is an easy-to-use test software for simulations developed by 
National Instruments. It can be used to develop various professional modules 
that meet actual applications based on the original software platform accord-
ing to different requirements. We can also develop specified modules accord-
ing to our own needs, and self-motivated modules that can be called at any 
time in the next programming work. In this paper, we adopt LabVIEW to 
design the test system.

4.1 design details

1. Main functions
According to the requirements, the RI test system is able to calibrate the 
three-phase electricity meter and automatically record the errors, control the 
signal generator, power amplifier, and field strength; automatically calibrate 
the electric field according to the specified field strength and record the cali-
bration data; display the calibration data in real-time and store the corre-
sponding frequency and strength, and automatically increase or decrease the 
signal strength according to the change of the field strength; display and 
record the frequency error between the measured value and the electricity 
meter output; automatically generate the recording table; monitor the test 
process; store and export the test results; pause when the error happens and 
prompt the alarms.

2. Architecture
We divide the software of the RI test system into 4 subVIs. For the first VI, 
we realize the management tasks including the user login, the selection of 
equipment required for the test, the communication interface and etc. For the 
second VI, we realize the functions including the control of the field strength, 
the real-time transmission of field strength data, the monitoring of the signal 
generator and power amplifier, the real-time display and recording of signal 
frequency and power magnitude. For the third VI, we mainly realize the con-
trol of the test platform, the modification of the electricity meter parameters, 
the selection of sensors, and the real-time display of errors. For the fourth VI, 
we realize the control of the signal generator and power amplifier, the real-
time acquisition and display of the corresponding frequency of the measure-
ment error (pulse signal), and the switch between the electricity meter RI test 
and the ordinary RI test. The overall architecture of the system software is 
shown in Fig. 2.1.
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4.2 Implementation

1. Field calibration
The field calibration module enables the electromagnetic field in the GTEM 
cell to maintain the uniformity and size of the field strength required for the 
test within a certain range. 

Generally, the calibration process is carried out at a certain interval or 
when the experimental equipment has wide-scale changes (movement or 
replacement). The test steps are as follows:

1. Energize all instruments and equipment to preheat and make sure that the 
instruments and equipment are turned on and programmed, and carry out 
the configuration process;

2. Select the frequency band to be calibrated and click “Initialize” to check 
whether the instrument in the system is connected normally (the green 
light means the connection is normal). If the connection fails, check 
whether each instrument is in a normal working state, whether the remote 
mode is turned on, and whether the instrument configuration is correct 
until the connection returns to be normal;

3. Place the field strength probe at the position where the object will be 
placed. The parameter setting interface is shown in Fig. 2.2 and Fig. 2.3. 
According to the test requirements of the targeted object, we need to 
select the appropriate calibration field strength (3V/m, 10V/m, 30 V/m, 
or custom) and the start and end frequency, and then start the calibration.

4. After the calibration, the parameters and calibration data are stored in the 
database for further debugging.

FIGURE 2.1
The architecture of the system software 
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2. Evaluation module
This module is used to evaluate the RI test of electricity meters. It provides 
energy resources for the electricity meter during the RI test and feedbacks 
the errors in real-time. According to the parameters of the power mete, we 
determine the input voltage and current, and some constants. Then, we 
click the “initialization” button. This module will automatically input volt-
age, current and constant signals into the detection device. If the initializa-
tion fails, we need to check whether the detection device and the computer 
are properly connected. If it is well connected, we click the single-step 
execution button. The test station will power on the electricity meter, and 
meanwhile, output an error signal according to the feedback signal from 
the pulse signal. The error value will be displayed simultaneously with the 
frequency.

3. RI test module
As a key module to realize the RI test function of electricity meters, the data 
location refers to the calibration data to be used. According to different test 
frequency bands and strengths of the test field, we need to select different 
calibration data and determine the testing time. The programming diagram of 
the RI test for electricity meters is shown in Fig. 2.4.

Before starting the test, we need to make sure that the testing devices are 
in normal working condition and can output error data, and then select the 

FIGURE 2.2
The programming diagram for the field calibration module 
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output location of the error data and test results. After starting the test, the RI 
test system will first prompt to select the field strength files to be used and 
then automatically complete the test according to the selected files and output 
a report. When the test is over, the RI test system will prompt whether to 
repeat the test or start a new test or stop the test.

FIGURE 2.3
Parameter setting interface 

FIGURE 2.4
Programming diagram of RI test for electricity meters 
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5 ExPERIMENTS

Authors should discuss the results and how they can be interpreted from the 
perspective of previous studies and of the working hypotheses. The findings 
and their implications should be discussed in the broadest context possible. 
Future research directions may also be highlighted. 

The RI test system mainly includes the field calibration module, RI test 
module, control module for the electricity meter testing platform, and the 
evaluation module. We determine the basic functions of each module and the 
communication between hardware through testing.

5.1 Evaluation for the field calibration
The field calibration module is a very important module for the RI test sys-
tem. The field calibration will affect the subsequent test processes. If the field 
is not correctly calibrated, we cannot obtain qualified test data. The field 
calibration module is mainly divided into two parts: data analysis and field 
strength real-time reading.

The evaluation for the field strength sensing is fundamental for data analy-
sis. The data can only enter the cycle when the field strength value reaches the 
specified range, which requires that the field strength data is read in real-time. 
To test the data reading function, we need to run the field strength sensor for 
a long time and compare whether the field strength displayed on the computer 
is consistent with the field strength displayed on the instrument or not. And 
we also need to observe whether the reading on the computer is delayed. The 
experimental results show that the reading module is normal and effective.

In Table 3.1, the computer display refers to the field strength displayed on 
the computer, the instrument display refers to the field strength on the instru-
ment, the time delay refers to whether there is a time difference between these 
two values, and the duration refers to the existing time of specified field 
strength. The testing time is counted by seconds considering that it takes a 
certain time to stabilize the field strength during the field calibration process. 

The evaluation for the field calibration module mainly consists of the set-
ting parameters and the storage of the calibration data. Field calibration 
mainly includes the following parameters: start frequency, end frequency, 

Number ground Truth Sensor reading delay(s) duration(s)

1 0.24 0.24 0 5

2 3.22 3.22 0 2

3 1.78 1.78 0 4

4 0.33 0.33 0 7

TABLE 3.1
Reading test for the field strength sensor
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field strength, and stepping manner. According to the requirements of the 
testing standard and equipment status, the field calibration process is divided 
into two parts, one is with a start frequency of 80MHz and an end frequency 
of 1GHz, the other is with a start frequency of 1GHz and end frequency of 
2GHz, and the stepping manner is 1%. The electromagnetic field intensity is 
3V/m, 10 V/m, and 30 V/m, respectively. Take the start frequency of 80MHz, 
end frequency of 1GHz, and electromagnetic field strength of 30 V/m as an 
example, we evaluate whether the module can realize normal functions. 
According to the experimental results, we find that the second frequency 
point is 80.8 MHz, while the third frequency point is 81.608 MHz, which 
increases 1% compared with that of the second frequency point. The largest 
field strength is 31.2 V/m and the smallest is 29.0 V/m, which are both within 
the 5% error of the expected value of 30 V/m. The largest output voltage of 
the signal generator is -1.5dB and the smallest is -13.5dB, which are both 
within the rated voltage range. The calibration data is automatically gener-
ated and stored in a TXT file. Overall, the testing results are satisfactory.

5.2 Evaluation for the RI test module
After the test for the communication between devices and the module func-
tions, we select a single-phase electricity meter for the RI test. The test fre-
quency range is 80MHZ to 1GHZ. The RI test system automatically completes 
the test and obtains the corresponding test report. The test result is shown in 
Fig. 3.1.

The report will point out the testing errors corresponding to each fre-
quency. We select the representative frequencies which are with large testing 
errors, which are shown in Table 3.2.

According to the national standard, the maximum ranges of the allowed 
testing change for the RS test of electricity meters are different for different 
levels, which dis-tributes in [1%, 3%]. Table 3.2 shows that the maximum 
change is 0.3%, which is much smaller than 1%. The test meets the require-
ments predetermined by the system design.

5.3 comparison between the RI test system and anechoic chamber test
As a non-standard test system, the GTEM cell, with its convenience and high 
efficiency, still occupies a certain test market after the standard is updated. 
We also choose a 3-meter anechoic chamber to conduct the RI test for the 
unqualified electricity meters. We also put it in the GTEM cell and use the RI 
test system to test it, and compare the results with the 3-meter anechoic 
chamber test.

5.4 Requirements for the RI test of electricity meters
According to standard requirements, the frequency range involved in the test 
is 80MHz~2GHz. The testing steps are as follows:
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1. Test with the current. The field strength is 10V/m. The voltage line is 
with the reference voltage. The current line is with the reference current. 
The change of electricity meter’s testing error during the test should not 
exceed the specified maximum limit.

  According to the national standard, the maximum limits of the RF immu-
nity test errors of electricity meters with different accuracy levels are 
shown in Table 4.1.

FIGURE 3.1
Testing results 

Error without disturbance(%) –0.016

Sensitive frequency(MHz)
Test 

result(%)
change(%)

80 –0.016 0.0

100 –0.106 0.1

425 –0.292 0.3

484 0.187 0.2

800 –0.017 0.0

1000 –0.026 0.0

TABLE 3.2
Testing results
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2. Test without current. The field strength is 30V/m. The voltage line is 
with the reference voltage. The current line has no current, and the cur-
rent terminal should be open. During the test, the electricity change of 
the electricity meter should not exceed its specified requirement. The 
formula for the maximum allowable change is as follows:

 x mU In max= −10 6  

where m is the number of sensors, Un (V) is the reference voltage, and Imax (A) 
is the maximum current.

5.5 Electricity meter test and analysis
We select a prepaid single-phase electricity meter, which is shown in Fig. 4.1. 
The reference voltage of the meter is 220V. The reference current of it is 
10(100)A. The pulse constant is 800imp/kWh. The experimental layout in a 
3m anechoic chamber is shown in Fig. 4.2.

The experiment was carried out in accordance with gbt17626.3-2016. The 
experimental data is shown in Table 4.2.

According to our test, the reading error of the electricity meter is beyond 
99.99% when the field strength is 10 V/m and the frequency is 158 MHz in 

Accuracy level 0.2S 0.5S 1 2

Limits of the test error (%) 1.0 2.0 2.0 3.0

TABLE 4.1
The limits for RF immunity test error

FIGURE 4.1
Prepaid single-phase electricity meter 
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the vertical polarization direction, which means that the electricity meter is 
obviously not qualified. The maximum reading error of the electricity meter 
is more than 6% when the field strength is 10 V/m and the frequency in the 
horizontal polarization direction is 450M-540 MHz, which is larger than 3% 
permitted by the standard.

FIGURE 4.2
Experimental layout of electricity meter in 3m anechoic chamber 

Field 
strength

Antenna 
polarization 
direction

Frequency 
range Results description

10 V/m Vertical 80M~1000MHz Not qualified
Sensitivity frequency is 158MH 
and the 99.99% of the test result 
is wrong

10 V/m Horizontal 80M~1000MHz Not qualified
The error in the range of 
450M~540MHz is beyond 6%

10 V/m
Vertical and 
horizontal

1G~2GHz Qualified
The error in the range of 
450M~540MHz is beyond 6%

30 V/m
Vertical and 
horizontal

80M~2GHz Qualified /

TABLE 4.2
Original test data for the electricity meter
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From Table 4.1, we can calculate that the maximum change of the power 
reading of the electricity meter is 0.022kWh when the field strength is 30 V/m. 

FIGURE 4.3
Experiment layout in the front 

FIGURE 4.4
Experiment layout in the side face 
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While the corresponding value is 0.0 kWh without our real-world test, which 
indicates that the meter is qualified.

5.6 with the automatic RS test system
We place the electricity meter in the GTEM cell. The experimental layout is 
shown in Fig. 4.3 and Fig. 4.4.

Error without disturbance (%) –0.026

Sensitive frequency (MHz) Test results (%) changes(%)

80 –0.026 0.0

100 –0.071 0.1

160 99.99 99.99

222 0.779 0.8

509 6.247 6.3

666 1.28 1.3

800 0.171 0.2

1000 –0.026 0.0

TABLE 4.3
Recordings of the error

FIGURE 4.5
Recordings of the error 
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The experiment is carried out in accordance with the test standard. The 
errors are automatically recorded as shown in Table 4.3 and Fig. 4.5.

There is no pulse during the 30 V/m test without load. The change of the 
power reading is 0.0 kWh. The test result is consistent with that of the 
3-meter anechoic chamber. The experimental results show that the test is 
qualified.

When the field strength is 10 V/m, the 99.99% reading error happens at the 
electromagnetic sensitive point of 160M and 158M with the 3-meter anechoic 
chamber. Another electromagnetic sensitive point is 590M, which corre-
sponds to the reading error change of 6.3%. The testing result shows that the 
electricity meter is not qualified. 

The investment cost for the 3-meter anechoic chamber is 10 times that of 
the GTEM cell and the testing results with the 3-meter anechoic chamber 
cannot be read automatically. The GTEM cell is more efficient with an auto-
matic test structure, which reduces the uncertainty brought in by human 
involvement.

coNcluSIoNS

Since GTEM cell is cheap and the test performance can meet the require-
ments of current test standards, it is a well-designed test equipment to con-
duct electromagnetic compatibility tests for a long time. Based on the RI test 
principle, we developed an automatic system for the RI test of electricity 
meters with GTEM cell and LabVIEW. We verify the consistency of the test 
results of the system with the 3-meter anechoic chamber test. Significantly, 
the automatic RI test system of electricity meters has been used in practice.
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