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ABSTRACT 
Use of distributed generation (DG) is increasing rapidly. Concerns have been raised about the impacts of the 

improper operation of these on the protection systems. The limiting fault current ability for inverter based 

distributed generation (IBDG) can lead to the distribution network malfunctioning. With the presence of inverter 

based DG (IBDG), the fault current calculation by application of z bus matrix may be impractical due to 

difficulty in estimating the transient impendence of inverter based DG. To analyze system changes and dynamics 

in the system fault response with inverter-based DGs due to its non linearity, a simulation process has been 

developed to incorporate an inverter-based DG model.  In this work, dual loop voltage with active power control 

is done. A three phase fault is applied to find fault current contribution in the network by IBDG in grid connecter 

mode and island mode. It is found that for these two modes completely different protection systems are required. 
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I.  INTRODUCTION 
Implementation of small scale energy units 

like fuel cell, PV cell, hydro and wind energy have 

made systems more efficient than large units due to 

technical innovation. The main objectives of electric 

power industries these days are to secure future 

energy scenario and to reduce greenhouse gas (GHG) 

emissions.One of the main concerns of deregulated 

environment is to minimize the energy supply costs. 

To solve these problems distributed generation 

(DG)have become an attractive option. A DG 

connected distribution system is beneficial 

economically, environmentally and technically [1]. It 

improves voltage profile, reliability and is technically 

beneficial. Power electronic interfaces are employed 

for many renewable energy sources. They are 

connected through inverter to the electrical 

distribution network because either their output is not 

directly compatible to the grid (photovoltaic panels, 

micro turbines) or to extract maximum energy due to 

the flexibility of control of the associated power 

electronics (wind turbines with doubly fed induction 

generators (DFIG) or full inverter interfaces).  
 
DG has negative impacts on voltage and 

frequency control, protection and voltage distortion 

problems [2, 3].In case of downstream faultthe DGs 

connected to the grid increases the short circuit 

current. In addition, DG participation infault current 

contribution reduces the grid fault current. The risk of 

blinding protection may therefore be increased. 

Moreover, direction of power flow and fault currents 

may be changed. Therefore, if faults occur on a 

neighbouring feeder, the relay can be inappropriately 

tripped due to DG contribution. This is known as 

“sympathetic tripping” [4]. In inverter, fault current is 

limited due to low thermal inertia of semi conductor 

switches. Sometimes fault current supplied by 

asynchronous machines is 100 to 400% of rated 

current [5]. It may be at 500-1000% for the first few 

cycles and then it decays up to 200-400% for 

synchronous machines [5]. In case of induction 

machines, fault current level increase up to 500-

1000% during first few cycles and then decreases to 

an insignificant amount in 10 cycles [5]. Permanent 

tripping of relay or CB is not required in case of 

temporary faults occurring on a line [6]. During fault 

the re-closer is automatically disconnected and it is 

automatically reclosed after a short interval when 

arcextinguishing is completely done. This process 

occurs repeatedlyafter which the line is 

permanentlydisconnected even if the fault persists.  

However, with IBDG installed, the inverter continues 

to energize the fault by developing arc, which may 

transform the temporary fault to a permanent one[6]. 
 
DG is still considered to be an ideal source. 

In a recent work, the DG is modelled without taking 

the control system into consideration [7]. A voltage 

source inverter (VSI) is connected with DC source 

and Insulated Gate Bipolar Transistor(IGBT) is used 
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as switching device. It is found that fault current is 

only 2 times of rated current since it is limited by 

switching device [8]. Full control of both active and 

reactive power can be properly designed with 

acceptable total harmonic distortion in grid current 

[9]. In case of IBDG, power converters are used with 

switching frequencies in the range of 1–20 kHz 

causing harmonics injection to the network. Due to 

this harmonics, protection devices such as circuit 

breaker, relay may be triggered [10]. Harmonics can 

be mitigated by the use of an inductor-capacitor-

inductor (LCL) filter between the grid and the power 

converter.LCLfilter introduces higher attenuation 

with small sized passive elements. Thus IEEE 519-

1992 standards are met with relatively low switching 

frequency converters [11]. An LCL filter provides 

better dynamics, when compared to a simple L- filter. 

Control design challenges are introduced by the third 

order nature of LCL filter due to hindrance related to 

filter resonance occurrence and corresponding 

stability constraints [12]. Thereby, the engaged 

control system affects the overall system behaviour 

throughout healthy and abnormal conditions. 
 

A number of attempts for characterization of 

inverter faults have been studied previously. Many 

types of control technique are used to represent DG 

as a constant PQ source or PV source.The 

investigation on the effect of PQ controlled inverters 

on fault level is done by full time domain simulations 

where current limiting is done by instantaneous limits 

on the inductor current mentioned in this control 

system [13].A study to analyse the fault response of 

inverter based distributed generators in stand-alone 

networks was carried outelsewhere [14]. 

Conventional fault analysis method of islanded 

microgrid can directly use this proposed fault model. 

The model is developed in PSCAD and time domain 

simulations are done for result analysis [14]. 

However all these models are more or less singular in 

their objectives. Therefore integration of different 

ideas of IBDG modelling will lead to a 

comprehensive model of DG fault analysis.  
 

Output from renewable energy sources 

cannot be presumed easily. Thus to improve the 

system sustainability and performance, non 

renewable sources are necessary.For same network 

with constant load demand, DG may be operated in 

island mode or grid connected mode depending on 

energy source. On the other hand for protection 

purpose, fault analysis is important. In this work, 

short circuit current supplied by IBDG during three 

phase faults are investigated for island and grid 

connected mode with reduce penetration. Calculation 

of equivalent circuit is also not possible for IBDG. 

Hence, a complete simulation model of IBDG is 

made for fault analysis. An IEEE 14 bus network is 

considered as distribution mesh for fault analysis 

purpose and a detailedmodeling of IBDG with dual 

loop voltage control is done. A comparison is also 

made between grid connected mode and island mode 

of operation. 

II. MODELLING OF INVERTER BASED DG 

 

Fig. 1. Modelling of inverter based DG[15] 

Fig. 1 shows the simplified diagram of the 

Inverter based DG model.  DC voltage production 

takes place from somerenewable energy sources. To 

reduce harmonics, inverter filter converts DC into 

AC. Phase lock loop (PLL) is utilized to mark the 

phase angle. The modulating signal is generated by 

comparing the reference and measure signal using 

proportional integral controller(PI) or proportional 

resonant (PR) controller. Different modulation 

techniques are utilized to generate triggering pulse for 

the thyristor bridge. 

A. Island Mode 

The proposed control for the parallel Voltage 

Source Inverter (VSI) system is based on the dual 

loop voltage control framework, which includes the 

voltage and current control loops [16]. The voltage 

reference vrefis generated in ‘dq’ coordinate and 

amplitude will be controlled by the voltage control. 

Initially, the generated voltage in ‘abc’ coordinate is 

transformed to ‘dq’ coordinates by Park’s 

Transformation.  This is used for PI controller. For 

PR controller, ‘abc’coordinate is transformed to 

‘αβ’by Clarke Transformation. Fig. 2 shows a 

schematic diagram of dual loop schemes with voltage 

and current control loop.A phase-locked loop(PLL) is 

a control system where input and output signal phase 

are related to each other. To detect the phase or 

angular position this technique is mostly used [17]. 

For three phase system, Synchronous Frame PLL 

(SF-PLL) is most commonly used. 
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Fig. 2. Dual loop voltage regulator [18] 

1) Voltage Controller 

The direct control of amplitude and 

frequency in case of voltage regulated voltage source 

inverter based DG units is done by a linear voltage 

regulator placed either as a single-loop or a dual-loop 

feedback controller. An inner current control loop and 

an outer voltage control loop comprises the dual loop 

regulator which helps to improve the stability of a 

single-loop voltage controller. From Fig. 2, it is seen 

that first a reference voltage Vrefis compared 

withoutput voltage and an error signal is generated 

which is then passed through a controller block to 

generate a current reference. The reference current is 

next compared with the output current of the inverter, 

generating an error signal. This signal is passed 

through the PI/PR controller to generate a modulating 

signal which is converted into ‘abc’ reference frame 

and fed to the pulse width modulator (PWM). The 

whole system operation is presented in dq reference 

frame when PI controller is used and in    reference 

frame for PR controller. To make the system stable, 

the inner current loop must be tuned faster than the 

outer voltage control loop [18] 
 
2) LCL filter design  

a) Design of the Converter Side Inductor L1:  

The THD of converter-side inductor current 

is limited to10% when L1is designed. L1can be 

calculated as follows in (1)as [19] 
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Where THD= total harmonic distortion,fSW = 

switching frequecy of PWM ,f0 = fundamental 

frequency,E= the out put voltage, P= rated power, m= 

modulating index, 
 
b)Design of the Total Capacitance C1: 

The value of total filter capacitance C1is designed 

to restrain the reactive power to 2.5% of rated power. 

The value of C1 can be designed as in(2) 
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c)Design of the Grid Side Inductor L2:  

To design L2the first resonant frequency ω1 

is set to 0.3 times ωsw(switching frequency of PWM) 

according to the requirement of control bandwidth, 

the value of L2 can be designed as in(3) 
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3) Proportional Integral Controller (PI)  

It is used extensively and simultaneously 

along with ‘dq’ control, but its employment in ‘abc’ 

frame is also possible [20]. The transfer function of 

PI controller is described as in(4)The possibility of 

distorting the line current caused by background 

harmonics is a disadvantage in PI controllerswhich is 

initiated along the feed forward path in case of grid 

voltage distortion. This distortion can successively 

trigger LC resonance especially when an LCL filter is 

used at the converter AC output for filtering 

switching current ripple [19]. 
 

      
  

 
(4) 

 
Where Kpand Kiare the proportional and integral 

constant respectively. 
 
4)  Proportional Resonant Controller (PR)  

Control loops designed by PR controllers 

contain terms adjusted at the fundamental frequency, 

fifth, seventh, and eleventh harmonics.The transfer 

function of PR controller is described as in (5)where 

Kp is proportional constant and Ki and Kv are resonant 

constant.Current control loop as well as voltage 

control loop includes current harmonic tracking to 

supply nonlinear currents to nonlinear loads, since it 

is necessary to contain voltage harmonics created by 

this kind of loads [21]. This technique enables 

harmonics elimination. To get proper sinusoidal 

current tracking at grid frequency a controller with 

large gain makes the control loop design easier and 

improves the system performance. In this case abcto

  transformation takes place first and then 

compared with reference signal[20]. 

      
    

      ∑
     

                  (5) 

B. Grid Connected Mode 

Mostlyrenewable based DGs are connected 

to the grid through inverter based DG. Amplitude 

control of inverter based DG is same as island mode 

where a phase control is required.  Fig. 3 shows the 

grid synchronization operation with a phase 

controller. The phase controller provides a phase 

difference between output voltage of inverter and grid 

[22]. The value of the phase difference is δand 

approximate power flow can be calculated from (6).  

The phase difference error error signal generated is 

given as in (7). 
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Where  is the phase difference between output 

voltage of inverter 
1abcV and input voltage to the grid

2abcV . X is reactance between inverter and grid. 

refaverageerror PP  2   

 (7) 
 

This generated error is passed through a low 
pass filter and then through the PI controller which is 
applied to minimize the error of specified power 
output.It is then added with phase of output voltage of 
the inverter. To attenuate the disturbance from 
measurement, the cut-off frequency of the low pass 
filter has to be set at the appropriate value.The value 
must be high enough to provide a good transient 
response of the phase controller. Here the cut of 
frequency is set at 100 Hz. Finally, phase difference 
controller is used ‘dq’ to ‘abc’ transformation to 
transform the modulating signal to the ‘abc’ reference 
frame. 

 

Fig. 3. Phase controller for grid synchronization and 

constant active power 

III. SIMULATION SET UP 

When DG is connected to the distributed 
network system, a mesh network system is formed, for 
which IEEE 14 bus system is considered. The single 
line diagram of an IEEE-14 bus system is shown in 
Fig. 4. Two generators are present in the system at bus 
no 1 and 2 and three synchronous condensers are 
present at bus 3, 6 and 8 respectively. The data is on 
100 MVA base. The system data is taken from 
reference [23].DG is connected by replacing the 
synchronous condenser of bus no 8.  In Fig. 4 the 
highlighted area is considered for island mode of 
operation. It consists of 8 to 14 buses. DG is present in 
bus no 8. The inverter behaves as constant active 
reactive power source or constant voltage source with 
constant power. The inverter behavior is determined 
by the controls of that inverter and other electronic 
devices. So a complete model of inverter design is 
very important. For fault analysis of a grid connected 

network, the model of inverter based DG is done 
under the speculation that the input voltage is driven 
by constant DC sources. The pulse width modulation 
(PWM)modulates the signal developed by a close loop 
feedback controlled inverter. 

 

Fig. 4. One Line Diagram of IEEE-14 Bus System 

[22] 

A. Island Mode Operation 

The input inverter voltage is increased upto 
10 p.u in order to supply the required power. DG 
output power is 0.8 P.U that is 80 MW considering 
base as 100MVA. All the specification of IBDG is 
given below in Table I. Parameters of PI or PR 
controller can be designed in both frequency domain 
and time domain. Controller gain tuning is one of the 
main important parts of this work. For linear system 
bode plot Ziegler Nichols methods is mainly used for 
controller designing. 

 

TABLE I.  SPECIFICATION OF IBDG IN ISLAND 

MODE 

Specification of IBDG in island mode 

DG characteristics Parameters 

DC voltage  10 pu 

Output ac voltage 1.05 pu 

XL(inverter side) 0.01708p.u. 

XC  1.009pu 
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XL(grid side) 0.003p. u 

OUTPUT ACTIVE 

POWER 

0.6 -0.8 pu 

OUT REACTIVE 

POWER 

- 

 

Ziegler Nichols method is not possible 
toapply in nonlinear systems. To apply these methods, 
non linear system is first converted into equivalent 
linear system. Then the value of PID controller is 
used. This method is simple but not efficient as 
sometimes design of equivalent linear model cannot 
be possible. Analysis is done on time domain 
basis.PI/PR controller can be formulated as a single 
objective optimization problem which depends on 
time domain indices integral. The objective function is 
made to focus on the steady state error minimization 
in this work [24].By using optimization technique 
KpKifor PI andKpKiand Kvfor PR controller will be 
found . The range of the gain value when set in 
between1 to 20 providesthe best results. 

B. Grid Connected Mode of Operation 

For grid connected mode of operation a 
reduced voltage is applied. In island operation entire 
load is supplied by DG and here only 20 MW is 
supplied by the DG.Specification of inverter based 
DG is given in Table II. A three phase fault is applied 
at bus 12. Fault current is measured from the system. 

TABLE II.  INVERTER BASED DG SPECIFICATION 

WITH GRID CONNECTED MODE 

Specification of IBDG in grid connected mode 

DG characteristics Parameters 

Switching frequency 30KHZ 

DC voltage 3 pu 

Output ac voltage 1 pu 

XL(inverter side) 0.01708p.u. 

XC  1.009pu 

XL(grid side)  0.003p. u 

OUTPUT ACTIVE 

POWER 

0.2 pu 

OUT REACTIVE 

POWER 

0.01 pu 

Harmonic 2.639% 

IV. RESULTS AND DISCUSSION 

A. Island Mode 

In island mode the system is disconnected 
from the grid. In this work bus 8 to bus 14 was 
separated from the grid as shown in Fig. 4.In this 
mode if a bolted three phase fault is applied for 0.01 to 
0.05 sec at bus 12,resulting fault current and bus 
voltage for every bus are shown below in Table III 
and Table IV. Before fault, the rated output current is 
0.6 p.u obtained from the inverter. Inverter is operated 

in voltage control mode. Voltage sag during fault is 
also shown below in Table IV.  

TABLE III.  FAULT CURRENT (IN PU) IN ISLAND 

MODE 

Fault current (in pu) in island mode 

Fault bus 12  

Fault current at bus 12 0.41pu 

Fault current from IBDG 0.8pu 

TABLE IV.  VOLTAGE AFTER AND BEFORE THREE 

PHASE FAULT 

Voltage after and before three phase fault 

Bus 

no. 

Fault voltage (p.u) Voltage before 

fault(p.u) 

 8 1.04 1.05 

 9 0.7 1 

 10 0.6  0.95 

11 0.6  0.9 

 12 0  0.88 

 13 0.175  0.85 

14 0.4  0.9 

 

Fig. 5. Fault current (in pu) in island mode(time in 

sec) 

Fault current in island mode is shown in Fig. 5.  The 

value of Kp=19.9781, Ki=9.636243, andKv=2.78774 

for PR controller is foundby optimization.For PI 

controller, the value of Kp=1.9497 and Kv=2.5477 is 

found.Harmonics is foundto be in between 1.2 % and 

1.33%. 
 

From the above Fig 5 it is found that the 
current contribution from IBDG is 0.8 p.u,which is 
only 133 % percent above the rated current. For higher 
efficiency of controller, harmonic presence in the 
system is also minimized. If it is operated by other 
type of DG like Synchronous based DG (SBDG),the 
current contribution must be above this [5]. IBDG 
have a current limiting capacity which is discussed 
previously. If it is operated grid connected mode then 
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fault current may be high. To show this grid connected 
operation is done. 

B. Grid Connected Mode 

A three phase fault is applied at bus 12 for 
0.1 sec to 0.5 sec without DG and the current wave 
forms are observed. Simulation models developed for 
IBDG are then connected to the network at bus 8 by 
replacing the synchronous condenser. IBDG is 
operated in voltage control mode for grid connected 
mode which is previously discussed and fault current 
is also measured thus considering all the dynamics, 
fault current and voltage sag during fault is try to find 
out in this work. 

 

Fig. 6. Fault current (in pu) without DG (time in sec) 

 

Fig. 7. Fault current (in pu) with IBDG (time in sec) 

From Fig. 6 and Fig. 7, it is found that fault 
current is maximum for IBDG and minimum for the 
system without DG in grid connected mode. Voltage 
sag is also minimum for IBDG during fault. Since 
IBDG is operated at voltage regulated mode, IBDG 
wants to keep the voltage constant. So voltage 
deviation is minimum by regulating the reactive 
power. It can therefore supply constant active power 
but variable reactive power. In case of system without 
DG operation, synchronous condenser is present in the 
system of standard IEEE14 bus network at bus no 8. 
So in this case also voltage deviation is minimum at 
bus 9.Pre fault, post fault voltage for every bus and 
fault current is shown in Table V and VI. 

 

 

 

TABLE V.  FAULT CURRENT (IN PU) AT BUS 12 IN 

GRID CONNECTED MODE 

Fault current (in pu)  at bus 12 in grid connected  

mode 

DG fault current(p.u) 

NO DG 0.8 

With IBDG 0.9 

When IBDG is grid connected, it is operated at 
voltage control mode with active power control. The 
current supplied by the IBDG can be a maximum up 
to 1.3 to 1.5 of rated current. Presence of alternator 
helps to give fault current up to 5 times the rated 
current.But here DG penetration level is only 7%. If 
penetration level is increased, fault current level may 
also increase. But voltage controller circuit operates to 
keep constant voltage at the output. So voltage sag is 
also minimized. Another impact of IBDG is that it 
increases the harmonics of the input fault current. For 
protection system designing of a low pass filter is 
considered otherwise protection device cannot identify 
or differentiate the temporary fault and permanent 
fault. 

TABLE VI.  VOLTAGE AFTER AND BEFORE THREE 

PHASE FAULT 

Voltage after and before three phase fault 

Bus 

no 

Bus voltage after fault Pre  fault voltage  

 WithoutDG(p

u) 

With 

IBDG(pu) 

 Without DG (pu) 

1 0.8 0.86  1.060 

2 0.79 0.85  1.045 

3 0.7 0.83  1.010 

4 0.58 0.8  1.0334 

5 0.6 0.68  1.0301 

6 0.42 0.56  1.0700 

7 0.47 0.7  1.1225 

8 0.4 0.9  1.0900 

9 0.7 0.75  1.0847 

10 0.401 0.6  1.0749 

11 0.362 0.4  1.0693 

12 0 0  1.0572 

13 0.27 0.4  1.0547 

14 0.214 0.6  1.0540 

 From the above result it is also found that for 
same load response the fault current is less for island 
mode. In this work, only IBDG is present and this 
does not give the fault current above 1.33 unit of rated 
current. Therefore the current is limited altogether. So 
a different suitable protection system will be required 
for this purpose. 
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V. CONCLUSION 

In this work, the impact of installation of 
DGs in distribution systems is discussed for the 
protection purpose. Computation of fault current by 
applying the Z bus matrix may not be appropriate due 
to the complexity in guessing the transient impedance 
of the inverter based DGs.  A simulation strategy can 
be applied to calculate the fault current and a 
comparative analysis is made between the grid 
connected mode and island mode with varying IBDG 
output.It is found that a different protection co-
ordination is required for grid connected and island 
mode of operation. 
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