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High frequency behavior of residual current devices

Fabio Freschi

Abstract—The purpose of the paper is to analyze the behavior =~ Some early works investigated the effects of harmonics on
of residual current devices at frequencies higher than theated general equipment and protections [7], [8], [9], [10]. IrL]1
one. Many experiments are carried out by measuring tripping  the author considered the nuisance tripping of RCDs due to
current and time of devices of different typology, produced ) . . .
by different manufacturers. The attention is mainly devoted to over VOItages and suggested some installation tricks 'er(_mj )
verify the satisfaction of the current-time safety curve athigh €nsure maintenance of energy supply for non faulty circuits
frequency and experiment tripping and immunity to unwanted In [12] two techniques are proposed to reduce vulnerability
tripping in presence of harmonics. Conduced tests show thahe o the nuisance tripping: phase detection and time delay. In

pehavior of residqal current devices at high frequency is sbngly [13] the effects of harmonics on RCDs performances are
influenced by their typology rather than the values assumed

their physical parameters. In addition, a mathematical mocl m_ve;ngated, hlgh!lg_htlﬂg the main paramet_ers affectllhg_
is developed and simulations are compared with measuremesit tripping characteristics of RCDs: phase shift of harmaonics
showing a satisfactory agreement in the whole frequency rage transformer and relay time constants. In [1] authors regobrt
under study. some experiments on low sensitivity RCDE\{ > 30 mA).
Index Terms—Residual current device, frequency, harmonics. Authors empirically discovered that when only a single har-
monic is present, there is a critical percentage of harmtmic
|, INTRODUCTION fundamental ratio such that the tripping current is minimum

. . This critical percentage decreases as the order of harmonic
ESIDUAL current devices (RCDs) are circuit breaker b g

. o ecomes higher. They also proposed a filter to be included
that are able to automatically open the circuit wher.

: . the RCD, obtaining a more stable tripping characteristic
they are placed when the residual current due to a cwcﬁl ning 'PPINg !

) . . . ) esence of harmonics. A more detailed experimental toc
failure is beyond a predefined threshold. The residual otuise H b pab
defined as the vectorial sum of all currents that flows throug
live conductors, neutral conductor included. These devige
also referred to as residual current circuit breakers Rﬁcﬁ: . .

L ’ ainly caused by the peak value of current; in presence of
[1], or ground-fault circuit interrupters, GFCIs [2]. RC2se h y y b P

fund al s f ot inst indirect ctst armonic it is necessary to limit leakage current in order to
rundamentals components for saety against indirec avoid unwanted tripping and under surge conditions, RCDs
in low voltage installations and they improve safety in cake

direct contact [3] withstand only short duration currents. Finally, in [15] BE
The behavior of RCDs is well known when the fault curre were tested for high harmonics up to 49th and results were

: . ompared with ama-priori qualitative analysis.
is at the rated frequency df0/60 Hz. Only a few studies : ; ; .
consider RCDs operating at higher frequencies. The irtterg The purpose of this work is to analyze the behavior of high

) ) gnsitivity RCDs when the fault current has higher freqyenc
for high frequency performances can be motivated by the fa}ﬁtan the rated one and in presence of harmonic distortion
that some particular installations work at rated frequesci '

higher than standars0/60 Hz (e.g. airport installations work Low voltage, high sensitivity devices are produced by dfe

) . - . manufacturers and many constructive typology are consitler
at400 Hz [4]). More common in nowadays installations is th y ypology

. o . ?AC, A with electronic board or resonance capacitors, see
presence of electronic switching converters to supplyaidei Section II. The aim of the experiments is to verify:

speed drives [5], ballasts for lighting, common mode filters _ . _
that can cause significant protective conductor currents up® 1€ compliance of RCDs with the current-time safety
to tens of kilohertz [6]. When considering the presence of CUve with high frequency supply; _
frequencies higher than the fundamental one, three issugs m * tiPPINg and immunity of RCDs in presence of harmonic
be addressed in the working of RCDs: d|§t.0rt|0.n. .

. tripping at frequencies different from the rated onke !N a@ddition, in order to make reproducible results and to be
actual shape of the fault current is very complicated fble to model different supply conditions, a mathematical
real world applications, and the device must guarantéféOdel is developed and tuned with respect to measurements.
safety even in presence of high harmonics;

« unwanted trippinghigh frequency residual currents must [l. WORKING PRINCIPLE AND MATHEMATICAL MODEL

not trip the RCD when the conditions for tripping are not A rcD is basically made by three parts (Fig. 1).dé-

met; ferential transformer an electromechanical relayand some

« blinding: high frequency residual currents must not ingqgitional components perform signal conditioning between
hibit the correct behavior of RCDs at the rated frequencye other two.

F. Freschi is with the Energy Department, Politecnico diiff@r Torino, The _differential‘l tranSermer is a high Permeab”ity magmet
Italy (e-mail: fabio.freschi@polito.it) core with one primary winding for each live (phase or neltral

as adopted in [14] to test RCDs against harmonic ground
It and surge currents. Authors examined RCDs from one
anufacturer. They found that in normal operation trippmg
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Fig. 1. Functional representation of a single-phase RCD.
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conductor. In normal operation the vectorial sum (magmitudrig. 2. Example of electromechanical relay: (A) magneticuit, (B) floating
and phase) of all currents is zero. If there is an unbalancy eggg (C) permanent magnet, (D) traction spring, (E), &) mechanical
condition due to a ground fault, a magnetic flux in the mag- '

netic core is generated and an electromotive force is pté@sen Do

the secondary winding. The equivalent electric circuit ban
built assuming negligible coil resistances (because cctodsi
are short and have large cross section) and leakage indestan D,
(because of high core permeability). By assuming normdlize
values with respect to the transformation ratio, the mosdel i
reduced to the magnetization inductantg, and the iron
losses resistanc,, (Fig. 3, red blocks).

The electromechanical relay has the role of converting

electric i_nto_mechanical power in order to start the o_penir%ge tuned with respect to the relay inductance at around
of the circuit breaker. Different manufacturers use défer 56 11, in order to decrease the overall impedance of the
assembling schemes, but the working principle is common apgay and increase its sensitivity to small currents. Thaay e

can be explained by the scheme of Fig. 2. The permane@iinected in series and/or in parallel (Fig. 3, orange Block
magnet (C) preloads the magnetic circuit (A) in order t0 A getector of the tripping condition and a mechanical delay
maintain closed the floatmg anchor (B) _by compensating thee introduced to complete the RCD model (Fig. 3, grey
attractive force of the spring (D). In ordinary conditiomis¢  p|ock). The detector sums the magnetic flux due to permanent
floating anchor is attached to the magnetic circuit due {3;gnet and the one due the secondary current. The resultant
the attractive force originated by the magnetic flux of thgagnetic force is proportional to the square of the restitan
permanent magnet. During fault conditions the coil (E) ifyx. when this value exceeds the mechanical force of the
energized. An alternated magnetlc flux is superimposeddo %ring, the circuit breaker opens the main contacts after a
DC flux of the magnet. During a half-wave, the two fluxegpecified delay. The functional diagram of the detector is

are opposed in sign and the total attractive force acting @Rown in Fig. 4 and is embedded in the grey block of the
the anchor is reduced. When the mechanic force of the Spri&%plete model of an RCD of Fig. 3 built in Simulink [16].

exceeds the magnetic force, the anchor moves the release (F)
and causes the tripping of the circuit breaker. The coil ef th
: : ; ; A. Parameter assessment

relay is taken into account by a series resistafze The . _ o .
magnetic circuit of the re'ay is modeled by an inductance The model of F|g 3 requires the definition of .S()me e.|eCtrlca|
Lyeiay COnnected in parallel with the resistanég.,, that Parameters. These parameters can bg obtamed direct mea-
takes into account iron losses. The model provides for tvigirements of the RCD components. Differential transformer
different values for these parameters to consider relajosed Parameters are measured by a standard no-load test. The same
or open position (Fig. 3, blue block). test is repeated for the relay, by introducing a low distorti

The connection between transformer and relay can be dirédPlifier since the voltage value are a few percents of volts.
but usually somedditional componeniare present to improve Méasurements are performed at a working point close to the
the RCD performances. In order to avoid nuisance trippingP€ning of the relay and when the relay is open. The resistanc
noise suppressors (e.g. anti-parallel connected diodeerz of the re_lay coil is measured in DQ. The trlpplng threshold an
diodes, ...) can be placed at the secondary of the diﬁeréﬁ_echanlcal delay are regulf_;lted_ln or(_jer to f|F the measured
tial transformer. They are neglected in this study, becauiPPing current and the tripping time with the simulatecesn
they affect the behavior of the RCD only in case of over-
voltages. On the contrary, the model contemplates the pecese Il. M EASUREMENTS
of resonance capacitors, because they drastically affect t Two classes of RCDs have been tested: AC and A type. Ac-
RCD performances in ordinary conditions. These capacitarsrding to IEC Standard 60755 [17], AC type ensure tripping

Hit
Crossing

Fonolia /I

Fig. 4. Functional diagram of the detector block.
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Fig. 3. Simulink model of the complete system: (green) regicturrent supply, (red) differential transformer, (Blegectromechanical relay, (red) resonance
capacitors, (yellow) monitors, (grey) electromechaniaialck, (white) main contacts.

TABLE | e . . )
NUMBER AND TYPOLOGY OF TESTED DEVICES 3) tr!pp!ng .“me at high frquency, _
4) tripping in presence of third harmonic;
manufac. typology symbol _ quantity 5) immunity to unwanted tripping.
A AC, direct AC/d 3 A . .
5 AC. direct AC/d 5 During these experiments the operating current and the non-
A, electronic Ale 3 operating current are defined respectively as the maximum
c AC, direct AC/d 2 and the minimum tripping current among five consecutive
AC, direct AC/d 4 .
D A, electronic Ale 2 experiments.
A, resonance capacitors Alc 3

A. Frequency range definition

: . : . The purpose of RCD is to reduce the hazard of electric
for residual sinusoidal alternating currents, whereas pety . : . . .
shock in case of a failure of the equipments basic insulation

can operate also with pulsating direct currents. RCDs &dol : .
. to ground [3]. For this reason the device must guarantee the
for the study are produced by four different manufacturers

. . . oo automatic disconnection of supply according to the cufrent
:jn:\;icczzt:da?:. A, B, C, D. The inclusions criteria for the sedec time safety curve defined in IEC Standard 60479-1 [18] for

frequencies up ta00 Hz. This curve is asymptotic to the

« Aor AC types; _ o value of 30 mA: currents exceeding this threshold must be
« instantaneous (not time delayed) tripping; interrupted in a time compliant with the safety curve.
. smgle_ phase;; _ IEC Standard 60479-2 [19] suggests to account for the

« combined with over current device; effects of frequencies higher thaf /60 Hz on the probability

» rated residual operating current 8 mA; of ventricular fibrillation by means of thigequency factor:
Coupling between transformer and relay can be direct, liye larger the frequency the lower the probability of filatibn
means of resonance capacitors or with an electronic bogsée Table II, first two columns). By taking into account that
able to store energy. They are here identified with the lowen low voltage installations the rated line-to-ground agk is
case letters d, c, e, respectively. Table | reports numbér amsually lower thar230 V and the value of body resistance is
typology of tested RCDs. All RCDs are preliminary testedlways larger thar600 €2 [18], it comes out that the larger
to confirm functionality on a regular basis: they tripped fofrequency of interest isl000 Hz. In fact at 1000 Hz the
a residual current in betweeh,/2 and Ia, with gradually threshold of the safety curve 5y = 14:
increasing current; break time for abrupt application/gf,
was not beyond00 ms. Five experiments are implemented 30 mA - 14 = 420 mA
to verify the behavior of RCDs at high frequencies and wit{yhile the maximum current that flows through the human body
harmonic distortion: during a direct or indirect contact is

1) opening transient; 230 V

2) residual operating current at high frequency; 600 q — o83 mA
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02 e e b = L circuit increases, increasing the total reluctariteas well.
65 : : ' : : Since the magnetic flu® is a state variable, its value must
2 /\ be continue. To guarantee the feasibility of the identity:
- RO = Nirelay
705 L I}
0 0.01 0.02 0.03 0.04 0.05 . .
e ) the currenti,e1,y; must promptly increase to compensate the

abrupt change ofR. During the phase (T3) a new steady
T T T3 T4 state condition is reached;ci,, andi,c1., assumes the values
compatible with the new reluctance. The interval (T3) can be
Fig. 6. Opening transient measuredi@0 Hz for AC/d type of manufacturer yjewed as the mechanical delay required by the main contacts
A to open the circuit. When contacts are open (T4) the residual
currentia is suddenly interrupted. There is no evidence of

which is lower than the safety threshold. In the remainder 8§f€ctric arc phenomena, becaugehas low intensity.

the paper;1000 Hz will be considerer the limit frequency for The same device (AC/d type, manufacturer A) is then sim-
the analysis. ulated by using the model described in Section Il. Simutatio

results are reported in Fig. 7. Notwithstanding a reasanabl
) ) good agreement between measurements and simulations, some

B. Opening transient structural discrepancies can be highlighted. The measured

The opening transient is studied by setting up a measuveaveform of v,15, is distorted, due to the nonlinearity of
ment bench as sketched in Fig. 5. Measurements are reldtegl magnetic characteristic. Since parameters of the model
to the AC/d type of manufacturer A. An arbitrary wavefornare linear, this phenomenon is neglected in the simulations
voltage generator is connected to one random pole of tBenulations do not provide any distinction between phase T2
breaker. Probes are inserted into the circuit by removirg thnd T3, because the transition of the reluctaRcand other
RCD enclosure, taking care of preserving the functionalfty parameters is considered instantaneous.
the device. Four waveforms are recorded by a digital oscil- Opening transient drastically changes when the residual op
loscope: residual operating currei®, phase voltage (usederating current is instantaneously supplied to the RCD. &ig
to trigger recordingSpiig, Voltage vrelay and currentivc,y,  Shows the simulation of this situation. At= 0.01 s a residual
that supply the relay. The transient phase correspondirgg taurrent of50 mA at 400 Hz is applied. The magnetic flux is
frequency of400 Hz is shown in Fig. 6. During the first phasefive times as large as the steady state values. These values
(T1) the residual operating current is slowly increasedl|unare able to determine the tripping of the device. During the
tripping conditions are met. The signal,iy, that represents mechanical delay interval, magnetic flux follows its tramdi
the voltage drop across a pole of the device, has the saewelution. When the current is interrupted, the residuat flu
shape of the voltage,...;, rescaled by the voltage ratio ofvanishes, according to the system’s time constant. Thidystu
the differential transformer. The second phase (T2) stitts explains why RCDs operates with lower currents when they
the movement of relay contacts. The air gap of the magnetice instantaneously supplied, while slowly increasingdresd
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Fig. 8. Opening transient with instantaneous supply ofdredi current.

obtained by rescaling the asymptotic safety valuS@®@fmA
by the frequency factofF’;. The comparison shows that all

I
O
S

devices maintain their protective function in the wholegan
0 “Crmanuf. A . of frequencies under study. Different conclusions can bevdr
— zmmfﬁ when comparing the measurements of operating current for
E300 <-manuf. D different types of RCDs. In Fig. 10 data of AC/d, Ale and
£ 250 ® safety values Alc types assembled by manufacturer D, are presented. The
gmo . AC/d type is the same already discussed in Fig. 9. The
£ 5 operating currents for Ale type RCDs are larger than those

of the AC/d type, but they still satisfy the safety consttsin
Considering the curve for A/c type RCD, due to a specific
tuning of capacitors with respect to the fundamental fregye

0 100 200 30 400 s0 e w0 s o 100  the operating current increases exponentially. This biehas

frequency (Hz) common to all devices equipped with capacitors, because at
high frequency the relay is short-circuited by the capacito
Fig. 9. RMS value of residual operating current of AC/d typms. chJnnzcttled in parallel. AR00 Hz the protective function is
already lost.

The accuracy of the model developed in Section Il is also
currents causes RCD tripping only if they reach larger \@luerified when predicting the operating current of AC/d type
than the rated one. of manufacturer A. Model parameters are calibratetiCatz
and they are maintained constant for every frequency. The
comparison between measurements and simulations is shown
in Fig. 11. The good agreement is justified by a relative

This test allows to determine the residual operating cuefror is always lower than 8%. LArger errors arises at higher
rent at different frequencies for different classes of RCD&equencies, where eddy currents and hysteresis lossemeec
Fig. 9 shows the behavior of AC/d type RCDs of differeninore evident.
manufacturers. The first point &0 Hz is used to verify
the correct working of devices: according to IEC Standards _ . . .

61008-1 and 61009-1 [20], [21] the value must be betwedh 1PPINg time at high frequency

Ian/2 andIa,. All tested devices show the same qualitative The compliance with the safety values is not a sufficient
behavior: the higher the frequency, the larger the opegatinondition to guarantee the protection against indirectaxis.
current. The increasing trend with frequency is mainly dukt each frequency the interruption time must be compatible
to the fact that at higher frequency, higher magnetic fosce with the current-time safety curve. IEC Standard 6100947 [2
required to activate the release mechanism because the fatefines the tripping characteristicft/60 Hz. Again this val-
acts to the floating anchor for a shorter time. Contributoryes must be rescaled by the frequency faétprThe study of
causes are larger losses due to eddy currents and hystetbsipening transient in Section 111-B showed that the irigp

at high frequency. The different slope is mainly due to thitme when the residual current is instantaneously applesi h
constructive model of the relay, in particular the positmh two components: the time required by the magnetic flux to
the permanent magnet. in the magnetic circuit. The measuredch the tripping threshold and the time required to open th
tripping currents are compared with the so callafety values main circuit contacts. While the latter is almost constard a

C. Residual operating current at high frequency
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TABLE II
TRIPPING TIME FORA/C TYPERCDS (S: SUCCESSF: FAILURE).

; - 2300 ms Z 150 ms ~ 40 ms It is necessary that these currents do not compromise the
) (’)” I*EfIA)n re(S;Jlt 2FpIan  result | 5Fpla,  result protective function of RCDs and they do not affect the
Hz - mA - mA - mA - . T

=5 5 0 < 50 S 150 S contmuﬁy of s.upp!y -becau§e of unwanted trlpplng-.

100 15 45 s 90 s 225 s In this Section it is studied the value of operating current
200 2.0 60 f 120 S 300 s at 50 Hz when a pre-existing third harmonic residual current
800 457 135 f 270 f 675 ° is present in the circuit. The choice af50 Hz is due

400 58| 173 f 345 f 863 f . ' i

500 7.0 210 f 420 f 1050 f to the fact that it is the component that commonly gives
600 9.2 | 277 f 553 f 1383 f higher contribution to harmonic distortion. The experimisn
700108 324 f 649 f 1621 f repeated with different rms values of currentldd Hz and

800 12.0| 360 f 720 f 1800 £ ) ) ‘

900 13.0| 390 f 780 f 1950 ¢ with different phase shifts with respect to the fundamental
1000 14.0| 420 f 840 f 2100 f _harmonic. Results of Fig. 12 show that the presence of a third

harmonic residual current increases the sensitivity ofRE®
causing the tripping with values lower thdn,. The effect is
equal to the mechanical delay T3, the former depends on th@plified by increasing the phase shift between fundamental
residual current characteristics (e.g. initial value, @favm, and third harmonic.
...). Thus, total tripping time is not a constant parameter The standard value of residual non-operating current is
of the RCD and its value is not a component characteristig.57,,, [20]. The experiments show that this value is satisfied
For this reason all devices have been tested five times; thBen the pre-existing current is also lower th&fla,. As
test is considered passed if the break times was always lowebd installation practice, high frequency residual cutse
than limits. Experiments show that AC/d and A/e type havhould be limited to values below, or, equivalently non-
break time by far lower than those of IEC Standards. We caperating thresholds should be set taking into account the
conclude that if the tripping characteristic is satisfied@tlz, possible presence of high frequency residual currents.
all tested AC/d and Ale type RCDs maintain their protection
function also at higher frequencies. Alc type RCDs have
operating currents larger than those used for the expetsmelfr- Immunity to unwanted tripping

thus they fail the test as reported in Table II. Unwanted tripping occurs when RCDs operate in non
faulty circuits. The result is an interruption of continuibf
supply which could be as dangerous as failures. In ordinary
conditions, the RCD must not trip when for residual currents
High frequency residual currents are caused essentially B\er than0.574,.. In order to test the immunity to unwanted
two effects: tripping, in Fig. 13 is shown the high frequency current that
« the phase-to-ground insulation impedance decreasescatises the RCD tripping when superimposed t60aHz
high frequencies, because the parasitic capacitive reagsidual current 0f.4/x,. According to results discussed in
tance decreases. Thus, at a fixed voltage, earth leak&ig 9, the larger the frequency the better the immunity. The
currents are higher at high frequency, even if the insulaxperimentally evaluated high frequency non-operatimgscu
tion is not damaged; is:
« common mode filters of power electronic devices cause In = (0.45+0.55 x 1073 f) Ian. 1)
the presence of harmonic currents in the protective con-
ductor. This trend is reported as dashed line in Fig. 13.

E. Tripping in presence of third harmonic
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IV. CONCLUSIONS

The aim of this work is two-fold:

(1]

(2]

(3]

(4]
(5]

(6]

(7]

(8]

El

« verify the satisfaction of the current-time safety curve aiq;

high frequency;

o experiment tripping and immunity to unwanted trippinqll]

in presence of harmonics;

The experiments carried out show that the behavior of RCDs

at high frequency is strongly influenced by the typology eath

than the values assumed by their physical parameters. AGA
and A/e type RCDs with direct coupling between differential
transformer and relay have times and currents consistaht wi.3]
the safety values in the full frequency range. Alc types
have restricted working frequency range, due to the specific
tuning frequency between capacitors and relay inductdree. [14]

experimental cut-off frequency is abdft0 Hz. Measurements

at high frequency show that all AC/d and Ale type RCDgj5;
have tripping time below the values prescribed by the IEC

Standards.

The presence of third harmonic in the residual currefg)

increases the RCD sensitivity: the larger thi# Hz current,

the lower the tripping current &0 Hz. This effect is empha-
sized by increasing the phase shift between the third and

[17]

fhe

fundamental harmonic. A common problem among differefid]
typologies of RCD is the immunity to unwanted tripping'[zo]
the harmonic distortion can cause the premature operation
of devices. This effect can be mitigated only with a specific

attention during the design phase of the installation. IBina

experiments have not highlighted any blinding effect.

[21]

As far as the mathematical model is concerned, results
obtained are in good agreement with measurements. The

model parameters can be set by measurements at a single fre-
guency, and maintained constant in the full range of opegati

frequencies. Even though the model has been only used to

validate the results, it can be fruitfully adopted for thesige

of new devices. It is worth noting that the assessment of the

model is limited to high sensitivity RCDs. Saturation effein

differential transformer and relay may become not neglégib

in other devices, where higher tripping currents are pdessib
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