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Abstract: Residual current devices are vital as they are used to protect humans from electric shocks and fire hazards. These devices detect the residual current in the grid, 
open the mechanism, and leave the grid without voltage. In this study, the time response of a newly designed hybrid system consisting of an electronic switch system and a 
residual current device to protect humans from hazards has been analyzed.  A model consisting of capacitors and resistors has been used to simulate the human body. In 
the designed system, the average response time was found to be 1.37 ms, which operates with an average of 6.43 times faster than a conventional residual current device. 
The results of the study illustrated that the designed system leaves the circuit voltage-free much faster than a conventional residual current device and is more effective in 
protecting human life. 
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1 INTRODUCTION 
 

The conventional residual current devices (RCD) 
which are vital for human life protection continuously 
compare the current in phase with the current in a neutral 
phase [1]. In conventional RCD, when the gap reaches        
30 mA (the freezing current threshold), the relay activates, 
pushes the contact near it, opens the circuit, and leaves it 
without voltage. Fuses and circuit breakers are not capable 
of performing this task of RCDs [3]. 

There are many studies conducted on conventional 
RCDs. Mitolo in 2010 evaluated the success of the use of 
RCDs [4]. Shopov et al. presented a study on the analysis 
of the behavior of the different models of RCDs working 
with frequencies over 50 Hz (resp. 60 Hz) [5-6]. Xie et al. 
presented the tripping characteristics of RCDs under 
different working conditions, and the minimum tripping 
currents of the RCD samples were recorded [7]. Freschi 
analyzed the behavior of RCDs at frequencies higher than 
the rated frequency and developed a mathematical model 
[8]. Czaja analyzed RCDs with different designed release 
systems and illustrated their effects on release frequency 
range [9]. Utegulov et al. have developed a method to 
increase the efficiency of RCDs below 1000 volts based on 
direct installation [10]. Porta et al. performed a study on 
faulty switches of RCDs in circuits feeding electronic loads 
[11]. In testing the ground loop impedance or resistance at 
low voltage power, systems become inconvenient when 
RCDs are loaded. Therefore, it is not practical to test 
unwanted switches with conventional methods [12]. Czapp 
et al. proposed a new method to test the effectiveness of 
automatic feed interruption without unwanted switches 
[13]. Salvatierra et al conducted a study at 127 volt which 
was the medium voltage in housing and industry in 
Ecuador, where electrical accidents were very common 
[14]. Espinoza et al. measured the time response analysis 
of a conventional residual current relay, and the laboratory 
results showed that a conventional protection relay could 
be opened in an average of 8.81 milliseconds [15]. Kolarik 
presented the operation principle of admittance protection, 
calculation, and recommendation for activating admittance 
protection for 20 kV feeders in a system with low-ohmic 
and parallel compensation grounding [16]. Alidemaj et al. 

analyzed the performance of the circuit breaker during the 
disconnection of the failure currents due to the 
asynchronous connection of the generator on the grid and 
emphasized the importance of studying the network for 
each specific case for dimensioning of generator breakers 
[17]. Nikolovski et al. presented a procedure and 
computation of relay protection coordination for a 
photovoltaic power plant connected to the distribution 
network [18]. Heidary et al. focused on the analysis of 
transient recovery voltage (TRV) under the presence of an 
inductive-based superconducting fault current limiter 
installed in a power grid, and then it investigated the impact 
of a controllable superconducting series reactor in TRV of 
the circuit breaker [19]. 

In this study, the time response of a hybrid system 
which consists of an electronic switch and a residual 
current device, has been analyzed using a human body 
model (HBM) formed using capacitors and resistors         
[15, 20-21]. 
 
1.1 The Designed System 
 

The block diagram of the designed system is shown in 
Fig. 1. The designed system consists of two separate 
blocks. The first block is the power circuit which controls 
the transmission of power to the system. The second block, 
the logic circuit, provides control of the power circuit. A 
PIC series microcontroller is used to control the logic 
circuit. In the power circuit, a toroidal transformer was 
used to ensure the operation of the residual current device. 
In addition, triacs were triggered at the zero crossing point 
of the alternative signal using a MOC series optocoupler. 
 

 
Figure 1 Block diagram of the designed system 

 
The circuit diagram of the power stage is shown in Fig. 

2. 3 Phase inputs (R-IN / S-IN / T-IN) are transferred to the 
output (R-OUT / S-OUT / T-OUT) with T1/T2-T3 triacs 
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passing through the toroidal transformer named trigger coil 
shown on the logic card. Triacs belonging to each phase are 
driven by MOC3041M (OK-1/OK-2/OK3), which is an 
optodiac integrated circuit containing a zero cross detector. 
It is optically isolated from the logic circuit. 
 

Figure 2 Power circuit diagram 
 

The circuit diagram of the logic stage is shown in      
Fig. 3. Three pins of PIC 12C508 microcontroller are used 
in the circuit. With a push button connected to the GP2 pin, 
the system can be activated or deactivated. On this toroidal 
transformer, where L1 - L2 - L3 coils on the GP1 pin power 
stage are wound, 1200 turns of trigger coil with 0.2 mm 
cross-section were located. Thus current flow to the ground 
rather than the load current flowing through the                     
L1 - L2 - L3 coils,  is felt sensed. Since this voltage induced 
at the time of the error is AC, it is rectified with the B1 
bridge diode and applied to the GP1 pin. 4.7 Volt zener 
diode (D1) is used to protect the microcontroller from 
overvoltage. The GP0 pin is the control output of the 
microcontroller. The NPN is buffered by a transistor as 
three MOC3041 will be triggered at the same time. The 
positive trigger signal applied to this transistor enables the 
optodiacs of each phase in the power stage to complete the 
circuit with the GND pins. However, the MOC3041 
integrated circuit does not start at this moment and waits 
for the zero points of each phase. This period takes up to 
1/100 second. This is because there are 100 alternans in 
total in the AC signal with a frequency of 50 Hz [2]. 

HBM is shown in Fig. 4. This model is a study to 
provide a theoretical model of currents flowing in lightning 
strike injuries.  

 
Figure 3 Logic circuit diagram 

 

 
Figure 4 Human body model [19] 

 
As an internal component, the arms contain only an 

internal resistance between the torso and the legs. Surface 
resistance components are significantly greater than 
internal resistance. It consists of 10 kΩ parallel resistance 
and 0.25 μF capacitance. This body model is required to 
model external and skin distortions when activated by a 
lightning current source. Although this HBM was 
developed for high current effects, it can be used at low 
current levels [22].  
 
1.2 Time Response Analysis 
 

For measurements, RIGOL DS1102E digital 
oscilloscope is used where the limbs of the human body, 
that can be exposed to current, are modeled as the right 
arm, left arm, right foot left foot, and head. The residual 
current that may occur in those limbs is measured 
according to the resistance values of Espinosa et al. [15] as 
560 Ω, 1 kΩ, and 10 kΩ with the same HBM. 
 
2 RESULTS 
 

This study has been analyzed in HBM with low voltage 
against electric shock at residential and industrial levels. 

A load of 560 Ω was used in the four cases presented 
below. Similar to  Espinosa et al. [15] 200 samples were 
analyzed. 

In the first case, 127 V source input is connected on 
the left arm, and the right and left legs are in contact with 
the ground. Points in contact with the ground are kept at 
ground level. Fig. 5 shows the time response when the left 
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arm is exposed to the current. In Fig. 5, there is a signal 
flow between −0.4 and 0.6 ms, and the current was 
obtained as zero in other time intervals. 
 

 
Figure 5 Current signal corresponding to the developed system activated for 

contact with the left arm 
 

In the second case, there is a 127 volt source input on 
the right arm and the left and right legs have been in contact 
with the ground. Fig. 6 shows the analysis that occurs when 
the right arm is exposed to current at a load of 560 Ω. 
 

 
Figure 6 Current signal corresponding to the developed system activated for 

contact with the right arm 
 

 

 
Figure 7 Current signal corresponding to the developed system activated for 

contact with the head 
 

In the third case, there is a 127 volt source input 
directly on the head, and the left and right legs are in 
contact with the ground. Fig. 7 shows the results of the 
analysis performed in case the head is exposed to current. 

In the fourth case, the 127 volt source was connected 
to the left leg while the right arm was kept at ground level. 
Fig. 8 shows the time response if the left foot is exposed to 
the current. 

Finally, the 127 volt source was attached to the right 
leg while the left arm was kept at ground level. Fig. 9 
simulates the analysis that occurs when the left foot is 
exposed to a current. 
 

 
Figure 8 Current signal corresponding to the developed system activated for 

contact with the left leg 
 

 

 
Figure 9 Current signal corresponding to the developed system activated for 

contact with the right leg 
 

Similar tests have been done by changing the load 
resistance to 1 kΩ and 10 kΩ. The summary of these test 
results is presented in Tab. 1. In addition, all measurements 
made in Tab. 1 have different load resistances for each part 
of the body. Six measurements are presented in Tab. 1. 

Tab. 2 shows a summary of the time response results 
of 200 measurements, taking into account the minimum 
and maximum time response for each body part. The 
average duration was also calculated. 

Fig. 10 shows the data of Tab. 1. On the other hand, 
from the measurements taken from 200 samples, the 
average of six people can be seen. Data at a point shows 
individual data. 
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Table 1 System response times 
Load 

resistor 
Parts 

t1 / 
ms 

t2 / 
ms 

t3 / ms t4 / ms t5 / ms t6 / ms 

 
Left 
arm 

1,25 1,24 1,26 1,28 1,30 1,30 

 
Right 
arm 

1,24 1,23 1,24 1,27 1,29 1,29 

560  Head 1,26 1,27 1,27 1,29 1,32 1,31 

 
Left 
leg 

1,28 1,29 1,30 1,31 1,33 1,32 

 
Right 

leg 
1,29 1,30 1,32 1,32 1,34 1,34 

 
Left 
arm 

1,26 1,30 1,32 1,32 1,33 1,33 

 
Right 
arm 

1,26 1,32 1,34 1,34 1,35 1,36 

1 k Head 1,25 1,26 1,28 1,30 1,34 1,36 

 
Left 
leg 

1,27 1,31 1,33 1,35 1,36 1,38 

 
Right 

leg 
1,28 1,29 1,32 1,34 1,35 1,38 

 
Left 
arm 

1,24 1,28 1,31 1,35 1,38 1,40 

 
Right 
arm 

1,25 1,26 1,32 1,36 1,37 1,39 

10 k Head 1,26 1,28 1,32 1,38 1,41 1,45 

 
Left 
leg 

1,27 1,29 1,35 1,40 1,42 1,44 

 
Right 

leg 
1,27 1,29 1,33 1,42 1,47 1,50 

 
Table 2 Analysis of minimum, maximum and average time 

Load 
resistor 

Parts 
Minimum 
time / ms 

Average 
time / ms 

Maximum 
time / ms 

 Left arm 1,25 1,28 1,30 
 Right arm 1,23 1,26 1,29 

560  Head 1,26 1,29 1,32 
 Left leg 1,28 1,31 1,33 
 Right leg 1,29 1,32 1,34 
 Left arm 1,26 1,30 1,33 
 Right arm 1,26 1,31 1,36 

1 k Head 1,25 1,31 1,36 
 Left leg 1,27 1,33 1,38 
 Right leg 1,28 1,33 1,38 
 Left arm 1,24 1,32 1,40 
 Right arm 1,25 1,32 1,39 

10 k Head 1,26 1,36 1,45 
 Left leg 1,27 1,36 1,44 
 Right leg 1,27 1,39 1,50 

Total Averages 1,26 1,32 1,37 

 

 
Figure 10 Graph of the trend of time in milliseconds at every part of the body 

with 560 Ω load 
 
3 CONCLUSION 
 

In his study, the time response (cut-off times) of a 
hybrid system which consists of an electronic switch and a 
residual current device to protect humans from hazards, has 

been analyzed under different scenarios. As can be seen in 
Tab. 2, the average of the maximum time in the developed 
system was measured as 1.37 ms. This value is 8.81 ms in 
the works of Espinazo et al. performed with the traditional 
residual current relay. Results of the measurement showed 
that the developed system operates 6.43 times faster than 
the conventional residual current devices in means of time.  

The reason for closer response times is that the 
activation time and the exposed organ stand still in 
measurements. Thus no matter which organ is exposed the 
reaction time does not change as the system energy is 
switched off. 
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