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2 Disclaimer 

 

The content described in this document is publicly available. 

 

The content described in this document reflects only the authors view and the European 

Commission is not responsible for any use that may be made of the information described.  
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3 Abbreviations 

 

Abbreviation Translation 

SCENT Smart Cities EMC Network for Training 

V Volt 

Vrms Volt root mean square 

PCB printed circuit board 

EUT equipment under test 

DC direct current 

LEM Life Energy Motion 

(m)V/A (m) Voltampère 

(k)Hz (kilo) Hertz 

BNC-connector Bayonet-Neill-Concelman-connector 

AC alternating current 

PE Power Electronics 
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4 Introduction 

 

Part of the SCENT project is developing demonstrations and experiments specifically targeting 

highschool students, due to the need for in increased influx of technical students. The 

measurement tool developed in D7.3 is part of this initiative. However, it has been enhanced 

in this deliverable D4.12.  

 

The requirements for the development of this toolbox are: 

- Relatively small and thus transportable 

- Reproducible at low costs (in the order of €100,-) 

- Demonstrating typical Electrical Engineering subjects 

o Voltages 

o Currents 

- Safely to operate by high school students 

 

In general, high school students work with a maximum of 30 V as a safety precaution, however 

in everyday life every appliance is connected to the mains with 230 Vrms. The breakoutbox 

described in D7.3 allows safe measurements of these “high voltages”, with additional 

measurement options, e.g. filtered outputs. One downside though is the currents require an 

external clamp on probe to be measured. Most high schools might have a typical ‘oscilloscope’ 

type of instrument available, but not the relatively expensive current measurement devices. The 

development shown in this deliverable will focus on two primary additions to the D7.3 version:  

1. Reproducibility at relatively low costs 

2. Direct measurement of currents 

The first one is achieved by creating a printed circuit board (PCB). This contains all the original 

components, but includes an additional Hall current sensing element that is directly powered 

via the mains connection via a build in power supply. In the following sections, the breakout 

box is described in detail. This includes validation measurements and detailed description of 

the PCB. 

5 Design requirements 

 

The breakout boxes are originally designed by Frits Buesink [1] and improved by adding 

current sensing elements by Maarten Appelman [2]. From these earlier versions a new version 

was made that combines the two and makes further improvements, while minimizing 

deviations introduced by the duplication process by using a PCB. This document will give a 

concise description of the design choices and requirements of the newly designed breakout 

box. Also some measurements will be presented that will validate the operation of the breakout 

box. A top level diagram of the breakout box is displayed in Figure 1. 
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Figure 1: Block diagram of the breakout box. 

6 Design requirements 

 

The following design requirements are needed for the new version of the breakout box. 

• Measure mains unfiltered via resistive divider. 

• Measure Line,Neutral an differential mode, high pass filtered above 2 kHz.  

• Measure EUT current. 

• The box should be completely autonomous and should have a C13 type input cable.  

• The output of the box should allow a connection of an EUT via a standard schuko type-

F interface. 

• The box should be easy to replicate and should be low cost (first aim is <100 euro) so 

it can be sent to external parties. 

• The box should be safe to handle by anyone. All the touchable parts should be low 

voltage or connected to protective earth. 

• The design will allow some part to be not assembled to save costs but that should not 

jeopardize the functionality of remaining parts or the safety of the box. For instance the 

filters could be removed but the 1:1000 voltage measurement and current measurement 

should not be affected.  

• The electronics inside the box should not interfere too much with the measurements. 

The main aim of the validation in this document is to rule this out.  

7 Design 

 

This section will go through some parts of the schematic and highlight the component choices. 
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7.1 Unfiltered voltage output 

This part of the schematic is shown in Figure 2. This is a straightforward 1:1000 divider, power 

entry is provided by a standard C14 PCB mount socket. R5 is standard do not place which 

gives a separate output of Neutral and Phase. These are swapped when the power plug is 

reversed. If only one output is desired a zero ohm resistor can be placed to connect them. In 

that case the system will not will with a balanced mains. 

 
Figure 2: Mains voltage divider 1:1000. 

7.2 DC/DC converter and current sensor 

For the breakoutbox a local DC supply is required to operate some electronics in the box. To 

facilitate this, a dc/dc converter is added to the box together with a line filter to suppress the 

noise coming from the converter as shown in Figure 3. The local DC ground is deliberately 

tied to protective earth to avoid grounding problems when the current measurement connectors 

is on the same oscilloscope as the voltage measurement connectors. Measurements are done 

later in the report to see if this circuit disrupts the measurement of the EUT. After the DC/DC 

converter a small linear regulator is added to reduce the noise on the DC bus so it can be used 

for the analog circuitry after it.  

 
Figure 3: DC/DC converter with line filter. 

Current sensing can be achieved with many different types of transducers. However to keep 

cost low, a commercial off the shelve hall effect current transducer was used from LEM. This 

is shown in Figure 4. 
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Figure 4: LEM current transducer. 

The output of this sensor is buffered and filtered with the circuit in Figure 5, and also amplified 

ten times to provide two current ranges, 80mV/A and 800mV/A (the amplified output might 

have a slight phase shift in the current due to the amplifier, if this is not desired then the 

80mV/A should be used).  

 
Figure 5: Amplifier and filter of the current transducer output. 

7.3 Filtered voltage output 

Just like the original breakout box, this version contains the filtered net output. The circuit is 

shown in Figure 6. These are realized by using common mode chokes as transformers 

combined with a resistor and capacitor. This circuit is described in [1]. It high pass filters the 

mains voltage to show interference above 2kHz. 
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Figure 6: Filtering and isolation of mains voltages. 

7.4 Mechanical 

All the electronics is placed on a PCB located in a plastic enclosure so no live voltages can be 

touched. The plastic enclosure has a front plate containing the schuko type-f so you can connect 

you EUT. Also the front plate contains all the BNC connectors to hook up the oscilloscope. 

The bottom PCB is connected to the front plate with a short ribbon cable. The assembled box 

without enclosure is shown in Figure 7. 

 
Figure 7: Mechanical assembly of the breakout box without enclosure. 

Completed with enclosure is shown in Figure 8. 
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Figure 8: Complete mechanical assembly of the breakout box. 

8 Measurements  

 

Measurements are done to verify that the breakout box works as expected. To do this, it is 

checked in the frequency domain. The setup is shown in Figure 9. The input of the system is 

supplied by a “perfect” AC source of 230Vrms to simulate an ideal grid. This is made with a 

4-quadrant amplifier configured as an AC source. The input voltage and common mode current 

is measured and compared with the output of the breakout box. Three cases will be measured, 

first case is without the source switched on. Second case is with the DC/DC circuitry from 

Figure 3 not assembled yet to get a baseline. Finally as a third case the fully assembled 

breakout box will be measured to see the effect of the DC/DC converter. Finally the transfer 

bode plot will be measured from the output of the box to each individual connectors. 

 
Figure 9: Measurement setup for validation of the breakout box. 
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8.1 Spectral measurements 

The picoscope is configured with MATLAB to grab a frame of about 1 second of time domain 

data with a resolution of 16 bits. This is then digitally converted to frequency domain. The 

following situations will be compared: 
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Figure 10: Common mode input current of breakout box. 

 

 

 
Figure 11: Line to PE input voltage of the breakout box. 

 

 

Figure 12: Line to PE input voltage measured through P1. 

 

 

 
Figure 13: Neutral to PE input voltage of the breakout box. 

 

 
Figure 14: Neutral to PE input voltage measured through 

P2. 
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Figure 15: Filtered output of the line voltage at P3. 

 
Figure 16: Filtered output of neutral voltage through P4. 

 
Figure 17: Filtered output of DM voltage through P5. 

 

 

These measurements show that as expected the DC/DC converter makes a little bit of 

interference in the measured spectrum, this should be taken into account when using this 

breakout box. 

 

8.2 Transfer functions 

For completeness the transfer functions are measured and compared to the theoretical gain. 

These transfer functions are displayed in Figure 18 to Figure 22 and serve as a reference for 

anybody who want to make use of the breakout box.  
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Figure 18: Transfer from EUT to P1. 

 
Figure 19: Transfer from EUT to P2. 

 
Figure 20: Transfer from EUT to P3 (Line). 

 
Figure 21: Transfer from EUT to P4 (Neutral). 

 
Figure 22: Transfer from EUT to P5 (DM). 

 

 

8.3 Measurements of EUT 

This measurement is done to show how the breakout box might be used in practice either for a 

demonstration setup or a lab measurement. The box is connected to the mains voltage supply 

at the input and connected to a blow dryer as a EUT. The results are displayed in Figure 23 to 

Figure 28.  
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Figure 23: Time domain data from blow dryer. 

 
Figure 24: Line voltage through P2. 

 
Figure 25: Neutral voltage through P1. 

 
Figure 26: Line voltage filtered through P3. 

 
Figure 27: Neutral voltage filtered through P4. 

 
Figure 28: Differential mode voltage filtered through P5. 

 

These measurements could be used to get a rough idea of what disturbances are generated by 

an EUT. Also it can be used as a demonstration to show current shapes of different EUTs. 
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9 Conclusion 

 

This document verifies the operation of the breakout box for use with mains measurements. It 

serves as a reference to anyone who want to use it for measurements or demonstrations. It 

operated the same as the original breakout box made by Frits Buesink which is described in [1] 

with the added functionality of current measurement. 

10 Recommendations 

 

The following recommendations could be considered for the future: 

• Two small errors in this design can be fixed. One is the dimension of the circuit board 

to fit better in the box. Second on is correcting the footprint of the DC/DC converter.  

• The common mode chokes only work until about 3MHz. It is recommended to replace 

them with a wideband transformer.  

• The whole measurement section could be isolated from the oscilloscope section.  

• The power supply of the current transducer can be made with a rechargeable battery to 

make absolutely sure no interference is generated in the box. 

• The box can be space optimized when smaller components are selected.  

• It can be extended to a three phase system if needed.  

• The voltage divider can be extended to higher frequency range. 
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