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1. Introduction
In the classical approach, electrical installations and devices in do-

mestic or public utility buildings are supplied from 50 Hz sinusoidal 
alternating current (AC) power distribution networks. For this rea-
son, electrical installations inside buildings, both in distribution and 
final circuits, are AC installations (usually 230/400 V). However, in 
recent years, there is a growing trend to apply a direct current (DC) 
microgrid as a local distribution network inside buildings [27, 31], 
especially commercial buildings [30, 41]. It may also be a network 
interconnecting buildings as presented in [4]. The DC microgrid ena-
bles easy integration of renewable power sources such as photovoltaic 
(PV) systems, wind power plants [7], fuel cells [32], as well as their 
connection to battery storage units [26]. Such a grid may conveniently 
cooperate with electric vehicles (EV) to be an intelligent charging sys-
tem [18], also for wireless charging [47], ensure bidirectional power 
flow [37] or even be utilized for cooperation with special vehicles 
[34]. Electric vehicles connected to the grid may operate as energy 
storage units for balancing the load curve in the power system in 
Grid-to-Vehicle (G2V) and Vehicle-to-Grid (V2G) technologies [45]. 

Fig. 1 presents a general structure of the system utilizing a DC bus for 
energy distribution in the building. 

Experiences from the utilization of an in-building DC microgrid 
supplied by local renewable energy sources indicate [44] that these 
microgrids are flexible in operation and economically attractive. The 
system utilizes a DC 380 V bus to distribute energy and to supply 
selected loads. The economic advantages of DC installation are also 
named in papers [29, 42]. The installation presented in [29] utilizes 
the following DC voltages: 12, 48, 65, 120, 190, and 380 V.

One of the most important issues which has to be considered when 
both designing and using DC microgrids is the safety of persons and 
equipment. There are many papers related to the control, reliability 
and safety of equipment. In the studied literature, various strategies 
of control of DC microgrids are discussed, including finite control 
set model [1], grid interface current directly controlled by a battery 
DC-DC converter [2], the control of the energy sources in the DC 
microgrid by the application of result adaptive proportional integral 
control [12], or application of mixed-integer nonlinear programming 
[14]. Other way of the control [15] uses effective autonomous decen-
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Residual current devices (RCDs) are most popular devices used in low-voltage installations 
for protection against electric shock and fire. In cases of high risk of electric shock the appli-
cation of RCDs is mandatory. Currently, the spread of local direct current (DC) microgrids 
is widely considered. This creates new challenges for protective systems, in particular those 
based on RCDs. The main purpose of the research is to test the operation of B-type RCDs 
by simulating the conditions that may occur in DC microgrids as well as assessment of the 
effectiveness of electrical safety with the use of such RCDs. The research has revealed that 
theoretically identical RCDs in terms of technical data can have different tripping properties, 
including no reaction to residual direct current, which poses a risk of electric shock. This 
signalizes the necessity of extension of the normative tests performed by manufacturers. 
The scope of these additional RCDs tests is indicated, from the point of view of the persons’ 
safety in DC microgrids.
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tralized stabilizing control of DC microgrids, whereas in the paper 
[24], a strategy for controlling the charge and discharge of a battery 
bank in parallel with a DC microgrid fed by alternative energy sources 
is presented. On the other hand, reliability of supply in DC microgrids 
in considered in the paper [40]. With regard to protection systems in 
such grids, only equipment functional aspects, as presented mainly in 
[25, 46], are considered. Thus, a wide literature study shows that the 
problem how to maintain persons’ safety, especially protection against 
electric shock, has not been deeply considered yet. The purpose of the 
authors of this article is to analyze the persons’ safety aspect, which 
will fill the current gap in the field of DC microgrids.

From the persons’ safety point of view, every electrical installation, 
regardless of whether AC or DC, has to fulfill the requirements of the 
standard [21]. This standard specifies the fundamental rule according 
to which the hazardous-live-parts are not allowed to be accessible, 
and the conductive parts are not allowed to be hazardous live:

either in normal conditions, i.e., when there is no fault in the elec-•	
trical safety system, or
in single-fault conditions (usually related with insulation dam-•	
age).

To achieve a sufficient level of safety in single-fault conditions, the 
following measures of protection can be used [16]:

automatic disconnection of supply (following the insulation •	
fault),
double or reinforced insulation,•	
electrical separation,•	
non-conducting location,•	
Safety-Extra Low-Voltage (SELV) or Protective-Extra Low-Volt-•	
age (PELV).

Out of the aforementioned measures, the automatic disconnection 
of supply is most commonly used. According to the standard [16], to 
prevent fatal electric shock when an insulation-to-earth fault occurs 
(Fig. 2), the protective device should disconnect the supply within 
the specified time. In final circuits of typical TN low-voltage AC 
230/400 V installations, the maximum permissible time is equal to 
0.4 s, while in installations with a similar voltage but of DC type, this 
time is 1 s.

An overcurrent protection device or a residual current device (RCD) 
may be used as a device responsible for disconnection of supply [9, 
16]. The RCD is very often used for this purpose, and what is more, in 
some types of installations, e.g., electric vehicle charging installations 
[19], its use is obligatory. Selecting a given RCD, as well as assessing 
the reliability of its operation should be conducted very carefully. To 
make sure that the selected RCD is an effective protection device, its 
selection must be closely coordinated with the waveform shape of 

the earth fault current which may occur in the protected circuit. With 
reference to high-frequency residual current it is considered in [8, 11], 
whereas effects of harmonics are extensively studied and proved in 
papers [10, 39] but supraharmonics in the paper [13]. International 
standards [20, 22] recognize the following types of RCDs in terms of 
their ability to detect the waveform shape:

AC – for residual sinusoidal alternating currents of network fre-•	
quency (usually 50/60 Hz) only;
A – as for AC-type, and for: residual pulsating direct current of •	
specified current delay angles; residual pulsating direct current 
superimposed by a smooth direct component of 6 mA;
F – as for A-type, and for: composite residual currents in circuits •	
supplied between phase and neutral or phase and earthed mid-
dle conductor; residual pulsating direct currents superimposed on 
smooth direct current (smooth DC up to 10 mA);
B – for residual sinusoidal alternating currents up to 1 kHz; for •	
residual alternating currents superimposed by a smooth direct cur-
rent of 0.4 times the rated residual current; for residual pulsating 
direct currents superimposed by a smooth direct current of 0.4 
times the rated residual current or 10 mA, whichever has a higher 
value; for residual direct currents obtained from rectifying circuits 
as: two-pulse bridge connection line-to-line for 2-, 3- and 4-pole 
RCDs, three-pulse star connection or six-pulse bridge connection 
for 3- and 4-pole RCDs; for residual smooth direct currents.

Fig. 3 presents the structures of selected RCDs. The detection of 
the earth fault (residual) current iΔ is based on the use of an iron core 
current transformer (CT). This current transformer is responsible for 
the transformation of current iΔ to the secondary side of the CT, as 
well as for the production of the induced secondary voltage es and the 
current is. The secondary current is interacts with the relay (RE) and 
initiates its tripping if the value of current iΔ exceeds the predeter-
mined level dangerous for a human. 

As can be seen, the detection of the earth fault current is performed 
with the use of an iron core current transformer, therefore it is very 
important to match the RCD to the expected waveform shape of the 
current. The most difficult for detection is a direct current with neg-
ligible pulsation (such as that from bridge diode rectifier or electro-
chemical DC power source, e.g., battery energy storage unit), because 
the magnetic induction in the iron core does not vary as sufficiently as 
in the case of sinusoidal current. In that case, it is not possible to in-
duce appropriate voltage es at secondary side of the current transform-
er. In DC microgrids, the earth fault current with negligible pulsation 
has to be taken into account, and this current can only be detected by 
a B-type RCD. A special system requiring an auxiliary voltage is used 

Fig. 1.	 General structure of the system utilizing a DC bus for energy distribu-
tion inside the building

Fig. 2. The structure of low-voltage AC 230/400 V installation, and the flow 
of earth fault current iE in the case of insulation-to-earth fault in AC 
load. MCB – overcurrent protection device (miniature circuit breaker), 
RCD – residual current device
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in B-type RCDs to detect smooth direct current. In RCDs of many 
manufacturers, this system is composed of an additional current trans-
former (CT-DC) and a DC relay (RE-DC) – Fig. 3b. The analysis of 
the RCD data sheets presented by manufacturers ETI [3], ABB [35], 
and Doepke [36] shows that the auxiliary AC voltage of not less than 
50 V is required to ensure proper operation of the RE-DC relay. This 
voltage should be connected to at least two poles.

Due to the fact that B-type RCDs, according to the manufacturers’ 
data, require an auxiliary voltage to detect direct current, the follow-
ing tests of their operational properties have been carried out in terms 
of their use in DC microgrids:

auxiliary voltage AC 230 V is used – it reflects the power sup-1)	
ply to the DC network through a rectifier, and the RCD is in-
stalled at AC side of the rectifier; such a condition is assumed 
as a reference (normative),
auxiliary voltage DC 230 V is used – it reflects the potential 2)	
use of RCDs in microgrid circuits in which only DC voltage 
is available,
auxiliary voltage is not used – it reflects a disturbance in the 3)	
auxiliary voltage system.

For each of the three abovementioned variants and each RCD test-
ed, the following aspects were checked:

the tripping threshold of the RCDs with slowly rising residual ––
current,
the response of the RCDs to the suddenly applied direct current ––
of a predetermined value.

Extensive studies of the literature and international standards pro-
visions show that the problem of RCDs tripping in DC microgrids has 
not been analyzed so far. RCDs have not been tested in such aspects, 
hence the results of the research provide a new insight into the use of 
RCDs in more and more popular DC microgrids. Recognition of the 
properties of RCDs in such grids is very important from the point of 
view of persons’ safety. The main purpose of the research is to test 
the operation of B-type RCDs by simulating the conditions that may 

occur in DC microgrids, and assessment of the effectiveness of per-
sons’ safety when such RCDs are applied. This test allows to identify 
weak points of these devices in terms of the effectiveness of protec-
tion against electric shock and fire. The results presented in this article 
can be the basis for extending the requirements of product standards 
relating to RCDs testing, before they are introduced to the market. 
This may improve the safety level in low-voltage systems.

The paper is organized as follows. Section 2 presents the results of 
detailed RCD testing for both slowly raising and suddenly applied DC 
residual current. These results are commented with reference to the 
suitability of RCDs for DC microgrids. Section 3 includes overall as-
sessment of the tested B-type RCDs if used in such microgrids, along 
with the proposed modification of provisions of standards related 
to RCDs. This section also discusses increasing the level of safety 
through RCDs redundancy. Section 4 provides general conclusions 
and final assessment of B-type RCDs.

2. Laboratory testing of RCDs

2.1.	 Description of the laboratory setup and the scope of 
the test

The verification of the real ability of B-type RCDs for detecting 
smooth DC currents has been performed using the laboratory setup 
presented in Fig. 4. This setup is composed of:

generator Gen-•	 DC for producing smooth DC current IDC,
rheostat •	 R to adjust the value of the test current IDC,
an ammeter for checking the value of the current which causes the •	
tripping of the tested RCD,
system Aux-V for an auxiliary voltage (AC 230 V or DC 230 V) •	
delivered to selected poles of the RCD,
the RCD under test.•	

Four B-type, 4-pole RCDs of a rated residual operating current  
IΔn = 30 mA have been tested. For testing purposes, these RCDs were 

Fig. 3.	 The structures of selected residual current devices (RCDs): a) A-type, b) B-type; CT – current transformer for detection of AC residual currents and pulsat-
ing DC residual currents, CT-DC – current transformer for smooth DC current detection, MU – matching electronic unit for detection of pulsating DC re-
sidual currents or introducing the delay in tripping, RE – relay, RE-DC – special relay for smooth DC current detection, Aux-V – auxiliary voltage delivered 
to the relay RE-DC for smooth DC current detection, iΔ (iE) – residual (earth fault) current, is – secondary current flowing through the relay RE, es, es-DC 
– voltages induced at secondary side of the respective current transformers

b)
a)



Eksploatacja i Niezawodnosc – Maintenance and Reliability Vol. 24, No. 2, 2022 349

marked as RCD-B1, RCD-B2, RCD-B3 and RCD-B4. Each RCD was 
from a different manufacturer. 

The test current IDC was forced through one RCD pole, which re-
flected the flow of the earth fault (residual) current in a real circuit. As 
the auxiliary voltage should be applied to at least two poles of the B-
type RCD, in the case presented in Fig. 4a this voltage was connected 
to poles L-N (in a real circuit the phase conductor L and the neutral 
conductor N are connected to these poles) whereas in the case pre-
sented in Fig. 4b – to two phase poles L-L (in a real circuit two phase 
conductors are connected to these poles). In the third case (Fig. 4c), 
no auxiliary voltage was delivered to the RCD.

According to the information presented in the previous section, di-
verse variants of RCD tripping have been verified. To show the scope 
of RCD testing in a clear and readable manner, individual tests are 
listed and commented in Table 1.

2.2.	 RCDs testing under slowly rising residual current
Before a detailed verification of RCDs, each RCD was tested by 

pressing the TEST button. This initial test was intended to verify that 
the RCD is mechanically sound and will provide correct results in 
further more detailed tests. After connecting the voltage to the two 
poles of the TEST button circuit (first AC 230 V, and then DC 230 V), 
each RCD operated correctly after pressing the TEST button. These 
positive results allowed for further research.

The testing under slowly rising residual current aimed to verify 
the tripping threshold of the RCD. The residual current was gradu-
ally increased (from almost zero) to achieve the tripping of the tested 
RCD. The value of the current at the tripping point was read from the 
ammeter. According to the standard [22], the proper tripping range 
for a smooth DC current is (0.5–2.0)IΔn, i.e., for the tested RCDs it is 
within 15–60 mA. Fig. 5 presents the results of this test. The RCD-
B1 (Fig. 5a) reacted properly each time, provided that the auxiliary 
voltage was connected. The tripping values were around 30 mA, that 
is, close to IΔn. For this RCD, it was irrelevant whether the auxiliary 
voltage was AC or DC and whether it was connected to the L-N or L-L 
poles. In the case of no auxiliary voltage, the RCD-B1 did not react 
even to the highest value of the forced current, i.e., 20IΔn = 600 mA 
(this case is marked “No tripping” in Fig. 5a). 

The RCD-B2 showed similar properties (Fig. 5b). Its tripping cur-
rent was about 25 mA for each variant of connecting the auxiliary 
voltage, and the lack of operation was noted in the absence of this 
voltage. The RCD-B3 showed worse properties (Fig. 5c). It operated 
well with the auxiliary AC voltage, however, when connecting the 
auxiliary DC to the L-L poles, there was no reaction to the residual 
current. The same effect was obtained in the absence of auxiliary volt-
age. The worst results were recorded with RCD-B4 (Fig. 5d). It did 
not respond to the residual current with auxiliary DC voltage con-
nected, as well as without any auxiliary voltage. Such an RCD will 

Table 1.	 Individual tests carried out during 30 mA B-type RCD testing

Test current IDC

Auxiliary voltage

CommentsAC 230 V DC 230 V
Nopoles

L-N
poles
L-L

poles
L-N

poles
L-L

slowly rising tested tested tested tested tested
Determination of the tripping threshold.

The slowly rising current reflects gradual deterioration 
of the insulation-to-earth in the circuit.

suddenly applied  
with values:

0.5IΔn = 15 mA
0.67IΔn = 20 mA

IΔn = 30 mA
2IΔn = 60 mA
3IΔn = 90 mA

5IΔn = 150 mA
10IΔn = 300 mA

tested tested tested tested tested

Checking the RCD’s response to a suddenly applied 
earth fault current. This sudden increase of the current 
reflects an earth fault in the circuit, or a human contact 

with the enclosure/conductor under voltage.
This is a check of the RCD tripping at the most likely 

fault in electrical installation.

TEST buton pressing

tested with 
AC 230 V voltage 

delivered to the TEST 
circuit

tested with  
DC 230 V voltage 

delivered to the TEST 
circuit

not tested *
Verification of the correction of connections and general 

RCD’s ability for operation.
The RCD should trip.

* If there is no voltage, the RCD does not respond to pressing the TEST button (as a rule).

Fig. 4. Variants of RCD connection to the test circuit: a) auxiliary voltage delivered to L-N terminals, b) auxiliary voltage delivered to L-L terminals (L1-L2 or 
L1-L3 or L2-L3), c) no auxiliary voltage; Gen-DC – DC voltage generator, R – rheostat, A – ammeter, IDC – smooth DC test current generated by Gen-DC, 
Aux-V – auxiliary voltage (AC 230 V or DC 230 V), T – TEST button for periodic rough operational verification of RCD 

b) c)a)
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not operate well in a typical DC microgrid when only DC voltage is 
available at input terminals of the RCD.

2.3.	 RCDs testing under suddenly applied residual current
Testing of RCDs under suddenly applied residual current reflects 

their real behaviour when an earth fault current starts to flow, or a 
person touches an enclosure with persisting dangerous voltage. At the 
moment of touching this enclosure, the body current suddenly starts 
to flow. During this test, a residual current with one of the predeter-
mined values: 15, 20, 30, 60, 90, 150 and 300 mA was forced, and the 
“Tripping” or “No tripping” state of the RCD was recorded (Fig. 6 
– Fig.  9). 

Fig. 6 depicts the results of this test related to RCD-B1. Its be-
haviour is similar to that observed for slowly raised residual current. 
When the auxiliary voltage was delivered (AC or DC, regardless of 
poles), the tripping of the RCD-B1 occurred for the current of 30 mA 
or higher. These are positive results. The “No tripping” was noted for 
the cases without auxiliary voltage. 

Slightly worse results were recorded for RCD-B2 (Fig. 7) and RCD-
B3 (Fig. 8) when they were tested with the auxiliary voltage applied. 
For the auxiliary AC voltage, the RCD-B2 reacted to residual currents 
of 30 mA or higher (regardless of poles L-N or L-L). However, in the 
case of DC voltage, the tripping occurred at 30 mA and higher for L-N 
pole connection, while for L-L pole connection, it only occurred for 

residual currents of 90 mA and higher. For RCD-B3, its response was 
similar in the presence of the auxiliary AC voltage but slightly differ-
ent for DC voltage. In this latter case, RCD-B3 tripped even at 15 mA 
and also at higher residual currents for L-N pole connection, while 
for L-L pole connection, RCD-B3 tripped only at 90 mA and higher. 
A very interesting behaviour of RCD-B2 and RCD-B3 was observed 
when no auxiliary voltage was delivered. Both of these RCDs reacted: 
RCD-B2 for currents 90, 150 and 300 mA, whereas RCD-B3 for cur-
rents 150 and 300 mA. It should be noted that with a slowly rising 
residual current, the aforementioned RCDs did not react to even as 
much as 600 mA.

The observed response of these RCDs to a suddenly applied re-
sidual current iΔ in the absence of an auxiliary voltage is due to the 
fact that such a current/waveform has a high rise rate, higher than the 
sinusoidal current (Fig. 10), and this high rise rate may induce suf-
ficient voltage es (being the function of the current rise rate diΔ/dt) in 
the secondary winding of CT (Fig. 3b):

	 es = f(diΔ/dt)	 (1)

Thus, the operation of the B-type RCD may be based on CT re-
sponse (as auxiliary voltage is not necessary for its operation) and not 
on CT-DC response (Fig. 3b). A similar behaviour was observed for 
the last tested RCD, i.e., RCD-B4 (Fig. 9). Despite the worst char-

Fig. 5.	 Tripping current of 30 mA B-type RCDs during slowly rising smooth DC residual current. The RCDs are from: a) manufacturer 1 (marked RCD-B1),  
b) manufacturer 2 (marked RCD-B2), c) manufacturer 3 (marked RCD-B3), d) manufacturer 4 (marked RCD-B4); AC Aux-V – auxiliary voltage AC 230 V, 
DC Aux-V – auxiliary voltage DC 230 V, No Aux-V – no auxiliary voltage, L-N – auxiliary voltage connected to poles: phase L and neutral N, L-L – auxiliary 
voltage connected to two phase poles

a)

c)

b)

d)
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acteristics for a slowly rising residual current (Fig. 5d) and suddenly 
applied current with the presence of auxiliary voltage (Fig. 9ab), this 
RCD reacted to suddenly applied current of 150 mA and 300 mA 
without auxiliary voltage. So as one can see, the most probable fault, 
i.e., high-value-current earth fault or touching an enclosure, produces 
a sufficiently rapid increase of the residual current, and hence, gives 
relatively favourable conditions for tripping of RCDs. 

2.4.	 Oscillograms of current waveforms during RCD tripping
The oscillograms of the suddenly applied waveforms enable to ob-

serve the real disconnection time of the RCD, as well as to investigate 
properties of the two detection systems (associated with CT or CT-DC 
in Fig. 3b). The oscillograms have been recorded for various values of 
the suddenly applied residual current, but this paper presents only the 
selected case (for DC 300 mA) as an example.

Fig. 11 presents the results obtained for RCD-B1. As can be seen, 
the disconnection time (22 ms) does not depend on the type of the 
auxiliary voltage (Fig. 11a vs. Fig. 11b). This RCD was the only one 
which did not trip at 300 mA with no auxiliary voltage.

In the case of RCD-B2 (Fig. 12), the disconnection time for both 
types of auxiliary voltage both AC and DC was the same (20 ms). 
However, this RCD behaved differently in cases with no auxiliary 
voltage. It not only reacted to the residual current, but also the discon-
nection time was clearly shorter (12 ms) than when the auxiliary volt-
age was connected. Since there was no auxiliary voltage, only the first 
detection system (associated with CT in Fig. 3b) might operate, and it 
occurred. This was possible because, as aforementioned, the suddenly 
applied residual current of 300 mA has a high rise rate and is able to 
produce sufficient secondary voltage es.

Fig. 6.	 Response of the 30 mA RCD-B1 to the suddenly applied DC residual current of: 15, 20, 30, 60, 90, 150 and 300 mA: a) AC 230 V auxiliary voltage used,  
b) DC 230 V auxiliary voltage used, c) no auxiliary voltage used; L-N – auxiliary voltage connected to poles: phase L and neutral N, L-L – auxiliary voltage 
connected to two phase poles

Fig. 7.	 Response of the 30 mA RCD-B2 to the suddenly applied DC residual current of: 15, 20, 30, 60, 90, 150 and 300 mA: a) AC 230 V auxiliary voltage is used, 
b) DC 230 V auxiliary voltage used, c) no auxiliary voltage used; L-N – auxiliary voltage connected to poles: phase L and neutral N, L-L – auxiliary voltage 
connected to two phase poles

b)

b)

a)

a)

c)

c)
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In the case of RCD-B3 (Fig. 13), the disconnection time for a re-
sidual current of 300 mA was always the same (for AC and DC auxil-
iary voltages, or when no auxiliary voltage was applied). It was equal 
to 24 ms. 

Another behaviour was observed for RCD-B4 (Fig. 14). Here, the 
longest disconnection time at 300 mA occurred for the AC auxiliary 
voltage (30 ms – Fig. 14a), while in other two cases (Fig. 14b and 
Fig. 14c), only 10 ms was recorded. This is quite an unexpected posi-
tive feature of this RCD. With a high probability, the CT system, and 
not CT-DC, responded in these two cases.

Fig. 8.	 Response of the 30 mA RCD-B3 to the suddenly applied DC residual current of: 15, 20, 30, 60, 90, 150 and 300 mA: a) AC 230 V auxiliary voltage used,  
b) DC 230 V auxiliary voltage used, c) no auxiliary voltage used; L-N – auxiliary voltage connected to poles: phase L and neutral N, L-L – auxiliary voltage 
connected to two phase poles

Fig. 9.	 Response of the 30 mA RCD-B4 to the suddenly applied DC residual current of: 15, 20, 30, 60, 90, 150 and 300 mA: a) AC 230 V auxiliary voltage used,  
b) DC 230 V auxiliary voltage used, c) no auxiliary voltage used; L-N – auxiliary voltage connected to poles: phase L and neutral N, L-L – auxiliary voltage 
connected to two phase poles

Fig. 10.	 Comparing the rise rates of the sinusoidal 50 Hz AC (300 mA rms) 
and DC (300 mA) waveforms 

b)

a)

c)

b)

a)

c)
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Fig. 11.	 Residual current oscillograms during the operation of 30 mA RCD-B1 under the suddenly applied DC residual current of 300 mA: a) AC 230 V auxiliary 
voltage used (poles L-N), b) DC 230 V auxiliary voltage used (poles L-N); no tripping when no auxiliary voltage used

Fig. 12.	 Residual current oscillograms during the operation of 30 mA RCD-B2 under the suddenly applied DC residual current of 300 mA: a) AC 230 V auxiliary 
voltage used (poles L-N), b) DC 230 V auxiliary voltage used (poles L-N), c) no auxiliary voltage used

Fig. 13. Residual current oscillograms during the operation of 30 mA RCD-B3 under the suddenly applied DC residual current of 300 mA: a) AC 230 V auxiliary 
voltage used (poles L-N), b) DC 230 V auxiliary voltage used (poles L-N), c) no auxiliary voltage used

b)a)

c)

b)a)

c)

b)a)
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3. Assessment of electrical safety in DC microgrids 
with RCDs 

3.1.	 Assessment of the safety based on tested B-type RCDs
The above-presented results of the tests have shown that protection 

against electric shock and fire in DC microgrids with B-type RCDs 
may not be achieved. The main safety problem is that in some con-
ditions of supply occurring in DC systems, RCDs may not operate 
despite the current flowing to the earth and existing risk of electric 
shock or fire. Table 2 shows the results of the overall assessment of 
the tested B-type RCDs. In the case of the suddenly applied residual 
current, results for the value of this current equal to 2.0IΔn = 60 mA are 
presented only. This is the upper tripping limit for which B-type RCDs 
have to react under a DC residual current. If the RCD does not react at 
this value, the device can be classified as faulty. Results from Table 2 
enable for easy comparison of the behaviour of the RCDs as well.

The analysis of the results contained in Table 2 allows for the 
conclusion that only one of the tested devices (RCD-B1) tripped in 
each auxiliary voltage variant (AC, DC, L-N, L-L). For RCD-B2 and 
RCD-B3, no tripping for auxiliary DC voltage (between L-L poles) 
was noted. The RCD-B4 is the worst protection device – it did not 

trip for any auxiliary DC voltage variant. As one can see, these are 
theoretically identical protection devices from the point of view of the 
nominal data but they behave differently. The lack of RCDs operation 
in some auxiliary DC voltage variants results from the provisions of 
the standards according to which RCDs are manufactured [20, 22]. 
These standards do not yet take into account all operating conditions 
possible in DC systems. In order to be sure that the B-type RCD will 
operate properly in DC systems, the provisions of the standards is 
recommended to be extended. These provisions should include the 
requirement that the B-type RCD operates properly also with the aux-
iliary DC voltage connected between any poles. Alternatively, it is 
suggested to introduce a different RCD type (e.g., “B-type extended”) 
to the standards, which will be suitable for both AC and DC auxiliary 
voltage. Thus, manufacturers of RCDs will be obliged to make modi-
fications to the devices design to meet the extended requirements of 
the standards.

Modification of the provisions of the standards is a long-term proc-
ess (several years). Therefore, in some cases, the redundancy of RCDs 
is considered, based on the currently manufactured protections. In the 
next section, the impact of RCD redundancy on the effectiveness of 
protection in low-voltage systems is analyzed.

Table 2. General comparison of the behaviour of the tested B-type RCDs

No. of  
the RCD

Auxiliary voltage Auxiliary voltage

AC 230 V DC 230 V

No

AC 230 V DC 230 V

Nopoles
L-N

poles
L-L

poles
L-N

poles
L-L

poles
L-N

poles
L-L

poles
L-N

poles
L-L

slowly rising test current IDC 
(tripping/no tripping within the normative range 

15–60 mA)

suddenly applied test current IDC
(tripping/no tripping at 60 mA) 

RCD-B1 (+) (+) (+) (+) (-)* (+) (+) (+) (+) (-)*

RCD-B2 (+) (+) (+) (+) (-)* (+) (+) (+) (-) (-)*

RCD-B3 (+) (+) (+) (-) (-)* (+) (+) (+) (-) (-)*

RCD-B4 (+) (+) (-) (-) (-)* (+) (+) (-) (-) (-)*

(+) tripping; positive assessment
(-) no tripping; negative assessment
(-)* no tripping but no auxiliary voltage (power supply) is an abnormal state and, on this basis, the RCD is not assessed negatively

Fig. 14.	 Residual current oscillograms during the operation of 30 mA RCD-B4 under the suddenly applied DC residual current of 300 mA: a) AC 230 V auxiliary 
voltage used (poles L-N), b) DC 230 V auxiliary voltage used (poles L-N), c) no auxiliary voltage used

c)

b)a)
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3.2.	 Assessment of the safety enhancement in systems 
with redundant RCDs

According to the guide [23], the use of each product or system is 
associated with various hazards (they are a potential source of harm) 
and it is impossible to achieve full safety in all circumstances. How-
ever, an increased level of effectiveness of protection against electric 
shock and fire in low-voltage systems can be achieved by using more 
reliable protection elements (e.g., high-quality fuses, overcurrent pro-
tection devices or RCDs) or by redundancy of these elements. Un-
fortunately, the use of more reliable safety measures increases costs. 
Therefore, when using a given solution, the degree of increase in the 
level of safety should be analyzed.

There are various methods of analyzing of technical systems from 
the point of view of the reliability of their operation. In paper [5], the 
reliability function of aging multistate system with dependent compo-
nents is determined, in case its components have piecewise Weibull 
functions. Reliability of components in smart grids, to which may 
also belong DC microgrids, is presented in [6]. With reference to non-
coherent multi-state systems, the reliability analysis is discussed in 
publication [38]. In the case of installations with RCDs, considered 
in this paper, the reliability analysis methods for systems with pos-
sible cascading failures can be used [33]. However, the most suitable 
approach is the redundant approach [43] and it is used in further in-
vestigation.

In many low-voltage electrical installations, RCDs installed in 
final circuits are connected in series with the upstream main RCD 
(Fig. 15). Such a main RCD may be required as protection against 
fire – for example, according to [17], the whole installation in agricul-
tural and horticultural premises has to be protected by an RCD hav-
ing a rated residual operating current not exceeding 300 mA. In that 
situation, redundant connections are created [43] which may increase 
the level of protection against electric shock and fire in final circuits, 
because two RCDs connected in series (e.g., Main RCD and RCD-1 
in Fig. 15a) constitute a parallel reliability structure (Fig. 15b). This 
protection is effective as long as at least one RCD is able to detect 
residual current and operate.

Fig. 15.	 The structure of electrical installation with RCDs connected in series 
(a), and the reliability model of “Main RCD – RCD-1” connection (b)

In such a parallel structure, the probability that the system consist-
ing of many elements is not able to operate can be expressed by the 
relationship:

	 F(Tup ≤ Tex) = F(T1 ≤ Tex, T2 ≤ Tex, …, Tn ≤ Tex)	 (2)

where:
Tex	–	 the expected up time of the protection system,
Tup	–	 the real up time, being the time interval for which the 

system is in an up state,
T1, T2, Tn, – up times of individual system components: 1-st, 

	  2-nd, n-th.

In the protection system composed of RCDs, its failure function is 
the product of the failure functions of individual system components 
(RCDs):

	 Qup(t) = Q1RCD(t) ⋅ Q2RCD(t) ⋅ … ⋅ QnRCD(t)	 (3)

in which consecutive components can be written as:

	 Q1RCD(t) = 1 – P1RCD(t)	 (4)

	 Q2RCD(t) = 1 – P2RCD(t)	 (5)

	 QnRCD(t) = 1 – PnRCD(t)	 (6)

where:	 P1RCD(t), P2RCD(t), PnRCD(t) are the reliability functions of the 
consecutive components (RCDs).

The up time of the entire system with effective protection against 
electric shock and fire is equal to the up time of the best element:

	 Tup  = max(T1RCD, T2RCD, …, TnRCD)	 (7)

For RCDs, the exponential reliability function P(t) can be assumed 
[28]:

	 P t t( ) = −e λ 	 (8)

The probability density function of failures can be expressed as:

	 f t P t t t( ) = − ( ) = −( ) =− −' '
e eλ λλ 	 (9)

and the failure rate is equal to:

	 λ
λ

λ
λ

λt
P t
P t

t

t( ) = − ( )
( )

= =
−

−

' e
e

	 (10)

This failure rate takes a constant value, which means that it does 
not depend on the operating time of the system.

The up time of one RCD is:

	 T P t t tt t
1

0 0 0

1 0 1 1
RCD d e d e= ( ) = =

−
= + =

∞
−

∞
−

∞

∫ ∫ λ λ

λ λ λ
	 (11)

Thus, the up time of the safety system consisting of two residual 
current devices connected in series is:

b)

a)
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The above calculation shows that doubling the number of RCDs 
gives only a 50% increase in the level of safety of the protective sys-
tem. Due to the fact that B-type RCDs are relatively expensive (about 
10 times more expensive than commonly used A-type RCDs), such 
a low increase in the protection level (less than 2 times) can be con-
sidered not entirely satisfactory. Therefore, it is extremely important 
that in the near future RCDs are adapted to the expected waveform 
shape of the earth fault (residual) current and especially to the auxil-
iary voltage available in DC systems, so that only one RCD is enough 
to achieve safety. As already mentioned, this requires modification of 
the relevant standards.

4. Conclusions
The above presented results indicate that theoretically identical 

RCDs in terms of rated data may clearly differ in the response to 
DC residual currents. When considering the usefulness of the tested 
RCDs in DC microgrids, RCD-B1 (Fig. 5a and Fig. 6ab) and RCD-B2 
(Fig. 5b and Fig. 7ab) operate correctly regardless of whether the aux-
iliary voltage is AC or DC and whether it is connected to poles L-N 
or L-L. The use of RCD-B3 is limited in systems where only the DC 
auxiliary voltage is accessible. The problem with its operation in the 
presence of DC auxiliary voltage is especially noticeable in the case 
of a slowly rising residual current (Fig. 5c). When the DC voltage is 

connected to poles L-N, the tripping occurs, but when it is connected 
to poles L-L, it unfortunately does not. The worst device is RCD-B4 
(for L-L connection), both for the case of slowly increasing residual 
current (no operation for DC auxiliary voltage – Fig. 5d), and for the 
suddenly applied current (Fig. 9ab). Regarding the ability to detect 
a DC residual current in the event of auxiliary voltage failure (this 
response is only possible for a suddenly applied current – Fig. 6c, 
Fig. 7c, Fig. 8c, Fig. 9c), the best behaviour was recorded for RCD-
B2 (Fig. 7c). 

The analysis and tests results described in the article are the first 
in this field and provide a new insight into the real properties of such 
RCDs. It is commonly assumed that expensive B-type RCDs are ca-
pable of detecting all types of residual current. However, as the above-
discussed research shows, for this to be the case, strict conditions with 
regard to the auxiliary supply of these RCDs must be met. Therefore, 
to be sure that the currently manufactured RCDs will operate properly 
in a circuit with only DC auxiliary voltage available, additional veri-
fication of their operation should be performed, because the scope of 
normative tests applied by manufacturers are not sufficient to predict 
the RCD operation in these new conditions, e.g., in DC microgrids. 
Taking into account the results of the tests contained in this article, 
it is strongly recommended to modify the provisions of the relevant 
standards in the scope of the correct operation of B-type RCDs. These 
provisions should include the requirement that the B-type RCD oper-
ates correctly also with the auxiliary DC voltage. As an alternative, 
it is proposed to introduce a new variant of the B-type RCD to the 
standards, which will be suitable for both AC and DC auxiliary volt-
age. This is of key importance for effective protection against elec-
tric shock and fire, because, as can be seen from the above-presented 
analyses, even possible duplication of RCDs does not provide twice 
the level of protection. 
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