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Abstract: The contribution current of an inverter-interfaced distributed generator unit during a fault
is one of the significant challenges for two modes: grid-connected and isolated AC microgrid. For
this challenge, this article is aimed to study two methods of fault current calculation for two modes:
grid-connected and isolated microgrids. These methods include a virtual equivalent impedance
and a proposed method. The proposed method is a new technique for calculating the fault current
contribution depending on the droop control of inverter-interfaced DG. The proposed method can
control the contribution short-circuit current of DG within its limit (2 p.u.) where it is dependent
on the voltage value of the DG bus to calculate the short circuit current of DG by using the control
criterion. Static security risk and load shedding are calculated after fault clearance using an operation
scenario in which the distribution system will be divided into small subsystems and is then grid-
connected and isolated due to the removal of the faulted bus by protection devices. The proposed
technique is applied to a standard IEEE 33-bus distribution network with five DGs. The results show
that the contribution current of inverter-interfaced DG during the fault has more effects than the fault
current of the nearest faulted bus to the DG bus. The proposed technique improves the calculated
fault current value by about 30% for the grid-connected microgrid and by about 50% for the isolated
microgrid from its value of the virtual impedance method. The static security risk is improved after
load shedding. The static security risk improved by about 0.025%.

Keywords: microgrid; fault current; distributed generation; static security risk; load shedding

1. Introduction
1.1. Motivation

Over the past decades, the electric power industry has undertaken significant dif-
ferences in response to growing concerns about global weather change and the volatility
of fossil fuel prices. To produce more efficient, reliable and ecologically friendly energy,
the expansion of the use of DGs is of great importance. This movement has developed
into the theory of a “microgrid”, which can be explained as a set of distributed energy
resources and energy storage systems controlled by an efficient energy management system.
A microgrid (MG) can operate in both grid-connected and standalone modes. Island MGs
are considered a great solution for some applications where the main network connection
is absurd or weak. AC MGs are very popular due to their ease of modelling, simple design
and efficient operation.
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A faulted DG bus makes the equivalent circuit of the entire system look different
from a conventional power system. The DG source can be considered a voltage source or
a current source in the sequence network depending on the faulty control system and the
relative model of inverter-interfaced DG. The analyses of fault characteristics of DGs with
different control schemes and comparisons are discussed in detail in the literature. Both
current control and voltage control schemes are discussed in [1-5].

1.2. Related Work

Various methods have been acquainted with controlling islanded MGs. In general,
droop control is a ward control that shares the active and reactive powers of DGs. Virtual
equivalent impedance is used to improve the exhibition of droop control. The adaptive vir-
tual equivalent impedance is employed to enhance traditional virtual equivalent impedance
procedures. The estimation of virtual equivalent impedance is not consistent in the adaptive
virtual equivalent impedance system and fluctuates at any moment in a manner that expels
impedance imbalance between various DGs. The control innovation of MG is key to the
operation of the system. Developed control innovations can improve the adaptability of
microgrid activity and improve control quality. The issue of fault current computation in
a power system with inverter-based DG is underlined by the fault ride-through prerequisite
declared in grid codes.

In [1,2], two model-based fault-tolerant control strategies for a diesel engine gen-
erator functioning as the main generating unit in an islanded MG comprising a hybrid
wind-diesel-PV system with a battery storage system based on the master-slave strat-
egy were proposed. In [3], a new algorithm for calculating the short-circuit current of
a droop-controlled DG was presented. Simulation results based on PSCAD/EMTDC and
calculation results based on Matlab/Simulink confirm the correctness of the proposed
fault models. A simplified and automated approach for calculating short-circuit currents
for grid-connected AC MG has been explored for the fast and accurate calculation of the
short-circuit current contribution from IBDGs and RBDGs, which was discussed in [4].
The current limiting strategy, which can be implemented in various frames of reference,
has been studied in [5]. As a special case, wind and PV generators’ short circuit current
contribution was investigated, and recommendations are provided for the island mode of
microgrid operation.

An improved control system provides suitable power-sharing and reduces the flowing
current while the voltage drop over the output impedance of DGs is remunerated by
utilizing adaptive virtual equivalent impedance [6]. An idea titled ‘virtual equivalent
impedance’ is acquainted with executing the droop control for microgrids. By this strategy,
the proportional impedance of the inverter, just as the complete corresponding impedance
of the system, is with the inductive characteristic, which meets the prerequisites for the
execution of P-f and Q-V control procedures [7]. Enhancing the efficiency of DG units by
increasing power-sharing using an improved droop control technique, which depends on
virtual equivalent impedance, is examined in [8]. Virtual equivalent impedance, angle and
frequency droop control are significant in keeping up the system’s stability and power-
sharing between DGs in MG. In MG, voltage/frequency stability and precise power-sharing
are substantial undertakings. The virtual equivalent impedance strategy is acquainted
early with shape-wanted output impedances in uninterruptible power frameworks. The
traditional P-w frequency droop control is right off the bat suggested to accomplish power-
sharing control in parallel inverters without correspondence with joining frequency droop,
and the virtual equivalent inductance technique, an adjusted proportional-derivative type
of P-w frequency droop control is acquired for improving transient stability [9].

A virtual arrangement impedance imitates the control methodology for current-
controlled standalone PV or wind ranches to upgrade the power moveability of the trans-
mission line [10]. This methodology can be viewed as incorporating the elements of the
Realities gadgets, for example, arrangement capacitors, into the lattice side converters of
PV or wind ranches by using the receptive power ability of the converters. Power stream
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count and short-out estimation are the premises of hypothetical research for circulation
coordinated with inverter-based appropriated age. A coordinated power stream and short-
out estimation technique for appropriation connected with inverter-based circulated age is
proposed in [11].

An inverter-based DG equivalent model for a distributed system’s static and error
operating states was investigated, and the difference between power flow and short circuit
calculation was also investigated. In [12], the implementation of an extended power flow
for DGs controlled by droop control of active and reactive power functions and virtual
impedances in a low voltage (LV) microgrid was studied. The study provides an idea
of the virtual equivalent impedance parameters and the higher accuracy of the reactive
power flow calculation. To improve the system’s stability and prevent power coupling,
the virtual equivalent impedances can be set between the converter’s outputs and the
main network [13]. A robust virtual equivalent impedance implementation method is
demonstrated to mitigate voltage distortion problems caused by load harmonics instead of
physical impedance effects. In addition, the idea of adaptive virtual equivalent impedance
aims to improve power control performance under transient faults of the network [13].
A virtual equivalent impedance-based short-circuit current limiter is shown for isolated MG
consisting of many inverter-interfaced DGs [14]. Virtual equivalent impedance-based short-
circuit current features an adaptive, low-cost implementation and suppresses short-circuit
current fluctuations during faulted AC MG recovery. Concerning the usefulness of DGs,
the protection methods for MGs are more complex than for passive distribution networks.

DGs can lead to the stoppage of operation or deliberate operation of protective devices
under emergency conditions. The inertia of inverter-based DGs is opposed to rotary DGs,
such as small hydro generators, diesel generators, etc., and the fault current limits are
reduced due to the inverter’s rated power. Various methodologies have been presented to
improve the protection schemes of MGs. Virtual equivalent impedance-based short circuit
current limiter is designed to suppress short circuit current in AC MGs. An approach to
calculating the fault current is shown depending on the estimate of the virtual equivalent
impedances of inverter-interfaced DGs in the MG [15].

The accurate assessment of the short circuit current in grid-connected and isolated
MGs with different types of loads (dynamic or static) using three detection strategies
(the traditional method based on the representation of the power system by the source
voltage and Thevenin impedance, the IEC standard and rectification coefficients strategy
for calculating and the virtual equivalent impedance method) has been studied in [16].
The algorithm for calculating the fault current for such a network is described in [17]. The
algorithm corrects the traditional short circuit calculation technique using power flow-
based calculation. As a method of equivalent voltage source at the fault site, an approach
is used to calculate short-circuit currents in electrical distribution networks [18,19]. The
IEC 60909 specification applies, according to which an equivalent voltage source replaces
the fault.

From the studies presented above, the equivalent model of an inverter-based generator
handles well when calculating the power flow. The current specific situation with inverter
DGs was not considered. At the same time, the inverter-interfaced DG could be modeled
as the current source, which has already been mentioned in some studies. However, the
models of current sources proposed in these works are ideal for a simplified analysis of
the organization of current release. Thus, many research studies have been investigated
the model of DG during the fault but the short-circuit current contribution of DG cannot
controlled within the inverter current limit of 2 p.u.

The method for assessing the probability of risk in the power supply is due to faults
of the system’s protection relay, which considers the probability of a malfunction in relay
protection systems. The availability and suitability of the risk assessment method for the
protection relay of systems were tested on two models studied in [20]. Power systems can
be affected by unforeseen and unavoidable faults and failures, making safety assessment
a serious issue that requires significant research work [21]. A probabilistic risk assessment
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of the types and cases of deterioration in power quality that may arise due to the high
integration of photovoltaic generation in the low voltage distribution network is performed
in [22]. Ref. [23] investigated a static security study to select a post-shutdown plan and
load-shedding strategy to achieve the energy balance of subsystems.

1.3. Contributions

To decrease short circuit current calculations problems of grid-connected and isolated
MG:s, this article aims to calculate the short circuit current for grid-connected and isolated
MGs by virtual equivalent impedance and a suggested method. The proposed method for
calculating the contribution of the short-circuit current of a controlled DG is used to analyze
the equivalent model of an inverter-interfaced DG. There are three cases of calculating this
contribution of the DG to the short circuit current depending on the voltage of the DG
bus. Inverter control limits its current to the 2 p.u. inverter rating. Accordingly, this study
contributes the following to the literature:

e Power flow is investigated on the IEEE 33-bus with five DGs distribution system
using a modified Newton—-Raphson program for the grid-connected system while the
Trust-Newton—-Raphson program for the IEEE 33-bus with five DGs isolated systems
is used;

e  Developing the proposed method for calculating the contribution of the short-circuit
current of a controlled DG according to the equivalent model of an inverter-interfaced DG;

e  The simulation was carried out by observing the test system’s bus voltages and short-
circuit currents through various DGs locations;

e A fair comparison of short circuit current contribution of DG using virtual equivalent
impedance and the proposed method;

e  Calculating the static security risks and load-shedding during various fault locations
using a scenario in which the distribution system will be divided into grid-connected
and isolated small subsystems. This scenario shows that the system protection relays
will disable the faulted bus.

2. Research Method
2.1. Power Flow Calculation
2.1.1. Power Flow of Grid-Connected Microgrid

The inverter-interfaced DG control is the main component of its characteristics output
for different controls; the model of DG of power flow program is different from conventional
synchronous generators. The first model of DG is PQ model. This is used for constant
power control. While the second model of DG is PV model for constant voltage control.
In the second model, the reactive power of DG is limited by inverter rating. For the
abovementioned method, there are two models of DG: PV model and PQ model. These
models are employed with traditional power flow techniques such as back/forward sweep
or Newton—-Raphson methods. In this paper, the modified Newton—-Raphson method is
used to analyze the power flow for the grid-connected system while the Trust Newton—
Raphson program is used for isolated systems.

The modified Newton-Raphson method is used to solve energy flow microgrids by
combining DG descent control with the traditional Newton-Raphson method. In order
to find the voltage angle and magnitude of a droop bus at the (i + 1) iteration, the active
and reactive powers of the droop buses need to be calculated and added to the mismatch
matrix by the droop control active and reactive power equations. If the active and reactive
powers of the droop bus exceed their limits, the active or reactive power is set to its rated
value of inverter-interfaced DG. The active power of inverter-interfaced DG depends on
the system’s frequency. For that, all the inverter-interfaced DGs in the microgrid will feed
active power at the same angular frequency. The Newton-Trust domain method is a simple
and effective tool for solving systems of nonlinear equations and optimization problems
on a large scale. It was originally designed to solve unbounded optimization problems.
These methods behave similarly to Newton-Raphson algorithms, which are characterized
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by quadratic convergence. They also have the advantage of providing a solution whenever
it is found.

2.1.2. Power Flow of Isolated Microgrid

The absence of a slack bus in isolated MG makes its power flow different from that of
grid-connected MG. The DGs operate primarily in droop mode against the backdrop of
isolated MG mode. The droop control technique of DG is, to a large extent, an excellent
alternative to on-load power to be shared between different generating sets since, in
a scaling strategy, the distribution of power is linked to the power rating of the DG sets.
The configuration of the droop control parameters of DGs should be chosen so that the
loads have participated in the extent of their ratings. The formulas of attributes control DGs’
shared active and reactive power P-f droop Q-V separately. DGs work largely in the (P-Q)
or (P-V) mode for grid-connected MG. Newton—-Raphson computation is the best method
for tackling nonlinear problems in the power flow problems. Modified Newton-Raphson
technique [24] or the Newton—Trust region approach [25] has been applied to solve the
power flow of isolated MG. This paper solves the power flow of islanded MG by the
Newton-Trust region procedure. The three-phase active and reactive power of droop
control inverter-interfaced DG operating can be stated in the power flow formula as follows:

Ppg = %p(w* —w)
Qpc = #(VEG — Vpg)

)
where Ppg and Qpg are active and reactive power level of DG, w* and w are the nominal
and operating frequency level of the system, V[;; and Vpg are the nominal and operating
voltage of DG, and m;, and np, are the active power static droop gain and the reactive power
static droop gain.

A current limiter usually provides the DGs to restrict the output current of DG to its
active and reactive rate Pmax and Qpax-

2.2. Fault Current Calculation

Short-circuit current estimates must often be supplied on the substation’s secondary
rails regardless of the DG connection configuration (connection to an active feeder or
directly to the rails via a dedicated line). Irrespective of the short circuit current level, it
is the sum of the maximum phase fault currents from the upstream network through the
step-down transformer. Various generating units (and maybe motors) are interconnected
to the distribution system. The short circuit current value for grid-connected and isolated
MGs is calculated using the virtual equivalent impedance and the proposed methodology.
The proposed method improves the method for calculating the short circuit current by
employing the influence of the droop control inverter-interfaced DG. Ref [11] explains this
paradigm in detail.

2.2.1. Virtual Impedance Method

At the faulted bus, the short circuit current contribution of DG is very high, but the
control of the inverter restricts this current value to 2 p.u. Each inverter is provided with
a variable virtual impedance that limits the short circuit current contribution up to 2 p.u.
When the fault location changes, the virtual equivalent impedance value changes to keep
the short-circuit current contribution within 2 p.u. The following algorithm was used to
tackle this problem [16].

Each inverter is replaced by a virtual equivalent impedance.

The virtual inverter impedance R/X ratio is considered the same as the R/X ratio of
the transmission line to which the inverter is attached.

Calculate each inverter’s short circuit current contribution when a three-phase fault arises.

Change the virtual equivalent impedance of the inverter.
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Recalculate the short circuit current contribution of each inverter. If it is more than
2 p.u of the rating current of inverter rating, the virtual equivalent impedance changes to
a limit current at 2 p.u. The equivalent circuit of DG during a fault is depicted in Figure 1.

S

lena

@

Figure 1. The equivalent circuit of DG during fault.

2.2.2. The Proposed Method

1. Calculate the Power flow of IEEE 33 bus with 5 DGs (Figure 2) by the Newton-Trust
region program.
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Figure 2. IEEE 33 bus with 5 DGs Isolated Microgrid.

2. By using the estimated data from step 1, compute short circuit currents of feeders and
bus voltages during a fault using the algorithm in Figure 3.
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START

ead the line and bus data of /
IEEE 33 bus and DGs

Calculate steady state values of voltages and power using
conventional Newton Raphson load flow for grid-connected microgrid
and trust Newton Raphson load flow for isolated microgrid

Initial values V=V, Iy
Read faulted bus number ny fault impedance Zy
Caleulate Z,,, using eqs.(3) and (4)

o

Calculate voltage buses during fault VFyusing eqgs. (5) and (6)

Calculate contribution current of DGs during fault eqgs. (8)- (12)

Calculate fault current at faulted bus using eq. (13)

Calculate error ¥V errorl;

NO

Error<=10"

Figure 3. Flow chart of the proposed technique.

3. From the flow chart, we have the following:

(a) Assume that the pre-fault bus voltage is identical to the calculated voltage
in step 1 (V = Vm) and short-circuit currents adjusted by zero values; then,
construct system impedance matrix Zbus. Then, knowing the bus number nf
and impedance Zf of the faulted bus, calculate the faulted buses by adjusting
all voltage sources to be equal to the zero value; the pre-fault value of faulted
bus is —V¢ and the short-circuit current of the faulted bus-I by the following
nodal voltage equation is calculated as follows:

Yiu - Y| [av, 0
e —Vi| = |- )
Yin - Ymn AVn 0
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where AVq, ... ... ... ,AV}, are the variation of buses voltages due to the short
circuit current —I;. The nodal voltage equation is expressed by using system
bus impedance:

AV1 Zn - Zm 0
Vel =1 ®)
AVn Zin -+ Zm 0

-1
where Zp,s = Yy -

Calculate the change of bus impedance by adding the influence of grounding impedance (z):
1

Yiif = Yiinf + — 4)
zf

where Yji¢ and Yj¢ are the self-admittance of faulted bus i of post-fault and pre-fault
admittances.
Estimate buses voltages during the fault by using the follow:
At faulted bus:
Vi =LZg )

Other buses: s
Vi = kao( - kn) (6)

Determine the short circuit current of the feeder, which is connected between n and

k buses.
Vin — Vi

I pr—
fnk Zox
The contribution of short circuit current of inverter-interfaced DG is calculated using

three cases depending on the bus voltage of DG by analyzing the comparable model of
droop control inverter-interfaced DG.

@)

(1) Case1is anormal condition of DG for Vpg > 0.9 p.u, and DG keeps active withreac-
tive power control at constant values. The contribution current is determined by the
following:

P
Id — DG , Iq — QDG (8)
Vbg Vbg
where Vg is the bus voltage of DG, and Ppg and Qpg are the active power and
reactive power outputs of DG, respectively.

(2) Case 2is starting reactive power control of DG for 0.4 p.u < Vpg < 0.9 p.u, DG. The

contribution currentus estimated by the following:
Iy = Poc p k(1 — Vpg)Ia )
Vpg” 1
where I, is the p.u nominal current of inverter-interfaced DG, and k is the constant
voltage coefficient of reactive power current output of DG; it is about 2. If

_ I
I%l + I%l > (IDGmaX>2 - |IDG| = IpGmax, 0 = tan ! 1 (10)
DGmax

(38) Case 3 is only reactive power control of DG for Vpg < 0.4 p.u. The contribution
current is calculated by the following:

Ia =0, Iq = Imax (11)
The total contribution short-circuit current of DG is as follows:

Ipg =14 +qu (12)
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Main grid

The calculated short circuit current at faulted bus r is I;:

N
=) Lok (13)
K

where I is the short circuit current of feeder linked between r and k buses and N is
the number of feederslinked to bus r.

(b)  Repeat voltage and current steps by calculating to assure accuracy (10~%).

4. For other DG locations, calculate all previous steps from step 1 to step 4.

2.3. Operation Scenario of the Distribution System during the Fault

Due to utilizing the three-phase to ground fault in the distribution system, the short
circuit current is very high. For that, the protection device of the system will disconnect
the faulted bus. The distribution system will divide into small subsystems for the faulted
bus that is grid-connected and isolated. For example, when the fault occurs on bus #3, The
protection device will disconnect faulted bus #3. The distribution system will divide into
three subsystems, as shown in Figure 4.

LN_.
A 3T
-

I

ﬁi
-
- 6 T_

36

RO

Figure 4. Three subsystems due to the removed faulted bus #3.

2.4. Static Security Risk

The static security risk index (R) in research involves the loss load risk index (L / rj) ,
nodal limiting violation risk index R(V/ r]-) and frequency limiting violation risk in-
dex R(f/1j).

The static security risk R(r;) of the system can be attained by the following:

R o K(3) o () ()

(14)
=, Py ( )Ssev( )+ oy Pr ( )Ssev( >+ o Pr ( ) sev(f/r)
where Sy (L/1j), Ssev(V /1) and Seey (f/17) are the severity of loss load, node voltage
limiting violation and frequency limiting violation under outage r;, respectively, and i,
«y and «; are their comparable weight values, respectively. The likelihood of the jth
component failing is Py (rj).
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The severity of the fault can be obtained by the following [23].
Ssev (C/rj) = Sgev(Xc) = €% —1 (15)
The loss value of loss load xy, is attained by the following:
NrL
P
XL = Eh:] FLh (16)

N
Ly21 Pzy

where Npr, Nz, PrLy and Pzpy are the total number of loss load, the total number of load,
the active loss power of the hth and the active power of the y load point, respectively.
The nodal voltage limit violation loss value xy is obtained with the following:

Vm'm - Vi 0< Vi < Vmin
Xy = 0 Vimin £ Vi < Viax (17)
Vi — Vmaxvi > Vmax

where V; is the voltage level of node i, and Vax and Vi are superior and lesser bands of
voltage, respectively.
The frequency limiting violation loss value x¢ is obtained by the following:

fmin_f ngéfmin
=40 fmin < f < fax (18)
f — fax f> fmax

where f is the frequency of the system, and fiax and fin are the superior and lesser bandsof
the set steady-state frequency, respectively.

2.5. Load Shedding Strategy

To assess load shedding, compare the entire output of the DG of system or islanded
DGs subsystem to the total active power of the load.

If Ppgz > Prz(1+ o) and Ppgz < PpGzmax, there is no load shedding. However,
there are two techniques for calculating the load-shedding value Py .

a.  Compare the output of DGs with the overall active power of the demanded load.
In this case, the load flow program does not have any results where the values of
voltages, currents, and power of buses are not convergent:

Ppgz < PLz(l + 0') (19)
P

Praftersh = (12_(;5_) (20)

Prsp = Prz — PLuftersh (21)

where Ppcz, Prz and Ppagersh are the overall active output of the DGs, the active
power of the load in the system or subsystem of islanded DGs and the full active
power of the load after shedding, respectively, and o is the net loss coefficient.

b. Compare the output of DGs with a maximum output of DGs. In this case, the load
flow program has results but the values of voltages are small and the output of power
of DG is greater than its limit:

PDGZ > PDGZmax (22)

Praftersh = PpGz — PDGZmax (23)
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where Ppgz, PDGZmax and Ppafiersh are the overall active power output of the DGs,
the total maximum active output of the DGs and the entire active power of the load
after shedding, respectively, and o is the net loss coefficient.

3. Results and Analysis

Figure 2 shows a three-phase fault in the IEEE 33-bus with a five DG distribution
scheme. The study examines the short circuit current computation on the IEEE 33-bus
distribution system, which has a rated voltage of 12.6 kV. Buses 8, 12, 22, 25, and 29 are
interconnected to the same inverter-interfaced DGs. The virtual equivalent impedance
is used to compute the short circuit current. Table 1 exhibits the proposed approach for
grid-connected and islanded MGs for four distinct locations of five DGs. One MVA and
12.6 kV are the base power and voltage.

Table 1. Four cases for DG placement in IEEE 33-bus distribution.

Linked to Bus No.

DG Bus No. Case 1 Case 2 Case 3 Case 4
34 8 1 1 3
35 9 18 8 12
36 12 22 9 21
37 18 25 14 24
38 24 33 18 29

3.1. Grid-Connected Microgrid

On bus No. 8, a three-phase-to-ground fault is introduced to the IEEE 33-bus with
a five DGs distribution system (see Figure 2). The short circuit current at bus No. 8 is
estimated using virtual equivalent impedance and the proposed methodologies. The short
circuit current value at bus No. 8 is depicted in Table 2 for four different cases. The output
short circuit current levels of DG buses during the fault are indicated in Table 3 using
two techniques.

Table 2. The estimated short circuit current at bus No. 8 for four different cases.

Fault Current Casel Case 2 Case 3 Case 4
virtual impedance method (p.u) 72.90 47.71 69.99 52.94
proposed method (p.u) 42.80 32.56 40.80 42.45

Table 3. DG buses’ estimated short circuit current during the fault for two techniques.

Casel Case 2 Case 3 Case 4
DG Bus Virtual Proposed Virtual Proposed Virtual Proposed Virtual Proposed
Impedance Method Impedance Method Impedance Method Impedance Method
34 13.5 2.0 3.1 0.02 3.8 0.37 3.98 0.56
35 10.93 1.80 7.07 1.19 13.55 2.0 10.92 1.77
36 8.93 1.39 2.50 0.11 11.17 1.84 2.64 0.11
37 6.16 0.95 3.97 0.61 7.64 1.22 4.09 0.61
38 5.08 0.74 7.06 1.22 5.52 0.78 8.51 1.47

As demonstrated in Table 2, in Case 1, the greatest value of the short circuit current is
72.90 p.u for the virtual equivalent impedance technique and 42.80 p.u for the suggested
method, as shown in Table 2, when compared to other examples when all DGs linked
to corresponding feeders (bus #6-bus #18) closed to a fault. When all DGs connected to
the buses are far from the fault, the lowest short circuit current value is 47.71 p.u for the
virtual equivalent impedance technique and 32.56 p.u for the suggested method in case
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2. According to the results in Table 3, the short circuit current contribution of DG can be
limited to up to 2 p.u using the proposed method, which is better than the virtual equivalent
impedance method. The maximum value of this current is 13.5 p.u for virtual equivalent
impedance when the fault occurs at bus 8 near DG while its maximum value is 2 p.u for
the proposed method.

A three-phase to ground fault is applied to all buses. To calculate the fault current
value in all buses using virtual equivalent impedance and proposed methods. Figure 5
shows the fault current value in all buses using virtual equivalent impedance and proposed
methods. The current fault level computed using the proposed technique is lessthan
the value obtained through the virtual equivalent impedance approach, as illustrated in
Figure 5. For two different methods, fault current values are greater at buses adjoining the
main grid; for the suggested technique, fault current values are 119 p.u at bus #1, 110 p.u at
bus #2, 109.5 p.u at bus #19, and 73.2 p.u at bus #23; for the virtual equivalent impedance
method, fault current levels are 153 p.u at bus #1, 151 p.u at bus #2, 131.7 p.u at bus #3,
and 131.5 p.u at bus 19.DGs’ short circuit current contribution levels linked to buses 8, 12,
22,25, and 29 are in the interior of their inverter-interfaced DG (2 p.u) limit value for the
suggested technique during the fault, as shown in Figures 6—10. When a failure occurs at
the bus to which they are interconnected, the short circuit current contribution values of
DGs are very large when using the virtual equivalent impedance method: 13.5 p.u. for DG
1 at faulted bus #8, 13.3 p.u. for DG 2 at faulted bus #12, 14.1 p.u. for DG 3 at faulted bus
#22,16.2 p.u. for DG 4 at faulted bus #25, and 15.7 p.u. for DG 5 at faulted bus #29.
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Figure 5. The value of fault current in all buses using virtual impedance and proposed methods.
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Figure 6. Bus voltages at faulted bus #3 before and after load shedding.
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Static Security Risk Evaluation Outcomes

The protection device will disconnect the faulted bus as a result of the short circuit
current value, and the distribution system will be divided into subsystems. The power
flow program is used to assess all buses’ voltage and active power. The static security risk
(R) and load shedding can be calculated using Equations (13) to (20), in the values of the
constants are o =ccy=c¢= 0.005, Py(rj) = 1/33, Viax = 1.05, Vipin, = 0.95, fnax = 1.05
and fin = 0.95. The net loss coefficient can be calculated using the steady-state load flow
of the IEEE distribution system o = %, Ppetiosses are the net losses of the network, and

gnet

Pgnet is the overall generation of the system. Table 4 shows the static security risk and load
shedding values during the fault at buses #2, 3,4, 6,7, 8, 12 and 13.

Table 4. The static security risk and load shedding values.

Failure and Shedding Loads

0,
Faulted Bus No. R, % (kW)
2 0.0485 100
3 0.1237 530
4 0.0255 120
6 0.049 60
7 0.026 200
8 0.05 200
12 0.1955 510
13 0.1477 450

Due to the fault at bus #3, the isolated subsystem has buses # 23, 24, 25 and 38, and
the overall active power of the demanded load is greater than the active power generation
of DG at bus #38. The values of voltages are equal to zero, and this subsystem needs to
shed its load. The value of the shedding load is calculated by reducing the load by the
percentage of load after shedding to total load. The static security risk is a high value as
a result of faults occurring near the main grid at buses 2, 12 and 13. When the fault occurs
at buses 12, 13 to 18, all load shedding comprise failure loads.

Due to the fault, the protection devices will remove the faulted bus, as explained in
Section 2.3. The operation scenario divides the distribution system into grid-connected and
isolated subsystems. Each subsystem works as a small distribution system. The modified
Newton-Raphson and Trust-Newton—Raphson load flows are employed to evaluate the
steady-state operation of subsystems and load shedding, which can be calculated using the
strategy in Section 2.5. Figure 6 shows bus voltages at faulted bus #3 before and after load
shedding. Others faulted buses #2, 4, 6, 7, 8, 12 and 13 do not need to shed their load.

3.2. Isolated Microgrid

On bus No. §, a three-phase-to-ground fault was introduced to the IEEE 33-bus with
the five DG distribution system (see Figure 2). The short circuit current at bus No. 8 is
estimated using virtual equivalent impedance and the suggested techniques. For four
different cases, Table 5 displays the short circuit current value at bus No. 8. Table 6
demonstrates the contribution of DGs to the short circuit current during the fault using
two different strategies.

Table 5. The estimated short circuit current value at bus No. 8uses two techniques.

Fault Current Case 1 Case 2 Case 3 Case 4
virtual impedance method (p.u) 45.90 42.59 46.38 43.11
proposed method (p.u) 22.96 22.68 23.24 22.96
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Table 6. The calculated output short circuit current of the DG buses throughout the fault in two approaches.

Casel Case 2 Case 3 Case 4
DG Bus Virtual Proposed Virtual Proposed Virtual Proposed Virtual Proposed
Impedance Method Impedance Method Impedance Method Impedance Method
34 31.08 2.0 1.30 1.56 1.68 1.76 1.28 1.54
35 10.78 1.05 0.77 0.84 30.96 1.96 1.31 0.94
36 0.71 0.35 0.33 0.33 10.33 0.58 0.32 0.32
37 0.77 1.05 1.29 1.28 1.02 1.06 1.24 1.23
38 0.47 0.44 0.42 0.42 0.23 0.27 0.60 0.41

The short circuit current contribution of DG can be limited up to 2 p.u using the
proposed method, which is better than the virtual equivalent impedance method. The
maximum value of this current is 31.08 p.u for virtual equivalent impedance when the fault
occurs at bus 8 near DG while its maximum value is 2 p.u for proposed method, as shown
in Table 6. The short circuit current value for the isolated MG is independent of the DG
location from the faulted bus. For four cases, the virtual equivalent impedance technique
provides short circuit current values in the range (425-460) p.u and the proposed method
yields short circuit current values in the range (226-232) p.u. Compared to other cases,
as in Table 5, the virtual equivalent impedance technique’s greatest short circuit current
value is 46.38 p.u and 23.24 p.u by the suggested method in case 3.In case 2, the virtual
equivalent impedance technique yields 42.59 p.u, and the proposed method yields 22.67 p.u
as the lowest short circuit current value. When all buses are equipped with a three-phase to
ground fault, the virtual impedance and the proposed methodologies determine the fault
current value in all buses. Figure 7 displays the fault current value in all buses using the
two procedures. The fault current computed using the proposed methodology is lower
than the value obtained using the virtual impedance method, as illustrated in Figure 7.In
contrast to the grid-connected microgrid, the fault current values for buses near the DGs
connection are higher for two methods: 627 p.u at bus #3, 623 p.u at bus #6, 543 p.u at
bus #19, and 504 p.u at bus #26 for the proposed technique. For the virtual impedance
approach, bus #2 has 2023.9p.u, bus #11 has 1125.1 p.u, bus #19 has 1222.5 p.u, and bus
26 has 1177.5 p.u.

Static Security Risk Evaluation Outcomes

The static security risk (R) and load shedding can be calculated using Equations (13)-(20).
Table 7 shows the static security risk and load shedding values during the fault at buses #2,
3,4,6,7,8,12 and 13. For the other faulted buses # 3, 4, 6, 7 and §, the total active power of
the load is greater than the active power generation of DG in some isolated subsystems.

Table 7. The static security risk and load shedding values.

Failure and

Faulted Bus No. léﬁzs(:;iiLO;f ;{hif(;(e;;::oa:/i Shedding
& & Loads (kW)
2 0.0485 0.0485 100
3 0.1249 0.0244 530
4 0.3205 0.0245 430
6 0.3693 0.0243 740
7 0.0266 0.0252 993.1
8 0.0519 0.0494 1190
12 0.1944 0.1944 510
13 0.1461 0.1461 450

Figure 8 shows bus voltages at faulted bus #3 prior to and after load shedding. Figure 9
demonstrates bus voltages at faulted bus #4 prior to and after load shedding. Figure 10
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shows bus voltages at faulted bus #6 prior to and after load shedding. Figure 11 displays
bus voltages at faulted bus #7 prior to and after load shedding. Figure 12 shows bus
voltages at faulted bus #8 prior to and after load shedding.

T T
—®@— Before load shedding
—¥— After load shedding

. . . . . . .
5 10 15 20 25 30 35
Bus

Figure 11. Bus voltages at faulted bus #7 prior to and after load shedding.

1.5

T T T
—@— Before load shedding
—¥— After load shedding

Voltage (p.u)

. . . . . .
5 10 15 20 25 30 35
Bus

Figure 12. Bus voltages at faulted bus #8 prior to and after load shedding.

The generation units of subsystems can feed their total load before shedding and total
losses. Figures 8-12 given, the voltages profile is improved after load shedding where the
entire output of the generator can feed the full load after shedding and total losses of the
subsystem. Due to the fault at bus #3 and the isolated subsystem that has buses # 23, 24, 25
and 38, the total active power of the load is greater than the active power generation of DG
at bus #38. The values of voltages are equal to zero, and this subsystem needs to shed loads.
The value of the shedding load is calculated by reducing the load by the percentage of
load after shedding to the total load. Due to faults at buses #7 and #8, the voltages profiles
are less than 0.95 p.u. and the generation unit output power is exceeded its limit power.
For that, the load shedding of faulted buses #7 and #8 is higher in order to improve the
voltage profile.

4. Discussion

For grid-connected MG, the proposed strategy limits the short-circuit current con-
tribution of inverter-interfaced DG to 2 p.u. On the other hand, the virtual equivalent
impedance technique is incapable of limiting the short-circuit current contribution of
inverter-interfaced DG to 2 p.u. for faulty buses near DGs. The short circuit current com-
puted by the proposed technique is more than 30% less than the amount obtained using
the virtual equivalent impedance method. The location of the faulty bus from the DG bus
determines the contribution short-circuit current of DG.

The current fault level computed using the proposed technique is less than the value
obtained through the virtual equivalent impedance approach. For two different methods,
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fault current values are greater at buses adjoining the main grid. DGs’ short circuit current
contribution levels linked to buses 8, 12, 22, 25 and 29 are in the interior of their inverter-
interfaced DG (2 p.u.) limit value for the suggested technique during the fault. When
a failure occurs at the bus to which they are interconnected, the short circuit current contri-
bution values of DGs are very large when using the virtual equivalent impedance | method.

For isolated MG, the proposed approach computed DGs’ short circuit current contribu-
tion within its limit value of interface inverter up to 2 p.u. However, for DGs near the fault
bus, the virtual equivalent impedance cannot keep this short circuit current contribution of
DGs within their limits. As a result, the short circuit current computed using the proposed
technique is roughly 50% lower than the current predicted using the virtual equivalent
impedance method. When all buses are equipped with a three-phase to ground fault, the
virtual impedance and the proposed methodologies determine the fault current value in
all buses. The fault current computed using the proposed methodology is lower than the
value obtained using the virtual impedance method.

For two modes (grid-connected and isolated MGs), the load shedding strategy is used
to minimize the load. Before load shedding, the static security risk is a high value as a result
of the fault, while a total load of subsystems is higher than their generation units. The
load failure and load shedding need to be removed in order to improve the value of static
security risks. After load shedding, the static security risk decreased its value to about
0.025%. Due to faults at bus #8, the voltages profiles minimized to values that are less than
0.95 p.u. and the generation unit output power exceeded its limit power. For that, the load
shedding of faulted bus #8 is higher in order to improve the voltage profile but the static
security risk is very small before and after load shedding. When the fault occurs at buses
12 and 13 to 18, all-load shedding is the failure load.

The results of proposed method are compared to the results of ref. [11]. In ref. [11],
IEEE 33-bus with a four DG system was tested at three locations of faults. Its results
showed that the contribution short circuit current of DG is greater than its limited inverter
rating current (more than 2 p.u.) because the droop current control was used to calculate
the virtual equivalent impedance. In contrast, the proposed method that is used in this
paper can control the contribution short circuit current of DG within its limit (2 p.u.). The
proposed method depends on the voltage value of DG bus to calculate the short circuit
current of DG by the control criterion.

5. Conclusions

In this study, two methods of fault current calculation have been investigated for two
modes: grid-connected and isolated microgrids using virtual equivalent impedance and
proposed methods. The proposed method can control the contribution short circuit current
of DG within its limit (2 p.u.) where it depends on the voltage value of DG bus to calculate
the short circuit current of DG by the control criterion. In concluded the following results:

(1) The proposed approach for calculating the fault current controls the contribution
current of droop control model inverter-based DG during the fault within its limited
current. In contrast, the virtual impedance cannot limit this current value of DG
within its limit when the fault occurs near the DG bus;

(2) The fault current value computed using the suggested method is more than 30% lower
than the value obtained using the virtual impedance method for grid-connected MG
and roughly 50% lower for isolated microgrids;

(38) For grid-connected microgrid, the short circuit current contribution of DG depends
on the location of the fault near or not from DG; the increasing percentage of fault
current after installing DG at certain locations is very different. In contrast, for the
results of the grid-connected microgrid in the isolated microgrid, the fault current
value does not depend on the location of DG the location near or far from the fault;

(4) The value of the shedding load calculated by reducing the load by the percentage of
load after shedding to total load;

(5) The static security risk is high value due to faults occurring near the main grid;
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Nomenclature

Ppg Active Power of DG

Qpac Reactive Power of DG

myp Active Power Static Droop Gain

np Reactive Power Static Droop Gain
Zbus Impedance Matrix of System

Nf Faulted Bus Number

Zf Fault Impedance

Vs Faulted Bus voltage

Iy Current Entering the Faulted Bus

k Voltage Coefficient of Reactive Power
Ipg Current Output of DG

R Security Risk Index

Ssev Severity of the Fault

b, Probability of the Occurrence

S Weight Value

Prgp, Load-Shedding Value

Ppgz Total Active Output of the DG Device
Pz Total Active Power of the Load in the System, or
Praftersn  Total Active Power of the Load after Shedding
o Net Loss Coefficient
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