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Electric shock hazard in circuits with variable-speed drives
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Abstract. The conventional approach to electrical safety under fault condition in typical power systems considers earth fault currents of
sinusoidal waveform and frequency of 50-60 Hz. However, in circuits with variable-speed drives, there is earth fault current flow with har-
monics, and these harmonics influence the threshold of ventricular fibrillation. The paper presents earth fault current waveforms in circuits
with variable-speed drives without inverter output (motor) filter and with one of the two types of inverter output filters being used. The details
of both filters are presented, and the effect of harmonics of earth fault current on ventricular fibrillation is evaluated. Furthermore, the effect
of harmonics, which occurs in circuit of variable-speed drive, on the tripping current of residual current devices is presented. Residual current
devices may be utilized to ensure protection against direct and indirect contact, but limitations in their proper operation, due to harmonics, may
exist. Operational characteristics of a proposed residual current device dedicated to circuits with earth fault current containing harmonics, as in
the variable-speed circuits, are presented.

Key words: variable-speed drives, earth fault currents, power electronics converters, protection against electric shock, residual current devices.

1. Introduction

In low-voltage systems, protection against electric shock in case of
insulation fault is most often performed with the use of automatic
disconnection of supply [1, 2]. As a protection device, an overcur-
rent or residual current device (RCD") is used. In case of insula-
tion fault it is required that the earth fault current is high enough
to make tripping a protection device in a specified time indicated
in the standard [2]. When residual current device with a rated
residual operating current not exceeding 30 mA (/,, < 30 mA)
is installed in the circuit, protection in case of direct contact
(extremely dangerous for persons) is ensured as well. Figure 1
presents direct contact and indirect contact in a circuit.

In nowadays power systems, especially industrial low-voltage
systems, variable-speed drives are widely used. As in other
low-voltage systems, automatic disconnection of supply is
used as well. However, as it is concluded in [3-5], these types
of circuits are very difficult for evaluating the effectiveness
of protection against electric shock. The earth fault current is
distorted and waveform shape of this current depends on the
point of fault, actual motor speed and inverter PWM switching
frequency. Moreover, input and/or output inverter filters can be
applied. It is important to underline that inverter output filters
(motor filters) can strongly influence the waveform shape of
earth fault current.

Taking into account persons safety in circuits with vari-
able-speed drives, it is strongly recommended to recognize the

'In USA and Canada the device is more commonly known as a ground fault
circuit interrupter (GFCI)
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Fig. 1. Direct and indirect contact in a circuit, and requirements to
achieve safety; (/,>) —residual current device, /i, — earth fault current,
It — touch current

effect of inverter output filters on earth fault current waveform
and evaluate the threshold of ventricular fibrillation in rela-
tionship to the arrangement of the variable-speed drive circuit
(no filter, type of motor filter). It is also important to recog-
nize behavior of protective devices in such circuits, especially
devices dedicated for protection against electric shock. Earth
fault current harmonics influence operation of residual current
devices in a negative way, and thus the protection against elec-
tric shock may be ineffective.

In literature, the above mentioned problems have not been
investigated exhaustively. In paper [5] the effect of a single har-
monic, especially one of the high order harmonics, on tripping
of residual current devices has been analyzed. In conclusion,
it has been written that high order harmonics negatively in-
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fluences the tripping threshold of residual current devices. No
analysis of current harmonics on a persons heart function is
included. The author of the paper [6] analyses electrical safety
in installations with residual current devices in general. There
is no mention about frequency converters or the effect of har-
monics on people and residual current devices.

Paper [7] considers interferences in electrical circuits due
to RF transmission, and their effect on residual current devices
nuisance tripping. This paper does not focus on the problem of
proper detection of harmonics by these devices. Research works
[8] and [9] also consider only nuisance tripping of residual
current devices. The effect of harmonics on RCDs tripping is
conducted in [10]. The conclusions are similar to these pre-
sented in [5], but variable-speed drives circuits have not been
analyzed. Sinusoidal current of higher frequency and its im-
pact on tripping of residual current devices is presented in [11]
— after analysis of the results, it can be said that high frequency
waveform, similarly like a distorted current, may influence this
tripping negatively. Consequences of multi-frequency current
flow though the human body are analyzed in [12]. However,
only threshold of perception is considered.

Papers considering variable-speed drives are rather focused
on energy efficiency, electromagnetic compatibility, power
quality, and effective methods of control of drives [13—17].
After the analysis of many research papers, it may be concluded
that the problem of electrical safety in modern circuits with
variable-speed drives should be more deeply investigated.

This paper is an extension and continuation of the discussion
presented in [18] and focused on the problem of safety omitted
in previous papers. The goal of the paper is to evaluate the
threshold of ventricular fibrillation and the tripping current of
residual current devices in case of fault in variable-speed drive
circuit.

2. Structure of variable-speed drive circuit

The widely used voltage inverters are commonly based on fast
switching IGBT transistors [13, 14, 19-22]. Due to very short
on and off times of the transistors and voltage level of the in-
verter supply the extremely high dv/dt appears in the circuit. It
is reported that high dv/dt in the inverters causes some serious

a)

INVERTER

b)

problems in electric drives [13, 14, 21, 22]. High dv/dt simul-
taneously with high switching frequency degrade motor bear-
ings rapidly and can generate motor insulation failure as well.
The motor efficiency is also decreased. All those effects can
quickly cause downtime of a motor and the whole drive. In
some applications, where long cable connections are used, the
serious problems with electromagnetic compatibility will occur.

To prevent the unwanted effects of frequency converters
and to guarantee the electromagnetic compatibility, the passive
filters are installed on the inverter output. With proper structure
of the filter, the time to the motor bearing failure and insulation
degradation significantly increases. That inverter output filters,
known also as motor filters, have a few commonly used struc-
tures [15-17, 23]:

e LC filters (named also as low pass filters or differential
mode filters),

e common mode filters,

e dv/dt filters, and

e hybrid filters which join properties of differential and
common mode filters.

The LC filter is a low pass filter with line inductance and
a transverse leg with capacitor. A good fitting of LC parame-
ters to motor load and inverter switching frequency assures the
nearly sinusoidal shape of motor supply voltages and currents.
Due to some probability of resonance appearance, dumping
resistors are placed in series with capacitor. Structure of the LC
filter is presented in Fig. 2a. The common mode filters limit or
completely eliminate the leakage current of the motor flowing
through internal parasitic capacitors and motor bearings to the
earth. The benefits of dv/dt filters are elimination of voltage
wave reflection and motor insulation protection. The dv/dt
filter has the same structure as differential mode filter, how-
ever, its cut off-frequency is much higher so it results in lower
inductances and capacitances of the filter. The disadvantage of
dv/dt filter is that the filter has to be fitted with cable length.
It is worth to underline that properties of dv/dt filters are also
obtained in differential mode filters and in some structures of
common mode filters.

The connection of differential and common mode filters
gives the hybrid filters which join benefits of both items. An
example of hybrid filter structure is presented in Fig. 2b. The Ly,
Crand R; elements create differential mode filter whereas Lqy,

c
N

s <
MOTOR

INVERTER

Fig. 2. The structures of the filers used in the investigations: a) LC filter “LCF”: Ly =9 mH, C; = 8 uF, Ry = 2.2 Q, b) hybrid filter “HF”:
LCM =14 mH, Lf: 5.6 mH, Cf: 10 ].,lF, Rf: 10
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is for common mode operation. It has three symmetrical wind-
ings wounded on toroidal core. The Ly inductor has negligible
inductance for differential mode currents, whereas L; influence
on common mode current is very low.

The analyzed structure of variable-speed drive is presented
in Fig. 3 [14, 18]. The low-voltage system is of TN type — neu-
tral point of the source is connected to earth directly and all
frames in the installation are connected to the neutral via PE
conductor. A frequency converter is of typical type which is
used in nowadays industry. It consist of input diode rectifier,
high capacitance in intermediate DC circuit and a voltage in-
verter with IGBT transistors. The motor control principle of the
inverter is the widely used V/f = const algorithm with space
vector PWM and 3.3 kHz switching frequency.

S|
M@WLE ( rH AC DC am
L2 i 1 s
H@ME ‘ J | D+ | = _I " E
-
Q@JW\ = \ U) DG PWM ]
Rectifier Inverter

PE

Fig. 3. The structure of the analyzed variable-speed drive circuit [18]

Each of the filers presented in Fig. 2 can be installed on the
inverter output. Filters are connected to the inverter with short
connections. Longer cable connects filter output and motor
terminals. One of the motor supply terminals can be short-
ened to earth using 1 kQ resistor. The low inductance resistor
simulates resistance of a human body. When a motor terminal
is shortened the excited artificial earth fault current is mea-
sured using a high frequency current probe type TCP0030 and
an oscilloscope type DPO4034. The same testing equipment

/4 Input voltage 200V/div

'|Dutput voltage 200V/div | i

voltage

Sms/div
e

time

Fig. 4. The waveforms for LCF filter: line-to-line input and output
voltage under normal operation — no earth fault, f},,,, = 30 Hz
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Fig. 5. The waveforms for LCF filter: input current and output current
under normal operation — no earth fault, f};,,, = 50 Hz

was used for motor leakage current (PE current) measurement.
The voltage differential probe type P5205 was used for mea-
surements as well.

The operation of LCF filter in failure-free case is presented
in Fig. 4 and Fig. 5 for differential mode voltages and currents,
whereas the common mode voltage waveform is presented in
Fig. 6. The common mode voltage (CMV) presented in Fig. 6
was measured between filter neutral point and inverter dc-link

‘Common mode voltage 200 Vidiv

Iy

voltage

usidiv
time

Fig. 6. The waveform of common mode voltage for LCF filter under
normal operation — no earth fault, fi;,, = 25 Hz [18]

middle point. Peak-to-peak voltage is equal to inverter DC
voltage (ca. 560 V) and the frequency is equal to inverter
switching frequency (3.3 kHz). Due to high dv/dt, CMV is the
source for significant to-earth leakage current.

Figure 7 shows an influence of the filters on motor leakage
current under normal operation. The highest value of leakage
current (measured in PE conductor) occurs in the arrangement
without motor filter (Fig. 7a). Peak value of this current ex-
ceeds 1 A. Such value may cause nuisance tripping of residual
current protective devices. LCF filter (low pass, differential
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mode filter) reduces peak value of leakage current, but slightly
(Fig. 7b). Strong reduction of this current is observed in the ar-
rangement with HF filter (hybrid, differential & common mode
filter) — Fig. 7c.

a
) . 10 ms
time >
pe(d) |
S
L
[
g
E0'2A¢ L L “‘\‘ \ \
g ji ‘ ‘ \
5 |
S 00sad 1
g | L] -
n
0 25 5 75 10 125 15 175 20 225 25
frequency (kHz)
b
) time
() 10 ms
£
L
g
®
;02A¢ ‘w"' | f I i Ll !
£ Liikidkid Wb i i AL G b
3 |
£
=3
g 005A¢
2 \
&
0 25 5 75 10 125 15 175 20 225 25
frequency (kHz)
C
) time
i 10
Ipe(®) -
£
L
[
g
E
k=
g
3

spectrum

20 225 25

0 25 5 75 10 125 15 175
frequency (kHz)

Fig. 7. Current in PE conductor under normal operating conditions

ipe(?) and its spectrum in circuit with variable-speed drive; rated motor

speed (50 Hz); a) without motor filter, b) with LCF filter, ¢) with HF
filter [18]

364

3. Earth fault current analysis

In order to evaluate shock hazard in motor circuit, a spectral
analysis of the earth fault current was performed [18]. The fol-
lowing variations of the circuit were considered:
e without motor/inverter filter,
e motor filter LCF is applied (low pass, differential mode),
e motor filter HF is applied (hybrid, differential & common
mode).
Earth fault current was measured in the structure presented
in Fig. 3. The results of the measurement are presented in Fig. 8,
Fig. 9 and Fig. 10. The earth fault current is comprised of a low
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Fig. 8. Earth fault current waveform ig(#) and its spectrum in circuit
with variable-speed drive; motor frequency 50 Hz (rated motor speed);
a) without motor filter, b) with LCF filter, ¢) with HF filter [18]
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Fig. 9. Earth fault current waveform ig(f) and its spectrum in circuit with
variable-speed drive; motor frequency 25 Hz (50% of the rated motor
speed); a) without motor filter, b) with LCF filter, ¢) with HF filter

frequency component which depends on the desired motor
speed, a third harmonic of the low frequency component, a con-
stant 150 Hz component as well as a component at the PWM
frequency and its multiple and also its interharmonics. The am-
plitude of the low frequency component, the third harmonic and
the PWM component change as a function of the motor speed
and reference frequency. The source of 150 Hz component is
the input rectifier of the converter — the 3-phase diode bridge
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Fig. 10. Earth fault current waveform ig(¢) and its spectrum in circuit
with variable-speed drive; motor frequency 1 Hz (extremely low motor
speed); a) without motor filter, b) with LCF filter, ¢) with HF filter [18]

— which is the part of CM circuit [24]. The rectifier diodes are
switched with constant frequency related to AC grid supply.
For the 50 Hz operating (motor) frequency the amplitude of
50 Hz component exceeds the amplitude of PWM component
(Fig. 8). When motor speed is decreased to 50% of the rated
value (motor frequency equal to 25 Hz), the amplitude of 25 Hz
component is almost equal to the amplitude of PWM component
for the arrangement without motor filter and with LCF filter
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Fig. 11. Content of main components in earth fault current as a function of motor fundamental frequency: a) motor fundamental component,
b) 150 Hz, ¢) PWM frequency, d) total earth fault current

(Fig. 9a and 9b respectively). The third harmonic (75 Hz) of the
motor frequency is also visible in the FFT analysis.

For very low motor frequency (1 Hz) the amplitude of PWM
component significantly exceeds the amplitude of current of
motor frequency and the 150 Hz component (Fig. 10). Such
a feature is observed regardless of the presence or absence
of the motor filter (both LCF and HF). However, comparing
Fig. 10c to Fig. 10a and Fig. 10b one can see that for HF filter
the PWM component is significantly lower than for the arrange-
ments with LCF filter or without the filter.

Figure 11 presents a variation of the earth fault current main
components (fundamental, 150 Hz and PWM) and total rms
value as a function of motor frequency. For the fundamental
component (Fig. 11a) all traces have similar characteristics. The

366

same conclusion comes from Fig. 11b — the value of 150 Hz
component. The motor filter (both LCF and HF) has slight im-
pact on fundamental and 150 Hz components in the earth fault
currents.

The effect of the motor filter on reducing the earth fault
current component is noticeable with reference to PWM compo-
nent — especially when HF filter (hybrid, differential & common
mode filter) is used (Fig. 11c).

When this filter is used, for the whole range of motor fre-
quency (1+50) Hz, PWM component is reduced to about 50%
value of the arrangement without filter. Such a reduction of
PWM component has an impact on total rms value of the earth
fault current. The lowest value of the total earth fault current is
for the arrangement with HF filter (Fig. 11d).

Bull. Pol. Ac.: Tech. 66(3) 2018
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4. Evaluation of the shock hazard

Effects of current on the human beings and livestock are in-
cluded in the report [25]. For long duration of touch current
flow and frequency 50/60 Hz, the following values of the cur-
rent are characteristic:

a) threshold of perception: 0.5 mA,

b) threshold of let-go: (5+10) mA,

¢) threshold of ventricular fibrillation:

e 30 mA (probability lower than 5%),
e 50 mA (probability lower than 50%),
e 80 mA (probability above 50%).

High frequency touch current is less dangerous than current
of frequency 50/60 Hz. Variation of the threshold of ventricular
fibrillation as a function of frequency is presented in Fig. 12.

One can see that for frequency equal to or higher than
1000 Hz the threshold of ventricular fibrillation is 14 times
higher than for frequency equal to 50 Hz.

According to the document [26] the ventricular fibrillation
hazard caused by current with harmonics may only be estimated
(rough approximation) as equivalent to the hazard caused by
a pure sinusoidal current having the following characteristics:

e the fundamental frequency with an amplitude 7., (1) equiva-
lent to the quadratic summation of all component amplitudes

I, individually affected by the appropriate frequency factor

F¢as shown in Fig. 12.
2
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Fig. 12. Frequency factor for the threshold of ventricular fibrillation
within the 50 Hz to 10 000 Hz frequency range

Results of calculations according to the (1) are presented in
Fig. 13. Equivalent earth current (rms value) was estimated for
the following motor frequencies (1, 10, 30 and 50 Hz). As it
was prior mentioned, the following three motor arrangements
were considered:

e motor filter is not installed,
e LCF filter is installed,
e HF filter is installed.

Ventricular fibrillation hazard is evaluated (Fig. 13) for

three levels of the probability (<5%, <50%, >50%). High

Bull. Pol. Ac.: Tech. 66(3) 2018
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Fig. 13. Example values of equivalent 50 Hz earth fault current vs.
probability of ventricular fibrillation

frequency currents are less dangerous than current of frequency
equal to 50/60 Hz. Thus, for lower motor frequency (earth cur-
rent comprises mainly high frequency components) the shock
hazard is less probable.

An analysis of the results presented in Fig. 13 has shown
that motor filters — especially HF filter — give positive effects.
Equivalent earth fault (touch) current is relatively low, therefore
the probability of ventricular fibrillation can be decreased. Un-
fortunately, in all cases presented above, the value of equivalent
earth fault current may cause ventricular fibrillation with the
probability of about 5% or slight more. The motor filter reduces
only high frequency current components which are less dan-
gerous for humans than low frequency components.

5. Tripping of residual current devices

To avoid ventricular fibrillation either during direct contact or
indirect contact, residual current devices (RCDs) are installed
at the beginning of circuits. The most often applied types of
residual current devices are as follows [27]:
e AC —RCDs for detection of residual AC waveforms
(50/60 Hz);

e A —RCDs for detection of residual AC waveforms and

pulsating direct residual waveforms.

The third type of residual current devices (B-type) is for
residual AC waveforms up to 1000 Hz, pulsating direct residual
waveforms and smooth direct residual current, but very rarely
used due to its high cost.

For rough orientation in tripping current of residual cur-
rent devices in circuit with variable-speed drives, a test of
two residual current devices (commonly used) was performed
(Fig. 14). 30 mA residual current devices (one AC-type and one
A-type) were tested.

The test was performed according to the diagram presented
in Fig. 3. A residual current device was installed upstream the
converter and a line-to-earth connection via a resistor of vari-
able resistance was performed. Earth current was increased and
tripping current of a residual current device was recorded. The
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PWM frequency was equal to 3.3 kHz and no motor filter was
used. Tripping current of consecutive residual current devices
(RCDs) was checked for wide range of motor frequency (motor
speed): 50 Hz (rated motor speed), 40 Hz, 30 Hz, 25 Hz (50%
of the rated motor speed), 20 Hz, 10 Hz, 5 Hz, 1 Hz (extremely
low motor speed).

Each group of results of the tripping current is compared
with the 5% threshold of ventricular fibrillation for touch cur-
rent with harmonics. This threshold of ventricular fibrillation
is calculated according to (1).

The analysis of the results presented in Fig. 14 enables to
state that tripping current of the tested residual current devices
does not exceed the threshold of ventricular fibrillation only
for motor frequencies: 50, 40, 30, 25 and 20 Hz. For motor
frequency of 10 Hz only the AC-type device tripped out below
the threshold of ventricular fibrillation level. The A-type device
opened the circuit but for current equal to 1000 mA! The worst
results were obtained for an extremely low motor speed (motor
frequency 1 Hz). Due to high level of harmonics none of the
tested residual current devices tripped out during this part of
the test.

@ Threshold of ventricular fibrillation <5% 0O AC-type @& A-type

software

} RCD
AC S O DO
50 Hz
—_— o &
AC
mixed frequencies [

Fig. 15. Simplified diagram of the laboratory stand for testing of
tripping current of residual current devices

With the use of laboratory multi-harmonics generator this
part of the test was performed for three types of the currents
[5]. The first type of the current (marked “50 Hz” in Table 1)
comprises harmonics which dominate in the earth fault current
in case of fault in the output terminals of PWM inverters for
motor frequency equal to 50 Hz.

Table 1
Harmonics content in the test currents

Waveform type Content of harmonics

pure sine wave 50 Hz from laboratory generator

1000 (reference waveform)
2 900 o
€ 800 50 Hz”: 50 Hz (motor frequency),
?E' reflects phase-to-earth 150 Hz,
o 700 current waveform for rated 900 Hz,
5 600 motor speed 1000 Hz (PWM),
o
o 1100 Hz
£ 500
§ 400 “25 Hz”: 25 Hz (motor frequency),
F 300 reflects phase-to-earth 75 Hz,
% current waveform for 50% 150 Hz,
200 ¢ of rated motor speed 1000 Hz (PWM)
100 H —
) : : | ’Z_I ‘ m_. ' Vm Urm Um “1 Hz: 1 Hz (motor' f.requency
1 5 10 20 25 30 40 50 reflects phase-to-earth —negligible),
find f H current waveform for 150 Hz,
motor fundamental frequency (Hz) extremely low motor speed 1000 Hz (PWM)

Fig. 14. Tripping current of the selected two RCDs (AC-type and A-type)
versus threshold of ventricular fibrillation; no motor filter in the circuit

In order to compare tripping current of many residual cur-
rent devices in presence of harmonics and avoid influence of
disturbances (leakage currents, magnetic and capacitive cou-
plings) which are present in power electronics converters cir-
cuits, a laboratory stand for testing of residual current devices
has been prepared. This laboratory stand enables the genera-
tion of main harmonics which occur in variable-speed drive
circuits. Figure 15 presents a diagram of the laboratory stand.
This stand is comprised of a multi-harmonics generator, a PC
for control of the generator, a digital oscilloscope and a true
rms ammeter for recording the tripping current of residual cur-
rent devices.
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The second type of the test current (marked “25 Hz” in
Table 1) reflects the earth fault current in case of earth fault
in the output terminals of PWM inverters for motor frequency
equal to 25 Hz. The third type of the test current (marked “1 Hz”
in Table 1) reflects the earth fault current for motor frequency
equal to 1 Hz [5]. The content of harmonics for all test currents
is presented in Table 1 as well. The PWM frequency is assumed
to be 1000 Hz.

Figure 16a presents an oscillogram of an example test
waveform obtained from the multi-frequency generator. This
waveform reflects earth current flowing in case of fault during
extremely low motor speed “1 Hz” (see Table 1). A real earth
current waveform from a variable-speed drive circuit is shown
in Fig. 16b. One can see that the modeled waveform is in good
convergence with the real waveform.
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Fig. 16. Earth fault current: a) generated in multi-harmonics generator,
PWM frequency 1 kHz; b) from real circuit — PWM frequency 1.67 kHz
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Fig. 17. Tripping current of the selected three RCDs of I, = 30 mA
(RCD6, RCD8, RCD10: AC-type) for modelled variable-speed drive
earth fault currents

A wide population (over 40) of residual current devices
was tested. Figures from 17 to 21 show tripping current of
the selected residual current devices representing the following
groups of these devices:

e 30 mA, AC-type — Fig. 17,
e 30 mA, A-type — Fig. 18,
e 100 mA, AC-type and A-type — Fig. 19,
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Fig. 18. Tripping current of the selected three RCDs of [, = 30 mA
(RCD12,RCD17, RCD18: A-type) for modelled variable-speed drive
earth fault currents
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Fig. 19. Tripping current of the selected two RCDs of 7, = 100 mA
(RCD23: AC-type; RCD26: A-type) for modelled variable-speed drive
earth fault currents

e 300 mA, AC-type — Fig. 20,
e 300 mA, A-type — Fig. 21.

For the reference sine wave each of the tested residual cur-
rent device tripped out within the permissible level (not ex-
ceeding the rated residual current). When test current reflecting
earth fault current for rated motor speed “50 Hz” was forced,
tripping current of the residual current devices was only slightly
higher than the one obtained for pure sine wave. For the test cur-
rent “25 Hz” a large dispersion of results was noted. However,
for all tested residual current devices with the rated residual
current 30 and 100 mA the tripping current was higher than
the rated current. Especially highly increased tripping threshold
was observed for RCD12 (Fig. 18) — almost 150 mA instead
of 30 mA. The worst waveform for the tested residual current

369



www.czasopisma.pan.pl P
=

N www journals.pan.pl

S. Czapp“and J. 'Guzinski

mRCD31 O RCD30
1800
1500

<

E 1200

£

g 900

3

Q

> 600

c

a

&

=

pure sine  50Hz rated 25 Hz50% 1 Hz
wave motor speed rated motor extremely low
speed motor speed
earth fault current type

Fig. 20. Tripping current of the selected two RCDs of [, = 300 mA
(RCD30, RCD 31: AC-type) for modelled variable-speed drive earth
fault currents

devices was the “1 Hz” one, which reflects earth fault current
for extremely low motor speed. Some residual current devices
(RCDS, RCD10, RCD17, RCD18) did not trip during this test.
The other tripped out but their tripping current was higher (in
some cases significantly higher) than the rated current.

In the “1 Hz” waveform the dominating current component
is a high frequency component (1000 Hz) and this is the cause
of a dangerous rise of the tripping threshold.

Results of the test presented above enable to state that the
most commonly used residual current devices (AC-type and
A-type) are characterized by high level of tripping current when
earth fault occurs for a low motor speed. A test of a B-type re-
sidual current device has been performed as well (Fig. 22). The
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wave rated motor rated motor extremely
speed speed low motor
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Fig. 22. Tripping current of the selected RCD of /,, = 30 mA, B-type
for modelled variable-speed drive earth fault currents
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Fig. 21. Tripping current of the selected two RCDs of 7, = 300 mA
(RCD36, RCD 38: A-type) for modelled variable-speed drive earth
fault currents

tripping characteristic of this type of residual current device is
also dependent by the waveform type and for the “1 Hz” wave-
form the RCD tripped out at current value many times higher
than for pure sine wave.

To avoid dependency of high frequency components on the
tripping current, a residual current device of I, = 300 mA (pro-
totype, laboratory version — according to the patent [28]) was
constructed and tested. This prototype residual current device
was tested under the prior mentioned test currents: “50 Hz”,
“25 Hz” and “1 Hz”. The results of the test are presented in
Fig. 23. For all test currents the tripping threshold of the pro-
posed residual current device is almost the same and does not
exceed the rated residual current (300 mA).
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600
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L I N e

pure sine 50 Hz:rated 25 Hz: 50% 1Hz
wave motor rated motor extremely
speed speed low motor

speed

earth fault current type

Fig. 23. Tripping current of the proposed RCD of /,, = 300 mA for
modelled variable-speed drive earth fault currents
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Fig. 24. Tripping current of the proposed RCD of I, = 300 mA for
selected PWM frequency and extremely low motor speed

The effect of high frequency components (due to PWM
frequency) on tripping of the proposed residual current device
was also checked (Fig. 24). The test was performed only for the
waveform “1 Hz” which is the most inconvenient for residual
current devices. The modelled PWM frequency was equal to
1000, 1500, 2000 and 2500 Hz. This test proved that the be-
havior of the proposed residual current device for current con-
taining high frequency component is favorable. This proposed
RCD can be qualified to a new type of residual current devices
(F-type) which is considered in the standard [29] and is dedi-
cated to circuits with multi-frequency earth currents.

6. Conclusion

The study of the electric shock hazard in circuits with vari-
able-speed drives has shown that earth fault current (touch
current as well) comprises harmonics which influence both the
threshold of ventricular fibrillation and tripping threshold of re-
sidual current devices. The content of harmonics depends on the
PWM frequency, actual motor speed and type of inverter output
(motor) filter. High-order harmonics are less dangerous for per-
sons than relatively low frequency components. However, when
earth current contains mainly high frequency components, reli-
able operation of protective residual current devices is doubtful.
Only residual current devices with examined tripping current in
presence of harmonics should be applied.
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