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Abstract—Traditional ground-fault arc suppression 

devices mainly deal with capacitive component of ground 
current and have weak effect on the active and harmonic 
ones, which limits the arc suppression performance. The 
capacitive current detection needed in them suffers from 
low accuracy and robustness. The commonly-used 
large-capacity reactive component may bring about 
overvoltage because of possible resonance with the 
distributed phase-to-ground capacitance. To solve these 
problems, an active ground-fault arc suppression device 
is presented. It employs a topology based on single-phase 
inverter to inject current into the neutral without any 
large-capacity reactors, and thus avoids the 
aforementioned overvoltage. It compensates all the active, 
reactive and harmonic components of the ground current 
to reliably extinguish the ground-fault arcs. A dual-loop 
voltage control method is proposed to realize arc 
suppression without capacitive current detection. Its 
time-based feature also brings the benefit of fast response 
on ground-fault arc suppression. The principle of full 
current compensation is analyzed, together with the 
controller design method of the proposed device. 
Experiment on a prototype was carried out to validate the 
effectiveness of the device. 

Index Terms—Ground fault, arc suppression, full 
current compensation, voltage control. 

I. INTRODUCTION 

OWER supply reliability is of great importance in 
distribution power systems [1]. Most of the reliability 
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problems originate from single-phase-to-ground faults. The 
expansion of distribution networks enlarges the ground-fault 
current, which results to arc striking and consequently power 
supply apparatus outage. This makes the performance of arc 
suppression device (ASD) critical to the power system. 

Traditional arc suppression coil (ASC) compensates the 
capacitive ground current by the principle of parallel 
resonance [2][3], encountering limited arc suppression 
performance as large harmonic contents can also maintain arcs 
at the ground point [4]. Besides, the possible overvoltage 
caused by the series resonance between ASC and inherent 
capacitance at the inception of ground fault may further result 
in cross-country faults and insulation failure [5]-[8]. Therefore, 
the ability of full ground-current compensation and 
dynamically adjusting the ASC inductance is emphasized in 
practice. 

Several methods have been presented to avoid overvoltage 
and achieve dynamic adjustment of ASC inductance. X. Zeng 
[9] has presented a grounding method using a pre-adjusted 
Petersen coil paralleling with a reactor, which disconnects the 
coil in normal condition and connects it to the neutral at 
ground fault, to avoid overvoltage and extinguish fault arcs. 
This method avoids series resonance to some extent, but lacks 
of flexibility to the change of distributed parameters. B. Chen 
[10] has proposed two-stage magnetically controlled reactor to 
enhance the dynamic performance and mitigate the 3rd order 
harmonics caused by nonlinearity of saturated iron core. C. 
Wang [11] has proposed a three-phase five-column Peterson 
coil which is able to automatically trace the capacitive ground 
current with reduced harmonic injection. These devices are 
suitable to use in high voltage power systems. However, both 
of them are not able to compensate the active and harmonic 
components in ground current, thus have limited arc 
suppression performance. 

The harmonics in ground current are mainly caused by the 
nonlinearity of the power transformers, mutual inductor, and 
nonlinear loads. Typical harmonic orders are 3rd (from 
transformers), 5th and 7th (from nonlinear loads e.g. rectifiers) 
[12][13]. The harmonic component of residual current may be 
several times greater than the fundamental one [4], resulting in 
unsatisfactory arc suppression performance while using the 
aforementioned methods. The active component in ground 
current is always neglected as its magnitude is relatively small 
(less than 5% of capacitive current) in normal condition, 
however, it may exceed 10% p.u. in overhead-line networks  
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Fig. 1.  Topology of the distribution network with the proposed arc suppression device. 
due to insulation aging, bad weather or environmental 
deterioration. This current certainly enlarges the arc ignition 
duration and may even cause arc-extinguishing failure. 
Therefore, full compensation of ground current is essential to 
reliably quench ground-fault arcs. 

Several active ways based on the technology of power 
electronics are proposed to meet this requirement. K. Winter 
[14] [15] has proposed a residual current compensation ground 
fault neutralizer (RCC-GFN) which is able to compensate 
harmonic ground current up to the 7th order. However, the 
response time (3 cycles) of this device is too long from the view 
of contemporary technology due to the adoption of 
gate-turn-off thyristor (GTO) based inverter with switching 
frequency of only 1.2 kHz. Moreover, the device is not 
designed to compensate the active component of ground 
current. Y. Yang [16] has proposed a principal-auxiliary ASC 
which is able to compensate the full ground current with the use 
of voltage source inverter connected to the auxiliary coil in 
parallel. This method has the advantages of full ground-current 
compensation and reasonable cost, but as it contains ASC in the 
principal side, series resonance may still happen and there is no 
measure mentioned to avoid it. Q. Chen [17] has proposed an 
ASC based on transformer with controlled load, which has the 
ability of full ground-current compensation and rapid response. 
However, this device suffers from low accuracy of the 
capacitive current detection and thus has limited 
arc-extinguishing performance. 

All the aforementioned methods face the same problem, i.e., 
the capacitive current of the distribution network which is 
necessary for them is complicated to be precisely detected, 
owing to the complexity of operation modes [18][19]. X. Lin 
[20] has presented an online distributed capacitance 
measurement via twice measuring the voltage and current of 
ASC. This method can achieve real-time detection of capacitive 
current, however, the detection time undermines the overall 
performance of arc suppression. A harmonic current injection 
method is proposed by X. Zeng [21] to realize fast detection of 
capacitive current. However, the continuously injected 
harmonics for real-time measurement may deteriorate the 
power quality of the distribution system. Moreover, the 
detection of active and harmonic current are not mentioned in 
these methods, making them unfeasible for full ground-current 
compensation. 

Recently, a hybrid flexible grounding system is proposed by 

B. Chen [22], which combines the magnetic control reactor 
(MCR) providing large-capacity reactive power and the active 
power compensator (APC) realizing full ground current 
compensation. Besides, the voltage control method used in this 
device does not need capacitive current detection, which 
decreases the response time and residual current level. 
However, the aforementioned series-resonance problem 
remains due to the use of MCR. Moreover, the control method 
adopts Fast Fourier Transformation (FFT) to calculate the 
magnitude of control parameters for real-time control. It 
significantly undermines the dynamic performance, making the 
system unsuitable for fast arc suppression. 

This paper presents an active arc fault suppression device 
(ASD) which is able to achieve full ground-current 
compensation without the detection of capacitive current. The 
rest of this paper is organized as follows. In Section II, the 
principle of full ground-current compensation is presented. The 
voltage control and implementation method of active arc 
suppression is proposed in Section III, followed by control 
performance analysis and simple design guidelines of the 
controller parameters. Finally, experimental results are 
presented to verify the effectiveness of the ASD.  

I. FULL GROUND CURRENT COMPENSATION PRINCIPLE 

A typical 10 kV distribution network with one feeder line 
and the proposed arc suppression device is shown in Fig. 1. UX 
(X = A, B, or C) is the three-phase line-to-neutral voltage. RX 

and CX are the phase-to-ground leakage resistance and 
capacitance, respectively. The single-phase-to-ground fault is 
assumed to happen in phase C with a ground-fault resistance of 
RF. The zero-sequence harmonic source is simplified to ih in 
phase A. The proposed ASD connecting between the neutral 
and the earth is shown in the dashed box. It consists of a 
three-phase uncontrollable rectifier, a single-phase inverter 
with LC filter and an isolation transformer Ti. The rectifier and 
inverter are connected in parallel with a dc capacitor.  

To simplify the analysis, the ASD is substituted for a 
controlled current source with the current of Ii. It is assumed 
that the distributed phase-to-ground parameters are balanced, 
and the phase-to-ground resistance, capacitance and impedance 
are denoted by RS, CS and ZS, respectively. It is also assumed 
that line-to-neutral voltages UX are sinusoidal in fundamental 
frequency. The ground current, faulty phase voltage, 
neutral-to-ground voltage are IF, UF and UN, respectively. Thus, 



IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS 

 

3

+ UFIi

RF

IA

IB

Ih UA

ZS

 UB

ZS

 UC

ZS

IC

IF

 
Fig. 2.  Simplified system circuit. 

 

UC




UFf

Iif

RF









UNf
Sf

3

Z
IFf

 
Fig. 3. System circuit in fundamental domain. 





UFh

Iih
RF

Ih
Sh

3

Z





UNh

IFh

 
Fig. 4.  System circuit in harmonic domain. 
the simplified circuit of the system can be obtained in Fig. 2.  

The system circuit is decomposed in fundamental and 
harmonic domain as shown in Fig. 3 and Fig. 4, respectively. 
The fundamental and harmonic components of the parameters 
in these figures are marked with the subscripts of ‘f’ and ‘h’, 
respectively. Thus, the fundamental and harmonic components 
of Ii can be expressed by 

 Nf
if Ff

Sf

3

Z
 

U
I I         (1) 

 F
ih Fh h

Sh

3
( 1)

R

Z
  I I I .       (2) 

It should be noticed that the neutral-to-ground voltage and 
faulty phase voltage are equivalent in harmonic domain. The 
expression of Ii for compensating the ground current to zero can 
be obtained via setting IF to zero and is shown as 

 Nf
i h Nf S h

Sf S

3 1
=3 ( )j C

Z R
   

U
I I U I .    (3) 

The current for full ground-current compensation is defined 
as the current injected to neutral which ensures the ground 
current to be zero under the conditions of ground impedance 
variation and zero-sequence harmonics existence. It consists of 
the active, reactive and harmonic component of the 

TABLE I 
PARAMETERS FOR CASE STUDY 

 Parameters Values 

Distribution 
network 

Damping ratio d 0.08 
Leakage resistance RS 15 kΩ 

Nominal distributed capacitance CS 2.625 uF 
Nominal capacitive current 15 A 
Fundamental frequency f0 50 Hz 
Line-to-neutral voltage EX 10.5/√3 kV

Ground fault resistance RF 
0.01 – 10 

kΩ 

Active arc 
suppression 

device 

Isolation transformer ratio N 10.5/√3:0.3
Isolation transformer capacity 100 kVA 
Isolation transformer leakage 
inductance (low voltage side) 

0.01 mH 

Sample frequency fs 20 kHz 
Filter inductance Lo 0.5 mH 

Filter inductor ESR r 0.2 Ω 
Filter capacitance Co 10 uF 

Inverter gain Ginv 600 
dc voltage vd 600 V 

zero-sequence ground current. By substituting UNf for UC, this 
current can be obtained as 

 ful_com C S h
S

1
3 ( )j C

R
   I U I .      (4) 

Obviously, if the injected current Ii is controlled to be 
equivalent to Iful_com, the faulty phase voltage and ground 
current will be limited to zero, and thus the fault arc can be 
extinguished. It is notable that expression (3) is derived on the 
condition that IF is equal to zero. This condition equals that UF 
is equal to zero, which derives 

 N C U U .          (5) 

That is to say, full ground-current compensation is the same 
as setting the neutral-to-ground voltage to the inverse of UC. To 
make it more general, the line-to-neutral voltage of faulty phase 
may substitute for UC. Therefore, full ground-current 
compensation can be guaranteed by controlling the 
neutral-to-ground voltage to the inverse of the line-to-neutral 
voltage of faulty phase. This brings the advantage that only 
these two voltages need to be detected instead of the 
complicated ground-current detection which is necessary in 
traditional arc suppression methods. 

II. ACTIVE ARC SUPPRESSION METHOD 

A. Model of distribution network 

Typical parameters for case study are listed in TABLE I. The 
distribution network is a 10 kV power system with 15 A 
capacitive current. As the bolted ground fault rarely happens, 
the ground fault resistance is chosen to be 10 Ω to 10 kΩ in case 
study.  

The power stage of the distribution network can be modelled 
in two aspects. One is in fundamental frequency, and it is 
treated as series connected voltage source E0 and impedance Zeq. 
The other is in harmonic domain, where it is equivalent to the 
current source ih. The resultant model is shown in Fig. 5, where 
N denotes the ratio of isolation transformer. For further analysis 
of the control method, the model is converted to low voltage 
side of the isolation transformer. From Thevenin’s theorem, E0 
and Zeq can be expressed as 



IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS 

 

4

Ii

RF

Ih UA

ZS

 UB

RS

 UC

ZS Zeq

 

E0 NIh



Io

CS

 
Fig. 5.  Equivalent circuit of the distribution network. 
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The equivalent voltage source E0 is the asymmetric voltage 
caused by the asymmetry of the phase-to-ground parameters. 
The equivalent impedance Zeq denotes the load of the proposed 
ASD, which is the zero-sequence impedance of the distribution 
network. Both of them not only depend on the distributed 
parameters of the network, but also the ground-fault resistance. 
The damping ratio of distribution networks normally has the 
value of 3% to 8% [9], which means the leakage resistance is 
far larger than the capacitive reactance. Thus, the resistance in 
(7) is negligible when high-resistance ground fault happens, 
which results a mainly capacitive load to the ASD. It is also 
notable that the ground-fault resistance is variable from bolted 
ground fault to high-resistance ground fault. The resistance also 
varies during the dynamic process of arc ignition. 

B. Voltage control method 

The control objective of the proposed ASD is to ensure that 
the neutral-to-ground voltage trace the inverse of the 
line-to-neutral voltage of faulty phase. With the model of the 
distribution network analyzed above, a typical dual-loop 
control method is presented in Fig. 6. Take notice that the 
leakage inductance of isolation transformer Ti is neglected as it 
is relatively small (less than 10% of the output inductance) in 
our case. It is also notable that the disturbance brought by the 
load change is added to the harmonic source NIh.  

The method includes a neutral-to-ground voltage outer loop 
and an output inductor current inner loop. As the load 
impedance may change rapidly, the dynamic performance is 
critical for the control method. Typical method to deal with 
load change is to use output capacitor current feedback (CCF) 
in the inner loop, which can be considered as a combination of 
filter inductor current feedback (ICF) with load current 
feedforward (LCF) [23]. It includes the load current 
disturbance in the inner loop, thus has better dynamic 
performance than ICF-based method, which excludes the load 
current from the inner loop, as shown in Fig. 7. 

However, it is shown later that the capacitive load of the 
ASD makes the controller difficult to maintain good tracking 
performance. Therefore, the ICF is adopted in the inner loop. A 
feedforward of the filter capacitor voltage is introduced to 
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Fig. 6.  Active arc suppression system with dual-loop control method. 
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Fig. 8.  Simplified block diagram of the dual-loop control methods. 

enhance the steady state performance of the inner loop and 
decouple both control loops. 

The block diagram of the dual-loop control method is shown 
in Fig. 7. The feedforward ratio of the output capacitor voltage 
is k, which is set to be the reciprocal of the nominal inverter 
gain Ginv. The inner loop can be simplified to Fig. 8 with the 
introduction of ε, which is a relatively tiny value as the actual 
value of inverter gain Ginv is close to the nominal one. 

 1invkG             (8) 

Therefore, the influence of the output capacitor voltage to the 
inner current loop is diminished and reasonably negligible. 
Thus, the transfer function from the control signal vm to output 
inductor current, which refers to the transfer function of ICF, is 
simplified to 

 L

m o

inv
il

GI
G

v sL r
 


.        (9) 

The asymmetric voltage and harmonic current are treated as 
the disturbance of the control system. Obviously, they are both 
in the inner loop when CCF is adopted. This brings an 
additional function Gad to the forward path comparing to the 
ICF method, as shown in Fig. 8. 

 o eq F S o
2 2

o eq F S o S F S

=
1 ( +3 ) (3 )


  ad

sC Z sR R C
G

sC Z sR R C C N R R N
 (10) 

The resultant CCF transfer function in the forward path can 
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thus be obtained. 

c

m
ic il ad

I
G G G

v
   (11) 

Obviously, Gad is a first-order high pass filter with a small 
gain. The corner frequency and fundamental frequency gain 
depend on the ground-fault resistance and distributed 
capacitance. Fig. 9 shows the Bode diagram of Gad when RF 
varies. The corner frequency decreases as RF increases, 
indicating lower fundamental gain in low-resistance grounding 
than high-resistance grounding. Fig. 10 shows the Bode 
diagram of Gad as CS varies. The high band gain decreases when 
CS increases, indicating lower anti-interference ability with 
light load. Fig. 11 shows the Bode diagrams of open-loop ICF 
and CCF transfer function. Generally, because of the positive 
slope in low band and low gain in medium band, second-order 
integrator term and high gain should be adopted in the current 
controller to obtain reasonable bandwidth for the CCF method. 
This makes the controller parameters design complicated and 
brings about resonant point in current loop. Moreover, the 
180 phase shift brought by the second-order integrator may 

Fig. 12.  Bode diagrams of G1, G2 and G3. (Frequency: rad/s) 

undermine the stability margin of the inner loop. On the 
contrary, the ICF method has flatter and larger magnitude in 
low band than the CCF, making it easy to obtain good steady 
state performance and stability margin. Thus, the ICF method is 
adopted in the inner loop. 

A practical method to design the current controller is simply 
using a proportional controller. The proportional gain Kin can 
be easily set by the desired gain and phase margin of the inner 
loop. Take notice that Kin should not exceed Lofs/Ginv as the 
discrete system stability demands. The transfer function of the 
inner loop is then obtained. 

o


 

in inv
in

in inv

K G
G

sL r K G
 (12) 

The outer voltage loop of the controller is designed to 
achieve zero steady state error in fundamental frequency and 
enough damping to the ground-fault harmonic current and load 
transitions. The transfer function of UNs can be obtained from 
Fig. 8. 

*
1 Ns 2 0 3 h

* 0
Ns h

o eq

( )

   

 


Ns

ad
u in

u in ad

U GU G E G NI

G E
G G U NI

sC G G G Z

 (13) 

Take notice that Gad/Zeq roughly equals sCo, and Gin is unity 
in the bandwidth of outer loop, then G2 can be derived to 

o
2

o u in ad

sC
G

sC G G G



.  (14) 

As Gad/(sCo) results to a first-order low pass filter, it can be 
concluded that if Gu has infinite gain at fundamental frequency, 
G2 will approach zero at the frequency, meaning that E0 can be 
perfectly suppressed. 

As the harmonic components of the ground-fault current are 
mainly in the 3rd, 5th, and 7th order, it seems simple to achieve 
harmonic damping by adding resonant controllers with 
corresponding resonant frequencies to the voltage controller 
[24]. Nevertheless, it makes the design of the controller 
complicated and increases the calculation burden to the 
processor. In fact, Gad/(sCo) in the forward path provides some  
damping to the harmonics, simple PI plus Resonant controller 
can achieve good control performance. 

2 2
0

2i r
u p

K K s
G K

s s 
  


 (15) 

The resonant controller in Gu has the resonant frequency ɷ0 
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Fig. 13.  Bode diagrams of voltage-loop forward path function under 

different ground fault resistances. (Frequency: rad/s) 

 
Fig. 14.  Bode diagrams of voltage-loop forward path function under 

different distributed capacitances. (Frequency: rad/s) 

in fundamental frequency. The turnover frequency Ki/Kp of PI 
controller in Gu can be chosen to cancel the coupling pole 
produced by Gad/(sCo) for avoiding undesired peak in closed 
loop [25]. The other parameters in Gu can be designed by 
desired overall bandwidth and stability margin. As several 
literatures [23]-[29] have addressed the outer-loop control 
parameter design, this is not further elaborated. After careful 
choosing of the parameters, the Bode diagrams of the transfer 
functions in (13) are drawn in Fig. 12. The designed forward 
path transfer function has infinite gain in fundamental 
frequency, this not only achieves zero steady state error, but 
also provides enough suppression of E0. Generally, as the main 
harmonic frequencies are within the bandwidth of the 
outer-loop controller, larger gain can provide greater damping 
to the harmonics [29]. However, the larger bandwidth 
undermines the suppression of high-order interference signals. 

The forward path functions of voltage loop under different 
ground-fault resistances are shown in Fig. 13. The resistances 
mainly affect the low frequency band, where open-loop gain 
increases as the ground-fault resistance gets larger. Thus, better 
tracing performance in fundamental frequency together with 
better suppression of low frequency harmonic currents can be 
expected in high-resistance ground faults. The crossover 
frequency tends to slightly increase as the ground fault 
resistance gets larger, which means larger bandwidth and faster 
response in high-resistance ground fault. These features are 
beneficial as the actual ground-fault resistance is mostly high. 

The forward path functions of voltage loop under different 
distributed capacitances are shown in Fig. 14. Different from 
the aforementioned conditions, the performance in 
high-frequency band is mainly affected by the distributed 
capacitance. The overall bandwidth and phase margin tend to 
decrease as the load become heavier. This means appropriate 
nominal capacitance level should be estimated as the 
distributed capacitance tends to increase with the expansion of 
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Fig.15. Implementation flowchart of the proposed ASD. 
the distribution network. 

C. Implementation 

Two issues should be addressed while implementing the 
proposed ASD to a real distribution system. Firstly, the ASD 
mainly focuses on full compensation of grounding fault current. 
That is to say, it is assumed that the recognition of faulty state is 
fully and precisely accomplished. Secondly, different fault type 
leads to different post-fault measure. For instance, when 
instantaneous fault happens, current injection should be 
stopped after certain time as the fault disappears spontaneously; 
nevertheless, it should not be stopped until the faulty feeder is 
precisely identified when permanent fault happens as the fault 
arc is supposed to last. 
The implementation flowchart of the proposed ASD is shown 
in Fig.15. Firstly, the single-phase-to-ground fault is detected 
and the faulty phase is identified. Then, a current is injected to 
the neutral point by the proposed ASD for constraining the 
faulty phase voltage. After certain delay, the injected current is 
reduced for fault type recognition. If the neutral voltage 
decreases proportionally, it indicates an instantaneous fault and 
the injected current would be removed. Otherwise, it indicates a 
permanent fault and faulty feeder detection method should be 
carried out. Finally, the faulty feeder should be isolated by 
disconnecting the corresponding breaker. 

III. EXPERIMENTAL RESULTS 

A 20 kVA prototype is developed in laboratory as shown in 
Fig. 16 with the parameters in TABLE II. It operates under the 
line voltage of 380 V. The nominal capacitive current is thus set 
to a larger value of 40 A for better performance presentation. 
The harmonic current source is denoted by a single-phase 
uncontrollable rectifier with L-type input filter and RC-type 
load which has a crest factor of 1.75 [23]. The control method 
and parameter design follows the guideline of Section II, Part B. 
The gain and phase margin of inner current loop are set to 6 dB 
and 47°, respectively. Taking into consideration the total delay 
of digital control (1.5/fs), the inner-loop proportional ratio Kin 
can be obtained as shown in TABLE II. The overall bandwidth 
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Fig. 16.  Experimental system. 

TABLE II 
EXPERIMENTAL PARAMETERS 

coefficients Values 
Nominal phase-to-ground resistance RS 200 Ω 

Nominal phase-to-ground capacitance CS 200 uF 
Nominal capacitive current 40 A 
Line-to-neutral voltage EX 220 V 

Grounding fault resistance RF 100 Ω, 10 kΩ 
Isolation transformer ratio N 1:1 

Isolation transformer capacity 20 kVA 
Switching frequency fsw 10 kHz 

Filter inductance of nonlinear load 10 mH 
Load capacitance of nonlinear load 2000 uF 
Load resistance of nonlinear load 15 Ω 
Inner-loop proportional ratio Kin 0.0265 
Outer-loop proportional ratio Kp 4.1 

Outer-loop Integral ratio Ki 73.4 
Outer-loop Resonant ratio Kr 1 

is set to be 17.2 krad/s with a gain margin of 3 dB and phase 
margin of 45°. The turnover frequency of PI controller in Gu is 
set under the nominal phase-to-ground parameters. Therefore, 
the parameters of outer-loop controller can be obtained. 

As the load of ASD is mainly capacitive, a critical issue of 
experimentation is to constrain the surge current at the 
beginning of power switch action. Thus, a current limiter is 
added to the output of voltage controller to constrain the output 
current within the bearable extent. This limiter is set to 100 A 
according to the capacity of prototype. As the theoretical 
analysis indicates that the distributed capacitance, ground-fault 
resistance and harmonic content of the ground current influence 
the compensation performance, the experiment mainly focuses 
on these parameters and is carried out in three groups. 
The first group shows the inception of the ASD when a 10 kΩ 
ground fault in phase C and the nominal phase-to-ground 
capacitance have been set. Fig. 17 shows the dynamic 
waveforms of the neutral voltage, faulty phase voltage and 
injected current. Take notice that the neutral voltage error is 
almost the same as the inverse of faulty phase voltage, thus it is 
not shown here. Besides, as the fault resistance is very large, the 
ground current is hard to be measured, thus it is indirectly 
shown from the faulty phase voltage. The dynamic waveforms 
in Fig. 17 show that the neutral voltage changes from almost 
zero to line-to-neutral voltage after a short duration. This makes 
the faulty phase voltage approach zero accordingly. A slight 
overshoot can be observed from the faulty phase voltage, 
however, the instantaneous value reaches less than 15 V after 5 
ms, indicating good dynamic performance. A step can be found 
in current waveform as the current limiter constrains the 
reference current within certain extent. 

The second group shows the inception of distributed 
capacitance changes from nominal to 1.5 nominal value when 

 
Fig. 17.  Transient waveforms at the inception of ASD with 10 kΩ ground 
fault resistance and nominal capacitance (Ch. 1: neutral voltage 210 
V/div, Ch. 2: injected current 60 A/div, Ch. 3: faulty phase voltage 210 
V/div, t: 6 ms/div) 

 
Fig. 18.  Transient waveforms at the inception of capacitance change 
from nominal to 1.5 nominal value with 100 Ω ground fault resistance 
(Ch. 1: neutral voltage 210 V/div, Ch. 2: injected current 65 A/div, Ch.3: 
faulty phase voltage 70 V/div, t: 8 ms/div) 

 
Fig. 19.  Transient waveforms at the inception of ASD with 100 Ω ground 
fault resistance, nominal capacitance and nonlinear load (Ch. 1: neutral 
voltage 210 V/div, Ch. 2: injected current 80 A/div, Ch. 3: faulty phase 
voltage 320 V/div, t: 6 ms/div) 

the ASD and a 100 Ω ground resistor have been set. It can be 
observed from Fig. 18 that the neutral voltage returns to the 
same track after a transient of about 2 ms. The faulty phase 
voltage gives a better presentation of the dynamic response. 
Overshoot up to 90 V can be observed in the voltage, while the 
resultant fault current remains small as the ground-fault 
resistance is relatively large. Larger voltage error after the  
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Fig. 20.  Steady state waveforms when 100 Ω ground fault resistance, 
nominal capacitance have been set (Ch. 1: neutral voltage 210 V/div, Ch. 
2: injected current 35 A/div, Ch. 3: faulty phase voltage 1.5 V/div, t: 8 
ms/div) 

 
Fig. 21.  Steady state waveforms when 100 Ω ground fault resistance, 
nominal capacitance and nonlinear load have been set (Ch. 1: neutral 
voltage 210 V/div, Ch. 2: injected current 35 A/div, Ch. 3: faulty phase 
voltage 10 V/div, t: 8 ms/div) 

change of capacitance can be observed as the open-loop 
bandwidth decreases according to theoretical analysis. 
The third group shows the inception of the ASD when 
nonlinear load, nominal capacitance and 100 Ω ground fault 
resistance have been set as shown in Fig. 19. Longer response 
time can be observed than the linear load case. This is because 
of the greater current surge brought by the harmonic voltage 
output of the ASD. Enlarging the limiter extent may quicken 
the response, however the resultant larger output current surge 
threaten the safety of power switches. 

Comparing the dynamic waveforms with those presented in 
literature [22], it shows that the response time of the proposed 
ASD is greatly reduced from around 120 ms to less than 20 ms. 
This is mainly caused by the complicated control process and 
the FFT method used for reference current in the literature. 

The steady state waveforms are shown in Fig. 20 and Fig. 21. 
The first figure shows the waveforms under linear load while 
the other one is under nonlinear load, both with nominal 
phase-to-ground capacitance and 100 Ω ground-fault resistance. 
From Fig. 20, slight switching frequency harmonics can be 
observed in the output current, together with good steady state 
performance in faulty phase voltage as it approaches zero. It 
can also be observed that the lag of the neutral voltage to the 
injected current (Δt) is around 4.8 ms or 86°. As the reference 
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Fig. 22.  Spectrum analysis of steady state waveforms in Fig. 21. 

directions of the injected current and neutral voltage in Fig. 1 
are non-associated, it results a power factor of 0.06 and a 
proportion of active power injection to the neutral, which 
roughly meets the relationship presented in (3) In Fig. 21, a 
neutral voltage with a smooth sinusoidal waveform can be 
observed. Spectrum analysis shown in Fig. 22 indicates its total 
harmonic distortion (THD) reaches 3.5%, comparing to 13.2% 
before the ASD is connected which can be observed from the 
first period of Fig. 19. The resultant faulty phase voltage is less 
than 5 V in RMS value, indicating good ground-current 
compensation performance in steady state. 

IV. CONCLUSION 

The active ground-fault arc suppression device can realize 
compensation of the active, reactive and harmonic currents, and 
is able to achieve better arc-extinguishing performance than 
traditional arc suppression coil. The voltages of the distribution 
networks are used to realize the full current compensation, 
achieving faster response and better robustness than the 
capacitive current based device. The experiment carried out on 
a prototype validates the effectiveness of the proposed device.  

The advantages of the proposed method comparing to other 
active ground-fault arc suppression methods can be 
summarized in three aspects. Firstly, no reactive component is 
used and thus the resonance problem is avoided. Secondly, 
there is no need to conduct the capacitive current or 
phase-to-ground parameters detection, and thus the response 
time and compensation error are both decreased. Finally, the 
instantaneous value of neutral voltage is controlled directly 
instead of using the time-consuming FFT method, which 
further decreases the response time. 

Drawbacks of this device include the high cost and low 
reliability of large-capacity use which is practical to the MV 
power system. This may be solved by the combination of the 
ASD and passive component e.g. ASC, MCR. However, the 
aforementioned resonant problem brought by this combination 
should be carefully handled. 

REFERENCES  
[1] J. Sinclair and I. Gray, “Assessing the potential for arc suppression coil 

technology to reduce customer interruptions and customer minutes lost,” 
in Proc. CIRED Int. Conf. and Exhibit. Elect. Distrib., 2009, pp.1-4. 

[2] M. Brenna, E. Berardinis, L. Delli, P. Paulon, P. Petroni, G. Sapienza, G. 
Scrosati, and D. Zaninelli, “Petersen Coil Regulators Analysis Using a 



IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS 

 

9

Real-Time Digital Simulator,” IEEE Trans. Power Del., vol. 26, no. 3, pp. 
1479-1488, Jul. 2011. 

[3] A. Kalyuzhny, “Analysis of Temporary Overvoltages During Open-Phase 
Faults in Distribution Networks With Resonant Grounding,” IEEE Trans. 
Power Del., vol. 30, no. 1, pp. 420-427, Feb. 2015. 

[4] A. Dan, Z. Czira and D. Raisz, “Decreasing the Harmonic Content of the 
Fault Current during Single-Phase to Grounding faults in Compensated 
Network,” in Proc. IEEE Buch. Power Tech. Conf., 2009, pp. 2497-2501. 

[5] R. Burgess and A. Ahfock, “Minimising the risk of cross-country faults in 
systems using arc suppression coils,” IET Gener. Transm. Distrib., vol. 5, 
no. 7, pp. 703-711, Jul. 2011. 

[6] B. Gustavsen and J. Walseth, “A case of abnormal overvoltages in a 
Petersen grounded 132-kV system caused by broken conductor,” IEEE 
Trans. Powe r Del., vol. 18, no. 1, pp. 195-200, Jan. 2003. 

[7] A. Cerretti, F. Gatta, A. Geri, S. Lauria, M. Maccioni and G. Valtorta, 
“Grounding fault Temporary Overvoltages in MV Networks: Evaluation 
and Experimental Tests,” IEEE Trans. Power Del., vol. 27, no. 3, pp. 
1592-1600, Jul. 2012. 

[8] W. Wang, L. Yan, X. Zeng, B. Fan and J. M. Guerrero, “Principle and 
Design of a Single-Phase Inverter Based Grounding System for 
Neutral-to-Ground Voltage Compensation in Distribution Networks”, 
IEEE Trans. Ind. Electron., to be published, doi: 
10.1109/TIE.2016.2612180. 

[9] X. Zeng, Y. Xu, and Y. Wang, “Some novel techniques for insulation 
parameters measurement and Petersen-coil control in distribution 
systems,” IEEE Trans. Ind. Electron., vol. 57, no. 4, pp. 1445–1451, Apr. 
2010. 

[10] X. Chen, B. Chen, C. Tian, J. Yuan and Y. Liu, “Modeling and Harmonic 
Optimization of a Two-Stage Saturable Magnetically Controlled Reactor 
for an Arc Suppression Coil,” IEEE Trans. Ind. Electron., vol. 59, no. 7, 
pp. 2824-2831, Jul. 2012. 

[11] R. Liang, X. Xue and C. Wang, “Peterson coils based on magnetic control 
adjustable reactance and its application,” in Proc. IEEE Int. Conf. on 
Autom. and Log., 2008, pp. 1551-1555. 

[12] S. Sörensen, H. Nielsen and H. Jørgensen, “Influence of harmonic 
voltages on single line to ground faults in distribution networks with 
isolated neutral or resonant earthing,”, in Proc. Int. Conf. Electr. Distrib., 
2005, pp. 1-4. 

[13] R. Benato, R. Caldon, A. Paolucci and R. Turri, “Resonance phenomena 
on line-to-ground fault current harmonics in MV networks,” in Proc. 8th 
Int. Conf. Harm. Qual. of Power, 1998, pp. 359-364. 

[14] M. Janssen, S. Kraemer, R. Schmidt and K. Winter, “Residual current 
compensation (RCC) for resonant grounded transmission systems using 
high performance voltage source inverter,” in Proc. IEEE PES Transm. 
Distrib. Conf. and Expo., 2003, pp. 574-578. 

[15] K. Winter, “The RCC Ground Fault Neutralizer — A novel scheme for 
fast earth-fault protection,” in Proc. Int. Conf. and Exhib. Electr. Distrib., 
2005, pp. 1-4.  

[16] Y. Qu, W. Tan and Y. Yang, “H-Infinity Control Theory Apply to New 
Type Arc-suppression Coil System,” in Proc. Int. Conf. Power Elect. and 
Drive Syst., 2007, pp.1753-1757. 

[17] J. Tian, Q. Chen, L. Cheng and Y. Zhang, “Arc-suppression coil based on 
transformer with controlled load,” IET Elect. Power App., vol. 5, no. 8, pp. 
644-653, Sep. 2011. 

[18] F. Gatta, A. Geri, S. Lauria, and M. Maccioni, “Analytical prediction of 
abnormal temporary overvoltages due to grounding faults in MV 
Networks,” Elect. Power Syst. Res., vol. 77, no. 10, pp. 1305–1313, Aug. 
2007. 

[19] M. Abdel-Fattah and M. Lehtonen, “Transient algorithm based on earth 
capacitance estimation for earth-fault detection in medium-voltage 
networks,” IET Gener., Transm. Distrib., vol. 6, no. 2, pp. 161-166, Feb. 
2012. 

[20] X. Lin, J. Huang and S. Ke, “Faulty Feeder Detection and Fault 
Self-Extinguishing by Adaptive Petersen Coil Control,” IEEE Trans. 
Power Del., vol. 26, no. 2, pp. 1290-1291, Apr. 2011.  

[21] X. Zeng, K. K. Li, W. Chan, S. Su and Y. Wang, “Ground-Fault Feeder 
Detection With Fault-Current and Fault-Resistance Measurement in Mine 
Power Systems,” IEEE Trans. Ind. App., vol. 44, no. 2, pp. 424-429, 
Mar.-Apr. 2008. 

[22] P. Wang, B. Chen, C. Tian, B. Sun, M. Zhou and J. Yuan, “A Novel 
Neutral Electromagnetic Hybrid Flexible Grounding Method in 
Distribution Networks,” IEEE Trans. Power Del.,  to be published, doi: 
10.1109/TPWRD.2016.2526054. 

[23] P. C. Loh, M. J. Newman, D. N. Zmood and D. G. Holmes, “A 
comparative analysis of multiloop voltage regulation strategies for single 
and three-phase UPS systems,” IEEE Trans. Power Electron., vol. 18, no. 
5, pp. 1176-1185, Sep. 2003. 

[24] M. Monfared, S. Golestan and J. M. Guerrero, “Analysis, Design, and 
Experimental Verification of a Synchronous Reference Frame Voltage 
Control for Single-Phase Inverters,” IEEE Trans. Ind. Electron., vol. 61, 
no. 1, pp. 258-269, Jan. 2014. 

[25] A. G. Yepes, F. D. Freijedo, J. Doval-Gandoy, Ó. López, J. Malvar and P. 
Fernandez-Comesaña, “Effects of Discretization Methods on the 
Performance of Resonant Controllers,” IEEE Trans. Power Electron., vol. 
25, no. 7, pp. 1692-1712, Jul. 2010. 

[26] Q. Wang, M. Cheng and Z. Chen, “Steady-State Analysis of Electric 
Springs With a Novel δ Control,” IEEE Trans. Power Electron., vol. 30, 
no. 12, pp. 7159-7169, Dec. 2015. 

[27] K. Li, M. Li, Z. Liang, Z. Dong and S. Tian, “Analytical closed-form 
expressions of DC current ripple for three-level neutral point clamped 
inverters with space-vector pulse-width modulation,” IET Power 
Electronics, vol. 9, no. 5, pp. 930-937, Apr. 2016. 

[28] Q. Zhang, X. Sun, Y. Zhong, M. Matsui and B. Ren, “Analysis and 
Design of a Digital Phase-Locked Loop for Single-Phase Grid-Connected 
Power Conversion Systems,” IEEE Trans. Ind. Electron., vol. 58, no. 8, 
pp. 3581-3592, Aug. 2011. 

[29] D. Dong, T. Thacker, R. Burgos, F. Wang and D. Boroyevich, “On Zero 
Steady-State Error Voltage Control of Single-Phase PWM Inverters With 
Different Load Types,” IEEE Trans. Power Electron., vol. 26, no. 11, pp. 
3285-3297, Nov. 2011. 

 
 

Wen Wang (M’14) received the B.S. and Ph.D. 
degrees in electrical engineering from Hunan 
University, Changsha, China, in 2008 and 2013, 
respectively. 

Since 2013, he has been an Assistant 
Professor with the School of Electrical and 
Information Engineering, Changsha University of 
Science and Technology, Changsha, China. In 
2016, he is a Guest Researcher in the 
Department of Energy Technology, Aalborg 

University, Aalborg, Denmark. His current research interests include 
power electronics, grounding methods in distribution networks. 
 
 

Xiangjun Zeng (M’03-SM’15) received the B.S. 
degree from Hunan University, Changsha, China, 
in 1993, the M.S. degree from Wuhan University, 
Wuhan, China, in 1996, and the Ph.D. degree 
from Huazhong University of Science and 
Technology, Wuhan, China, in 2001, all in 
electrical engineering.  

He worked as post-doctoral fellow in Xuji 
Relay Company and the HongKong Polytechnic 
University and a Visiting Professor at Nanyang 
Technological University, Singapore, Singapore. 

He is now a Professor and Dean of the School of Electrical and 
Information Engineering, Changsha University of Science and 
Technology, Changsha, China. His research interests include real-time 
computer application in power systems control and protection.  
 
 

Lingjie Yan was born in Hubei Province, China, 
in 1990. He received the B.S. degree in electrical 
engineering and automation from Huazhong 
University of Science and Technology, Wuhan, 
China, in 2010. He is currently working toward 
his M.S. degree in electrical engineering at 
Changsha University of Science and Technology, 
Changsha, China. His research interests include 
power electronic technology in grounding 
systems. 

 
 
 



IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS 10

Xianyong Xu was born in Henan, China, on July 
30, 1981. He received the B.S. degree in 
electrical and information engineering and the 
Ph.D. degree from Hunan University, Changsha, 
China, in 2005 and 2010, respectively.  

Since June 2010 and 2012, he has been an 
Assistant Engineer and Senior Engineer with the 
Electric Power Corporation Research Institute, 
Hunan Electric Power Company, Changsha, 
China. He research interests include the 

harmonic suppression and reactive power compensation for power 
electronic devices and active power filters, power quality of microgrid, 
ultra-high voltage ac test system and its application to UHV ac devices, 
and electric power saving. He has published over 50 journal and 
conference articles.  

Dr. Xu was a recipient of the 2010 National Scientific and 
Technological Awards of China and the 2007 Scientific and 
Technological Awards from the National Mechanical Industry 
Association of China. 

Josep M. Guerrero (S’01-M’04-SM’08-FM’15) 
received the B.S. degree in telecommunications 
engineering, the M.S. degree in electronics 
engineering, and the Ph.D. degree in power 
electronics from the Technical University of 
Catalonia, Barcelona, in 1997, 2000 and 2003, 
respectively. Since 2011, he has been a Full 
Professor with the Department of Energy 
Technology, Aalborg University, Denmark, 
where he is responsible for the Microgrid 

Research Program. 
His research interests include power electronics, distributed 

energy-storage systems, hierarchical and cooperative control, energy 
management systems, smart metering and internet of things for AC/DC 
microgrid clusters and islanded minigrids; recently specially focus on 
maritime microgrids for electrical ships, vessels, ferries and seaports.  

Prof. Guerrero is an Associate Editor for the IEEE TRANSACTIONS 
ON POWER ELECTRONICS, the IEEE TRANSACTIONS ON 
INDUSTRIAL ELECTRONICS, and the IEEE Industrial Electronics 
Magazine, and an Editor for the IEEE TRANSACTIONS on SMART 
GRID and IEEE TRANSACTIONS on ENERGY CONVERSION.  

www.microgrids.et.aau.dk



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




