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Abstract: Residual current devices (RCDs) are devices that can provide very good protection measures
against electric shock. Yet, under certain circumstances, they can cause unnecessary and unexpected
switching off of power in the protected circuits. The main component that determines the properties
of an RCD is the summation current transformer. In recently produced RCDs, whose operation
is independent from the installation voltage, the summation transformer, apart from detection of
the residual current, has yet another task: it must also provide an appropriate energy value to
the electromagnetic release in order to carry out mechanical disconnection of the contacts. In this
type of RCD, the core of the summation transformer should be made of magnetic material with
very high permeability and appropriate geometric dimensions. Manufacturers of RCDs, in order
to reduce production costs and to promote miniaturization of the devices, use cores for summation
transformers made of amorphous or nanocrystalline materials quite often. In such RCD designs,
the impedance-matching circuit is used in the secondary circuit of the summation transformer to
ensure proper sensitivity to the residual current. The paper describes the impact of using additional
impedance-matching elements in the secondary circuit on the RCD break time. The paper presents
the results of tests and measurements of the RCD break times of various internal structures.

Keywords: residual current device; additive transformer; break time of RCD; break differential
current; additional protection

1. Introduction

Safety standards resulting from applicable regulations and standards rule the processes
of design and development for electrical installations, thus minimizing the risk of electric
shock during their operation. The basic principle of protection against electric shock
demands that active (“live”) parts should not be accessible, and other conductive parts
should not be dangerous in normal operation conditions or in the event of a single fault [1].
In low-voltage electrical installations, protection against electric shock should consist of an
appropriately selected primary protection measure and an independent protection measure
in the event of a fault or an enhanced protection measure that provides both basic protection
and protection in case of damage. In special conditions, resulting from the intended use of
the room or due to the influence of external conditions, the standard [2] requires the use of
additional protection measures.

The most frequently used means of additional electric shock protection in low-voltage
alternating current (AC) electrical installations are residual current devices (RCDs). The
standard [2] requires the use of residual current devices with a rated current of not more
than 30 mA in socket circuits with the rated current not exceeding 32 A, which can be
operated by ordinary persons and are intended for general use, and in circuits supplying
portable devices with a current up to and including 32 A, which are used outdoors. Addi-
tionally, RCDs with currents of 5, < 30 mA should be used in all final lighting circuits of
alternating current installations in individual households [2].
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Highly sensitive RCDs with currents I, < 30 mA are devices that provide very good
protection against electric shock as well as fire protection, causing an automatic disconnec-
tion of power in the protected circuit of the electrical installation in fault conditions. For
RCDs intended to provide additional protection in low-voltage circuits, the correct tripping
range should be from 15 mA to 30 mA. The break and non-break time limits for RCDs are
specified in the standards [3,4].

The maximum break times for general purpose RCDs, defined in Table 1, are in line
with the recommendations of IEC TS 60479-1:2016 [5] (page 43), which is considered the
limiting value for the let go threshold current, above which a person being shocked cannot
release him or herself.

Table 1. Normalized values for RCD break time and non-break time [3,4].

Normalized Values of Break Time and Non-Break Time for

Type I, Ian Residual Current (I5) Equal to
IAn 2.1 An S'IAn
General use  Anyvalue Any value 03s 0.15s 0.04s Maximum break time
05s 02s 0.15s Maximum break time
Selective >25 A >0.03 A — -
0.13s 0.06 s 0.05s Minimum non-break time

Table 1 shows the maximum allowable break times for general purpose RCDs, as
defined in the standards [3,4]. For these RCDs, there are no defined minimum break times
(Table 1). RCDs with a short operating times are a very good means of protection against
electric shock in case of damage in a protected circuit, but they can also cause unnecessary
shutdowns, described, for example, in [6-8]. Accidental tripping occurs for no apparent
reason, and after reconnecting the RCD, the entire system works properly. Among the
possible causes of accidental tripping, distortions and higher harmonics in the residual
current are mentioned quite often [9-16]. A frequently described problem is to ensure
an appropriate level of protection against electric shock in circuits with variable speed
drive systems [17,18]. In this type of circuit, there are differential currents of variable
frequencies, whose spectrum depends on the pulse width modulation (PWM) frequency
and on the instant rotational speed of the motor [19,20]. Research has also been carried
out on the influence of the low-current frequency [21], DC currents [22,23], the use of arc
fault detection devices in circuits [24,25] and the type of installation layout [26,27] on the
effectiveness of RCD circuit breakers.

This paper describes the research carried out related to the influence of the internal
RCD structure on its break times for various waveforms of test currents. It is a very
important issue related to the necessity that the RCDs ensure an appropriate level of electric
shock safety in the circuits of an electrical installation. The obtained results of laboratory
tests for various types of RCDs are presented.

2. Internal Design of an RCD Circuit Breaker

The operation principle of most of RCDs available on the market does not depend on
the installation voltage (Figure 1).
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Figure 1. RCD design with operation independent of the installation voltage. 1 = summation current
transformer, 2 = electromagnetic release circuit with dropping armature, 3 = contact snap mechanism,
4 = impedance matching capacitor (C) (optional), P = test button and Rt = test resistor.

In this type of circuit breaker (Figure 1), the secondary circuit of the summation current
transformer (1) directly feeds the electromagnetic release with the dropped armature (2),
which mechanically disconnects the main contacts (3). Additional electronic components
can be installed in the secondary circuit of the summation current transformer, which
detects the leakage current of the protected circuit. These components provide sufficient
time delay for RCD tripping or eliminate unnecessary tripping in the case of transient
current pulses [28].

The main element that determines the properties of an RCD is the summation current
transformer. This transformer, apart from detection of the residual current, must also
provide an appropriate amount of energy to the electromagnetic release to disconnect the
contacts. In the described case, when the power consumed by the release comes directly
from the summation transformer, an important role is played by the impedance matching
of the load (trigger) to the source (transformer) [29].

The value of the signal in the secondary circuit of the summation transformer is
determined by the range of changes in the magnetic induction in its core caused by the
primary differential current. In the case of RCDs with currents I, < 30 mA, the power
obtained in the secondary circuit of the transformer is very small.

3. Equivalent Diagram of the Summation Current Transformer

The current transformer, in which magnetic coupling of the windings plays a paramount
role, is usually described with an equivalent diagram with all quantities accounted for at
one side of the windings. In the case of an RCD device (Figure 1), the contributions from
the currents in all three phases and the neutral wire current are summed up. The voltage
induced in the secondary winding may be written as

dlLl dle dng, diN

= Mp1—— T + M, —-= T + Mpz—~+Mn—- (1)

where M 1, My, M]3 and My are the mutual inductances between the primary wires L1,
L2, L3, and N and the secondary winding, respectively.
Assume that the mutual inductances are not equal such that

Mpg > Mpp =Mpz=My=M )
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Then, the relationship (1) may be written as
(i . . . di
ey =M (ip1 + lLZd'ti‘ ir3+in) n (ML1 B M)% 3)

In cases where the protected installation circuit works properly, and there are no
significant leakage currents, the sum of the primary currents is equal to zero:

i1 +ipp+iz+in=0 4)

In the cases of breakdown or indirect contact within the protected circuit of the
installation behind the RCD, the earth current i, would flow, and thus

i +ipp+ip3+in =ia 5)
The relationship in Equation (3), in this case, may be written as

diLl

di
ey = ]\/Iﬂ + (MLl —M)F

7t (6)

Because of non-uniform coupling between the primary windings and the secondary
winding in Equations (3) and (6), an additional error term will appear in the considered
case that is proportional to the current in phase L1:

dirq

ey = (Mp1 — M)W

@)

The equivalent diagram recalculated to the secondary winding w,, taking into account
Equation (6), takes the form depicted in Figure 2.

L, R e~ LR
O_NY\_: — fYY\—E—o—
I Ve S —
4i} =4i, - I,

w,| [z
I-u RFe
(o

Figure 2. The equivalent diagram of the summation current transformer which takes into account the
influence of the error voltage on the transformation.

The equivalent diagram depicted in Figure 2 will serve as the starting point for the
analysis of RCD operation and application of impedance matching in order to obtain the
maximum power on the electromagnetic release (Zyy).

4. Analysis of RCD Internal Design

To ensure correct tripping, the summation transformer in the RCD, together with the
secondary circuit, must meet two basic conditions:

- The electromagnetic release should disconnect the main contacts when the primary
differential current flows in the range (0.5 < 1) I, of the circuit breaker [3,4];

- The fault voltage which appears when the maximum long-term load current of the
circuit breaker flows should not cause unnecessary shutdowns.

For RCDs intended to provide additional protection in low-voltage circuits [2], the
correct tripping range is 15-30 mA for a primary differential current. When selecting the
summation transformer and the construction of the secondary circuit for this type of RCD,
two dependencies are taken into account:
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- The summation transformer should have a possibly high value of impedance in the
magnetizing branch, determined by the inductance L, and resistance Rp,, (cf. Figure 2);

- Impedance matching of the secondary load of the summation transformer to the
impedance of the magnetizing branch in the transformer is taken into account in order
to ensure maximum power dissipation at the load.

In the currently produced RCDs, in order to guarantee the correct tripping threshold,
the impedance matching of the load to the impedance of the transverse branch is used more
and more often, which results in separation of the maximum power on the electromagnetic
release (Zyy).

By simplifying the diagram from Figure 2, when skipping L', R'; and e,, one ob-
tains the diagram depicted in Figure 3. Assume that load impedance for the summation
transformer is equal to

Zope = Zp+Zw 8)

Then, the power dissipated at the load impedance Z, is given with the relationship

2

2 Z}t
S=Un)" | ] Zobe )
‘Zy + Zobc

or after some transformations

Z% Zobc
Z2 473, 427y Zgpc cos B

obc

S = (I/A)z (10)

where f is the difference of arguments of the impedances Z;, and Z.

The impedance value Z,, for which the maximum power is dissipated at a prescribed
current value Iy, is computed from setting the derivative of power S with respect to an
impedance Z . of zero such that

das
=0 11
dZobc ( )

It is straightforward to derive that this condition is fulfilled when
Zope = Ly (12)

If the relationship in Equation (12) holds, then the maximal power is given with the
expression
V4
Smax = (I/A)Zm (13)
From the relationship given above, it follows that one should aim at setting a large
difference between the impedance arguments, showing that one should strive to obtain a
large difference in the impedance Z, and Z,;,. arguments (90° is the best value). In practice,
this difference is greatest when the secondary current i, is in phase with the voltage induced
in the secondary circuit of the summation transformer. This is achieved by including a
series capacitor in the secondary circuit selected to compensate for the inductive reactance
of the secondary circuit (Figure 4).
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Figure 3. Simplified equivalent diagram of the summation transformer for determining the impact of
load matching.

U

Figure 4. Simplified equivalent diagram of the secondary circuit in the summation transformer which
takes into account a series capacitor.

If the reactance X (Figure 4) is chosen so that the condition
Pobe(C) — Pu = :B ~ 90° (14)

is fulfilled, then the maximum power dissipated at load will be given with the expression

223 Zobe(c)

272
ZVZObC(C)

Smax(C) ~ (IA> (15)

The condition of impedance matching of the load (electromagnetic release to the
source (summation transformer)) is fulfilled, assuming that the frequency of the differential
current is the main frequency (50 Hz in Poland) and the following relationship is valid:

Zw >> Zo (16)

The presence of power electronic devices in the circuits of the electrical installation
results in the generation of differential currents whose waveforms are significantly distorted
from pure sine waves. In some cases, components with higher harmonics dominate the
residual current waveform. For frequencies other than 50 Hz, RCDs with the impedance-
matching circuit (selected for the frequency of 50 Hz) may not provide the appropriate
level of electric shock protection required by the standards [28].

5. Measurement Systems for Determination of Break Times in RCD Devices

The measurements of the break time were carried out at a laboratory stand using two
options for the measurement set-up.
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5.1. Measurement Setup: The First Option

In the first considered set-up (Figure 5), the response time was measured with a spe-
cialist MRP-201 meter manufactured by Sonel [30]. The aforementioned meter is a device
for measuring all types of RCDs (instantaneous, short time delay, and selective) of the types
AC, A, and B in accordance with the requirements of the standards [3,4,31]. The MRP-201
meter enables measurement of the tripping current and RCD break time, depending on
the value of the differential current. Measurements can be performed individually or in
series. In automatic mode, measurements are made for the selected excitation waveform
or a series of measurements for all available excitation waveforms. The following test cur-
rent shapes are available in the measurement procedure: sinusoidal (initial positive (0°) or
negative (180°) phase), pulsating one half (positive or negative), pulsating one half with a
constant component (positive or negative), and constant (positive or negative). The meter
also enabled a simultaneous measurement of the tripping current and break time with one
tripping of the tested RCD. The measurement range of the tripping current, depending on the
selected measurement procedure, was from 1.5 mA to 600 mA (accuracy & 10% Ip,) with an
operation time from 0 ms to 500 ms (accuracy £ (2% m.v. + 2 digits)).

L N PE
o Q o
TMDP0200

| U 0sC DPO3014

®®®® o003
RCD ] oo <

lAn E o

®®8®e |

900

[
TCP0030A

0Co
Ie]

ODD
o

@

Figure 5. Diagram of the system for measuring the break times and tripping currents of RCDs using
the MRP-201 meter from SONEL.

MRP-201

During measurements, the considered RCD device was supplied directly from a
230 V AC installation (L, N, PE). The tests were carried out for AC- and A-type RCDs, and
therefore the measurement procedure took into account only the inputs with the differen-
tial current of the following waveforms: sinusoidal (initial phase 0°), sinusoidal (initial
phase 180°), one-half positive, and one-half negative with set values (30 mA, 60 mA, and
150 mA). During the tests, the differential current waveforms with a biased DC component
were skipped, since such signals cannot be recognized by RCDs of the AC and A types.
On the oscilloscope, with the use of a voltage and current probe, the supply voltage and
differential current waveforms were recorded for individual measurements.

5.2. Measurement Setup: The Second Option

In the second considered case (Figure 6), a sinusoidal voltage wave with a given
initial phase was forced by a generator (GEN). With the amplifier and the resistor (R), the
rms value of the current flowing through the tested RCD was controlled. The voltage
waveform from the generator amplified in the amplifier as well as the differential current
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waveforms were recorded on the oscilloscope and the operating times of the tested RCD
were measured.

GEN  AFG3022B

[ ]

o o 0 ©
—

AMPLIFIER 0OSC DPO3014
Er— 003

- E5 =
:T—o i < T oo
@

|

)
R/H} { TCPO030A

®ee®e®
IIIERCD
IAn
Q@@
I

Figure 6. Diagram of the measurement system (option 2) for determining the RCD break time for
different initial phases of the differential current.

The measurements of the break time were carried out for sinusoidal differential
currents with the rms values 30, 60, and 150 mA (50 Hz). The use of the measuring system
in the second case (Figure 6) made it possible to carry out measurements of the break time
for different initial phases of the differential current. The initial phase of the forcing run
was set on the generator (GEN) in steps of 15° for the entire range from od 0° to 360°.

6. Technical Parameters of the Tested RCDs

Laboratory tests were carried out for RCDs from various manufacturers which are
generally available and commonly used in low-voltage electrical installations. The follow-
ing section describes the measurement results obtained for the eight selected RCDs with
the technical parameters listed in Table 2.

Table 2. List of technical parameters of RCDs subjected to laboratory tests.

Notation Kind Type Ip, I, LB
RCD-1 (producer 1) RCBO A 30 mA Bl6 A 2P
RCD-2 (producer 2) RCBO AC 30 mA Cl6 A 4P
RCD-3 (producer 3) RCCB AC 30 mA 40 A 2P
RCD-4 (producer 4) RCCB A 30 mA 25 A 2P
RCD-5 (producer 5) RCCB AC 30 mA 25 A 2P
RCD-6 (producer 6) RCCB A 30 mA 25 A 4P
RCD-7 (producer 7) RCCB AC 30 mA 25 A 2P
RCD-8 (producer 8) RCCB AC 30 mA 40 A 4P

The devices, marked as RCD-1 and RCD-2, were RCBOs with built-in overcurrent
elements B16 and C16, respectively. The remaining RCD-3-8 circuit breakers were RC-
CBs with the permissible long-term load current I, = 25 A or 40 A (type AC or A, with
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2P or 4P poles, respectively). For all tested RCDs, the rated residual current I, was
30 mA. Figures 7-10 show diagrams of the internal constructions of the tested RCDs listed
in Table 2.

a) RCD-1 L N b) RCD-2

C, 68pF - 3w

N

5

]

1
50 3
5 =mo ]

\ ]

v

N

s
BO L
5

Z

| |

! R i ., R

|68 pF w . ! | %“i 680 2w . !

i }CZ MNw i _| ! R . 37 w.

i - i -1
Zyll L Pz 0] = P

dcT DD i C, D 1D

33 pF 47 pF
(-]
L N L N

Figure 8. Diagram of the internal structure of the tested circuit breakers: (a) RCD-3 and (b) RCD-4.

a) RCD-5 L N b) RCD-6 L1 L’E 3 N
\j \] \ L ] _T
! R R
68 uF L T T
i Cz . N 1w
i -1 -
Zyi P P
Ll C D [D
33k — C|
| 150 nF ]
o o
L N

Figure 9. Diagram of the internal structure of the tested circuit breakers: (a) RCD-5 and (b) RCD-6.
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a) RCD-7

[

L N L1 L2 L3 N

Figure 10. Diagram of the internal structure of the tested circuit breakers: (a) RCD-7 and (b) RCD-8.

In the circuit breakers from RCD-1 to RCD-5, the impedance matching systems were
used in the secondary circuit of the summation transformer. The circuit breakers differed
in the number of winding turns, in the configuration of elements in the secondary cir-
cuit, and in the values of individual elements (capacitors and resistors). In all circuit
breakers (RCD-1-5), diodes connected in a push-pull set-up are used to eliminate unnec-
essary disconnections at momentary current pulses [29,32]. In the circuit breakers from
RCD-6 to RCD-8, the electromagnetic release (Zjy) was supplied directly from the secondary
winding. A characteristic feature is the small number of turns in the secondary winding. In
circuit breakers RCD-6 and RCD-8, an additional secondary winding is used, supplying
the elements to eliminate unnecessary shutdowns with temporary current pulses.

7. The Results of Laboratory Tests
7.1. The Results from the First Measurement System

Table 3 summarizes the measured break times of the tested RCDs with the use of
the MRP-201 meter (measuring system shown in Figure 5). Measurements were made for
differential currents of 30, 60, and 150 mA and in AUTO mode (simultaneous measurement
of the activation time and current).

Table 3. A summary of break times for RCD circuit breakers measured with MRP-201 (sine excitation
waveform of 50 Hz and initial phase 0°).

1-Ip, 2:-Iay 5-Ip, AUTO
Notation 30 mA 60 mA 150 mA t Measured 15
RCD-1 27 ms 10 ms 8 ms 27 ms 19 mA
RCD-2 35ms 15 ms 13 ms 35ms 19 mA
RCD-3 27 ms 10 ms 8 ms 27 ms 19 mA
RCD-4 25 ms 9 ms 7 ms 25 ms 16 mA
RCD-5 27 ms 10 ms 8 ms 27 ms 20 mA
RCD-6 10-18 ms 8 ms 7 ms 11 ms 24 mA
RCD-7 8 ms 6 ms 5ms 9 ms 22 mA
RCD-8 8-18 ms 7 ms 7 ms 18 ms 17 mA

All measured RCD break times met the requirements specified in the standards [3,4].
The test current was in phase with the supply voltage with a frequency of 50 Hz, where the
initial phase was 0°. Figure 11 shows an example of the voltage and tripping current of
RCD-2 for I, = 30 mA, with the measured break time being 35 ms (Table 3).



Energies 2022, 15, 9054

11 of 17

B 0 0 O —————

(@ 250V ~ 2 J(10.0ms 100kS/s o 7 Bug 2020
10k points 0.00 V 08: 45: 33

Figure 11. Supply voltage (channel 1) and disconnection current (channel 2) vs. time for RCD-2
(Table 3), with an input of 30 mA (50 Hz) and measured break time of 35 ms.

The MRP-201 meter enabled the measurement of the RCD break time with excitation
by currents of various shapes. Table 4 presents the obtained response times of the tested
circuit breakers for the selected waveforms of the test current.

Table 4. A summary of RCD break times obtained with MRP-201 meter for various shapes of test
current excitations (50 Hz).

Notation /\/ \/\ N A

30 mA 30 mA 30 mA 30 mA
RCD-1 27 ms 17 ms 10 ms 15 ms
RCD-2 35 ms 26 ms 15 ms 28 ms
RCD-3 27 ms 17 ms 10 ms 15 ms
RCD-4 25 ms 16 ms 9 ms 14 ms
RCD-5 27 ms 18 ms 10 ms 15 ms
RCD-6 17 ms 17 ms 7 ms 8 ms
RCD-7 8 ms 18 ms 6 ms No tripping
RCD-8 8 ms 8 ms 7 ms No tripping

Tests were carried out for four shapes of differential currents: sinusoidal (initial phase
of 0°, initial phase of 180°) and sinusoidal one half (positive and negative). The tested AC
RCDs (RCD-2, 3, 5, 7, and 8) were dedicated to the detection of sinusoidal residual currents.
In the case of circuit breakers marked RCD-7 and RCD-8, no tripping for a negative one-half
sinusoidal input is permissible. In addition, the type-A RCDs should detect sinusoidal
residual currents in one half period. The tested A-type circuit breakers (RCD-1, 4, and 6)
met the criteria in this respect, resulting from the requirements of the standards [3,4].

Figure 12 shows an example of the voltage and tripping current of the RCD-2 circuit
breaker (Table 4) for a one-half sinusoidal input with negative polarity.
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Figure 12. Supply voltage (channel 1) and tripping current (channel 2) vs. time for RCD-2 (Table 4)
and the input one-half sinusoidal with negative polarity.

The presented waveform in Figure 12 corresponds to the excitation with the 30 mA
current (50 Hz), where the measured time of the circuit breaker operation was 28 ms.

7.2. The Results from the Second Measurement System

The application of the second measurement system (Figure 6) made it possible to
measure the RCD break time for excitation with a sinusoidal current and various initial
phases. The initial phase of the forcing run was set on the generator in steps of 15° for
the entire range of 360°. Figures 13 and 14 show the sample waveforms recorded on the
oscilloscope obtained during the tests for the phases of excitation of 0° and 90°.

TelPrevu

B o

(@ 100V @2 )(10.0ms 100kS/s o / 17 Jul - 2020
10k points 60.0mY 09: 11: 23

Figure 13. Supply voltage (channel 1) and disconnection current (channel 2) vs. time for RCD-1, with
an input of 30 mA (50 Hz), initial phase of 0°, and measured break time of 18 ms.
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Figure 14. Supply voltage (channel 1) and disconnection current (channel 2) vs. time for RCD-8, with
an input of 30 mA (50 Hz), initial phase of 90°, and measured break time of 149 ms.

The measurements carried out for individual RCDs showed differences in the break
time, depending on the initial phase of the forcing current. Figure 15 shows the differences
in the break time values obtained from the measurements of the circuit breakers’ break
time values with the applied impedance matching system in the secondary circuit of the
summation transformer (RCD-1-5).

Tripping time (ms)

I
0 30 60 90 120 150 180 210 240 270 300 330 360

Phase (")

Figure 15. The dependencies of RCD-1-5 break time versus initial phase of the test current
(In =30mA, 50 Hz).

The operating times for circuit breakers RCD-1-5 (Figure 15) were in the range from
14 ms to 44 ms. The switch marked with the RCD-1 symbol was characterized by the
shortest switching off times, and the maximum switching off time occurred for the initial
phase of the forcing current of 150°. The remaining RCD-2-5 circuit breakers showed a
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similar dependence of the break time on the initial phase of the current, and the maximum
break times occurred for the initial phase in the range of 30-60°. For the entire range, the
switch marked with the RCD-2 symbol (28-44 ms) had the longest switch-off times.
Figure 16 shows how the break time values varied for the RCDs without the impedance-
matching system in the secondary circuit of the summation transformer (RCD-6-8).

200 —

—<+— RCD-6

»— RCD-7
*+— RCD-8
N
VAR
n /'l.
150 P P
//. e R ,/’ /’ M
// / / \
/ [/ \
¢ . F /
. / \ “."‘ / N
E / 4
< / \ [/
/ \ [
£ - \ H \
= / \ [ Y
2z g \& [ \
o / \ {1/ \
= / \ / ‘
] / \
= \

0 30 60 90 120 150 180 210 240 270 300 330 360

Phase ()

Figure 16. The dependencies of RCD-6-8 break times versus initial phase of the test current
(Ip =30 mA, 50 Hz).

The device marked as RCD-6 showed very short operating times in the range from
13 to 24 ms (Figure 16). The RCD-7 circuit breaker, in the range from 0° to 180°, showed
short operating times (11-21 ms), while in the range from 180° to 360°, the operating times
varied, depending on the initial phase (maximum operating time of 168 ms, which occurred
for the phase at 255°). The RCD-8 circuit breaker showed the highest variations in the break
time. The shortest times (19-22 ms) occurred for the initial phase of the current forcing at
0° and 180°, while the longest activation times were 146-150 ms for the initial phases in the
ranges of 75-105° and 255-305°.

Figure 17 shows the dependence of the break time of the circuit breaker designated
as RCD-8 (schematic diagram in Figure 10b) versus the starting phase angle of the test
current for its three values: 30 mA, 60 mA, and 150 mA. This device was characterized by a
large dependence of the break time on the set initial phase of the current input. The longest
break times occurred for the values of the initial phase of the current excitation close to 90°
and 270°.
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Figure 17. The dependencies of RCD-8 break time versus initial phase of the test current (I5), for
30 mA, 60 mA, and 150 mA (50 Hz).

The RCD-8 circuit breaker did not meet the requirements specified in the
standards [3,4] for the 150 mA current excitation (Figure 17), and the operation time
for the initial phase values of the current excitation close to 90° and 270° was longer than
40 ms (the measured values were 48 ms at maximum). For the 0° and 180° current forcing
phases, the activation times were very similar to each other (20-23 ms), regardless of the
value of the test current.

8. Conclusions

The conducted tests showed that the RCD break time depended on the waveform and
the initial phase of the test current.

Considering the additional protection provided as an automatic power cut-off as
well as additional protection, all tested RCDs proved its effectiveness by switching off the
damaged part of the electrical installation at times shorter than the requirements specified
in the standards [3,4] (except for RCD-8 for Ip = 150 mA).

Measurements of the break time carried out for a sinusoidal input (30 mA, initial
phase of 0°) with the MRP-201 meter (Table 3) showed that the circuit breakers with
an impedance-matching system in the secondary circuit of the summation transformer
broke the circuit within 25-35 ms, whereas devices RCD-6-8, in which the electromagnetic
release was directly supplied from the summation transformer, reacted within the range
of 8-18 ms. An increase in the tripping current value (60 and 150 mA) directly reduced the
RCD break time.

In the cases of excitation with a sinusoidal, one-half positive, and negative current
(Table 4), the operating times for the individual circuit breakers were shorter.

The RCD-7 circuit breaker, in the range from 0° to 180°, showed short operating times
(11-21 ms), while in the range from 180° to 360°, the operating times varied depending
on the initial phase (maximum operating time of 168 ms occurred for the phase of 255°).
The RCD-8 circuit breaker showed the highest variation in the break time. The shortest
times (19-22 ms) occurred for the initial phase of the current forcing at 0° and 180°, while
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the longest activation times were 146-150 ms for the initial phases in the ranges 75-105°
and 255-305°.

The device marked as RCD-6 showed very short operating times in the range from
13 to 24 ms (Figure 16). When comparing the internal structures of the RCD-6 and RCD-8
circuit breakers, the difference between them relied on the use of a 150 nF capacitor in the
former, connected in parallel with the diodes (Figures 9b and 10b).

When analyzing the obtained results, it can be concluded that the RCDs with the
applied impedance-matching system were characterized by a small variation of the switch-
off time, depending on the initial phase of the forcing current.

All tested circuit breakers, and in particular the RCD-6 circuit breaker, may cause
unnecessary shutdowns of the installation circuits in the case of temporary current pulses
arising in the protected circuits. Such cases occur in circuits with built-in or connected
electronic devices, such as computers, UPS power supplies, and LED luminaires. In the
case of lighting circuits, unnecessary tripping of RCDs may cause dangerous situations for
users (loss of basic lighting).

Specialized meters for periodic tests of electrical installations available on the market,
such as MRP-201, MPI-502, and MPI-530, enable measurements of RCD break times only
for tripping currents I5 with angles of 0° or 180°. Meters of this type lack the possibility to
carry out measurements for the triggering angles of 90° or 180°, when the longest break
times are obtained for RCDs without the impedance-matching system.

The results of the study may be useful, particularly for the RCD designers, but the
author believes that this paper may shed some light on the necessity to carry out appro-
priate designs of electrical installations and their protection systems in order to avoid
electric shocks.
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