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Abstract

There are various types of distributed generators (DGs) with different grid integration strategies. The transient char-
acteristics of the fault currents provided by the DGs are different to those of conventional synchronous generators. In
this paper, a distribution network with multi-type DGs is investigated, including consideration of DG low-voltage ride
through (LVRT). The fault current characteristics of two typical DGs, i.e. an inverter-interfaced distributed generator
(IIDG) and a doubly-fed induction generator (DFIG), are analyzed, considering the specific operation modes. Based on
analysis of the fault characteristics, an equivalent model of the multi-type DGs under symmetrical/asymmetrical fault
conditions is established. A fast-iterative fault calculation method for enhancing the calculation efficiency while avoid-
ing local convergence is then proposed using an improved particle swarm optimization (PSO) algorithm. A simula-
tion system of the distribution network with multi-type DGs is established in PSCAD/EMTDC. The simulation results

This can assist in the settings of the protection threshold.

validate the high accuracy and calculation efficiency of the proposed calculation method of the fault components.
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1 Introduction

With the rapid development of the modern distribution
network and the access of distributed generation, the
structure of distribution network is becoming increas-
ingly complex [1, 2]. New challenges have been raised
in the relay protection of a distribution network because
of the integration of various types of distributed genera-
tors (DGs) and increased penetration of DGs [3, 4]. To
ensure safe and stable operation of the modern distribu-
tion network and prevent chain losses of DGs under fault
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conditions, several requirements have been formulated
requiring DGs to have low-voltage ride through (LVRT)
capability [5, 6]. During the LVRT process, DG fault cur-
rent characteristics are significantly different to those of
conventional synchronous generators [7]. This makes
it difficult to calculate the fault components and satisfy
relay protection requirements [8—10]. Hence, it is neces-
sary to investigate the modelling techniques of a DG inte-
grated distribution network and find effective calculation
methods of the fault components under fault conditions.
In general, DGs can be divided into two types accord-
ing to their forms of integration: asynchronous (e.g., dou-
bly-fed induction generator, DFIG) and inverter-based
(e.g., photovoltaic, PV). The fault currents provided by
the DGs are closely related to the LVRT strategies, forms
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of integration and the protection strategies. Research has
been conducted on the analysis of fault current charac-
teristics and establishment of equivalent models of the
DGs. For the inverter-based D@, also known as inverter-
interfaced distributed generator (IIDG), the nonlinear
relationship between the fault current and terminal volt-
age is analyzed in [11], where the IIDG is represented by
an equivalent impedance in series with a constant volt-
age. However, the corresponding calculation method is
not investigated. In [12], a calculation method of a dis-
tribution network under faults is investigated and both
sub-transient and steady state equivalent models are
established. However, the fault current characteristics
are not analyzed. In [13], the fault current characteristics
of an IIDG in microgrids are studied, though the control
strategy in the islanded operation mode in microgrids
is different to that in a distribution network, resulting
in different fault current characteristics. For asynchro-
nous type DGs, e.g., DFIG, crowbar protection is gener-
ally considered and the back-to-back converter is rapidly
blocked during most LVRT processes [14, 15]. The fault
characteristics of the DFIG under continuous excitation
of the rotor-side inverter have also been considered, such
that the DFIG can maintain grid connection and pro-
vide voltage/reactive support under specific fault condi-
tions [16, 17]. A transient equivalent model of the DFIG
under continuous excitation is explored in [16] and a
calculation method of the fault current is proposed with
the assumption of no sudden change of the flux linkage.
However, the impact of asymmetrical faults is not con-
sidered. In [17], an equivalent model of the DFIG with
continuous excitation under faults is analyzed, but the
reactive support of the DFIG is not investigated. In [18],
the dynamic responses of the DFIG active power are ana-
lyzed and a practical equivalent method is proposed, but
the fault components cannot be directly obtained from
the proposed model.

For the analysis of a distribution network with multiple
DGs, different types of equivalent models are proposed
in [19] according to the fault location, and an iterative
calculation method of the fault current is proposed based
on a superposition theorem. However, only IIDG type
DGs are considered. In [20], new energy sources with
rotating characteristics are proposed as equivalent to the
conventional synchronous generator model. However, it
is only applicable in specific conditions and cannot be
used under single-phase to ground fault.

Thus we see that an equivalent model of multi-type
DGs considering variable control strategies has not been
established. The impact of the LVRT control strategies on
fault current characteristics has not been fully analyzed
either, and the existing calculation methods are rela-
tively weak and cannot suffice for practical applications.
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Therefore, it is necessary to establish an equivalent model
of multi-type DGs and develop an effective calculation
method for the distribution network with multi-type
DGs.

The rest of this paper is organized as follows. The fault
current characteristics of the IIDG and DFIG are ana-
lyzed in Sect. 2. They are controlled under LVRT require-
ments and with continuous excitation of the rotor-side
inverter, respectively. Based on the analysis of the fault
characteristics, an equivalent model of multi-type DGs
is then established. In Sect. 3, a fast-iterative calculation
method for the distribution network with multi-type
DGs, with enhanced calculation efficiency while avoiding
local convergence, is proposed based on a particle swarm
optimization (PSO) algorithm. A simulation system of
the distribution network with multi-type DGs is estab-
lished in PSCAD/EMTDC in Sect. 4 and the simulation
results verify the theoretical analysis and the proposed
fast-iterative calculation method.

2 Equivalent model of multi-type DGs

2.1 Fault current characteristics of the IIDG

The fault current characteristics of an IIDG are closely
related to the LVRT strategy. In order to accurately ana-
lyze the fault characteristics, a LVRT strategy that meets
the requirements should be established at the initial
stage. A typical LVRT strategy [21] is depicted in Fig. 1.
As shown, when a fault occurs resulting in voltage drop,
an IIDG should remain connected to the grid at the ini-
tial 0.625 s. After 0.625 s, if the voltage remains lower
than the diagonal line, the DG can be disconnected from
the grid. In addition, to meet the LVRT requirement, the
IIDG needs to adjust the reactive current according to
the voltage drop to provide sufficient reactive support
[22]:
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Fig. 1 Atypical LVRT strategy
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. )0 Vpee > 0.9
ey = { min {Imax, k- (1= Vpee) } 02 < Vpee < 0.9 @

where i, is the output current reference of the g-axis
component, k represents the required reactive current
coeflicient, V. is the voltage at the point of common
coupling (PCC), and I, is the maximum current of the
inverter and is generally set to 120% of the rated current.

To ensure the inverter is operated within the maximum

current limit, the active current reference is given as:

idref = min {idOrqfr m } (2)

where i, is the reference of the d-axis active current,
igores is the current reference prior to the fault, and
T2 2 is the maximum active current allowed con-

max iqref
sidering the inverter current limit. The three-phase fault
currents of the IIDG under a symmetrical fault are [23]:

ig1(t) = \/HCOS (w1t + 60 + )

ip1(t) = \Ji5) + 2y cos (wlt +6—2m+ (p) 3)

io1(t) = ,/ifﬂ + 521 cos (a)lt +6 + %n + <p>

where i, i;; and i, represent the positive-sequence cur-
rents of Phase A, B and C, respectively. i, and i, are the
active and reactive current references after the fault, 9 is
the initial current angle of Phase A, and ¢ is the current
angle after the fault, i.e. p =arctan(iy /iz).

The inertia of grid-integrated power-electronics-based
units varies based on their size and control. The typical
inertia time constant of an IIDG is relatively small, and is
approximately 10 ms. As a result, the transient compo-
nents of an IIDG after faults can be ignored and the steady-
state fault component is the main factor that influences
the protection threshold setting. It can be seen from (3)
that the amplitude and phase of the IIDG output currents
have changed and the specific changing ranges are related
to the operating condition before the fault and the voltage
drop after the fault. For asymmetrical faults, the amplitude
and phase of the positive sequence voltage can be locked
rapidly and accurately by the phase-locked loop [24]. Reac-
tive and active current references are obtained according to
(1) and (2), and the output currents can rapidly track their
references through PI regulation of the inner current loop.
Under asymmetrical faults, the IIDG output current is the
same as that under symmetrical faults shown in (3), indicat-
ing that only positive sequence currents are generated under
both symmetrical and asymmetrical faults. This is different
to conventional synchronous generators. Hence, an IIDG
can be equivalent to a positive-sequence current source,
whose magnitude depends on the operating condition prior
to the fault and the voltage drop at the PCC after the fault.
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2.2 Fault current characteristics of the DFIG

According to the grid integration requirements [25], a
DFIG is required to provide reactive power during the
fault period to support the distribution network. Under
asymmetrical faults, unbalanced voltages have negative
impact on the DFIG, e.g., increased losses on the stator
and rotor windings, excessive heat, and emergence of
pulsating electromagnetic torque. To ensure safe opera-
tion, a control strategy for balancing the stator current,
which eliminates the side effects of the negative-sequence
components, is applied in this paper. Thus, the rotor-side
negative-sequence current can be reduced, and the sec-
ond harmonic frequency components of the stator active
power and electromagnetic torque can be suppressed
[26]. The LVRT process of the DFIG under the control
strategy is analyzed as follows.

The stator side applies the generator convention for
derivation. Considering the positive and negative dg
rotating coordinates, the DFIG stator voltage and flux
linkage can be derived as [27]:

Ul = =Rl — oy + %
iy = —Riiy + ok + w
Uy = —Riyy — oty +
gy = —Rsigy, + 02, + d:ﬁtsq

‘”s}% = —Li}; + L},
VY = —Lsigy + Ll -
Vo, = —Lsi + Lui ®)
= —Lsisy + Liiy,

’

where the superscripts ‘+" and ‘—’ indicate a synchro-
nous rotating dg coordinate under forward/positive and
reverse/negative rotations, respectively. The subscripts s
and r represent the respective stator and rotor compo-
nents, while ®; and w, represent the respective positive
and negative dq angular velocities, i.e. @,= — ®,. The sta-
tor voltage is set as the d-axis vector reference, and thus:

u;é = Us(1)

Ugy = 0 ©)
Ugg = Us2)

Uy = 0

where u;) and u,) represent the positive and negative
sequence stator voltage components, respectively. Dur-
ing the fault period, a typical approach is to block the
outer power control loop, so only the impact of the inner
current control loop needs to be considered. In addition,
since the inertia time constant of the rotor is large, the
change of the rotor speed is much slower than those of
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the electrical components. Hence, the rotor speed can be
considered to be constant in the fault analysis.

Under continuous excitation control, the DFIG fault
current only contains the fundamental component and
an attenuated DC component. In the short-circuit cal-
culation, the fundamental frequency component is pre-
dominantly considered and the d and g-axis components
of the statgr flux linkage generally remain unchanged, i.e.

ng = —; 1 = 0. Thus, the DFIG fault current calculation
can be simplified to the calculation of the steady-state
fundamental frequency component. Combining (4) and
(5) and ignoring the stator resistance yield:

{ Us(1) = a)lLsi

wlei
+ a)leer

0= —w L, @

Since the reactive power is regulated based on the volt-
age drop, the stator reactive current reference can be
obtained as:

o _Jo Vpee > 09
sref =\ 15+ (1= Vpee) 02 < Ve <09 )

By substituting (8) into (7), the rotor reactive current
can be derived as:

i+ Ls lsqref

Us(1)
rqref Lo (9)

wle

When an asymmetrical fault occurs, the DFIG fault
current is composed of both positive and negative
sequence components. In order to mitigate the negative
sequence component, which may lead to unbalanced
heating of the stator winding, a control strategy is applied
to eliminate the negative sequence components of the
stator current by forcing their references to 0, i.e.:

sdref =0

sqref =0

Under asymmetrical fault conditions, a double fre-
quency (2w,) component will be generated by the nega-
tive sequence component in the forward rotating dg

coordinate. This double frequency component can be fil-
tered by a notch filter, represented by [27]:

(10)

5 —}—a)f,

N@) = -
© $2 4 2w + w

(11)

where o, represents the notch frequency and is 2w; in
this paper, and w, represents the cut-off frequency. A
notch filter is added in the phase-locked loop to extract
and filter the positive and negative sequence compo-
nents. S1m11211rdtqr the dpgsmve sequence stator flux link-
age, there is 3 = —;+ = 0 under the steady-state in
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the fault period. Thus, rotor current references can be
obtained in the negative dq coordinate by considering
(4)—(6) and (10), as:

{ rdief 0 (12)
quref = us(Z)/wle

Because of the small capacity of the rotor inverter, the
overall rotor current must be limited. Hence, the rotor
active current reference is limited to the minimum
value of the active current reference prior to the fault
Iydoref @nd the maximum active current allowed under
the current limit, as:

) —2
rdref = min { Vdoref’ \/ rmax qur@f - quref} (13)

where I, .. represents the maximum current allowed
by the rotor side inverter and is generally set to 120% of
the rated current. According to (4)—(13), the DFIG stator

currents under symmetrical and asymmetrical faults are:

it = Lmt

sdref L “rdref

o =15 (09— Vi) .
is_dref =0

bsgref =0

The rotor side inner current loop is controlled by PI
feedforward control to track the current references,
which can be designed with Type I/Type II controller
to ensure:

{ isd = Ly
isg = il
sqref
where i, and i, represent the d-axis and g-axis compo-
nents of the DFIG stator current, respectively. The grid
side converter is generally controlled with unit power
factor operation to reduce the reactive current impact on
the distribution network. In addition, the grid side con-
verter eliminates the negative-sequence current under

asymmetrical faults, so the output d-axis and g-axis cur-
rent components i, and lgg are:

(15)

{ lgd = ng/”gd (16)

fgg =0

where p, is the active power of the grid side inverter and
Uy, is the amplitude of the grid voltage vector. As both
d-axes of the grid side and rotor side inverters are aligned
to the same grid voltage, the overall DFIG currents in the
dq-axes i, and i, can be calculated as:
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Table 1 j,.cand i, under different operating conditions

Criterions igref Igref
Vpcc >09 Idref= Tdoref [qref =0
0.2 <V, <09and et = ldoref Tgrer = A:(M-Yp0)

: 2 2
Igref < £/ Imax = IGosef

0.2<V,,<09and et = \/ P — oot grer = @ (m-V,,0)
faret > A/ livax — Igorer
Ty
. pee
i ! External
1
i E positive
i H sequence
| 1
! i network
: ]
_______________ 1
Positive sequence
current source
Fig. 2 Positive-sequence equivalent circuit of the DG
id = isq + igq
{ iy = i, (17)
q q

2.3 Equivalent model of multi-type DGs

Based on the above analysis, [IDG and DFIG can both be
equivalent to a constant positive sequence current source
with its amplitude and phase having a functional relation-
ship with the positive sequence voltage at the PCC. Thus,
the equivalent model can be expressed as Ipg =12,
with the magnitude / and the angle difference between
the positive sequence current and voltage ¢;, given as:

— 2 2
{I = 1/ldref +lqref

o (18)
@iy = arctan (igref /idref)

where i,,cand i ,care presented in Table 1

In Table 1, a and m represent the reactive current coef-
ficient and voltage limit specified by the grid integration
requirements. [, is the maximum inverter current limit,

which is 120% of the rated value for IIDG and L,1,,,,,/L,

for DFIG. According to (18), an equivalent model of DG
can be established, as illustrated in Fig. 2.

3 PSO-based fast-iterative calculation method

of fault components for distribution networks
Based on the analysis in Sect. 2, a DG can be equivalent
to a positive sequence current source under fault condi-
tions. However, the amplitude and phase have a complex
nonlinear relationship with the positive sequence voltage
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at the PCC. This results in difficulties in determining the
fault components with conventional calculation meth-
ods. For instance, in the conventional calculation method
with separation of the real and imaginary components,
the nonlinear equations can be solved but with low cal-
culation efficiency. In addition, the nonlinearity increases
with the increased complexity of the system, which may
result in the conventional approach being unable to pro-
duce the results within limited time. In this paper, a fast-
iterative calculation method based on the improved PSO
algorithm is proposed to make the nonlinear calculations
faster with higher accuracy.

3.1 Improved PSO algorithm

PSO is an intelligent algorithm that imitates birds in
search of food with the merits of fast convergence, small
number of parameter settings and easy implementa-
tion [28]. However, PSO is prone to be trapped in local
optima, i.e. local convergence. The improvement of the
original PSO algorithm was first proposed in [29], and
in this paper an adaptive weight coefficient method is
applied to avoid local convergence.

The standard PSO algorithm corrects individual behav-
iors to obtain the optimal solution through informa-
tion sharing and individual experience among groups.
The particle swarm consists of #n particles flying in a
D-dimensional space with a certain speed. The position
of the ith particle is denoted as X;=[x;;, x;5,..., %;p] and
the corresponding velocity is denoted as V,=[v;;, Vj5,...,
Vipl. P;=[p;1» Pips--» Pip) is an optimal position searched
by the particle, while P,=[p,;, p,..., popl is the aggrega-
tion of the optimal positions currently searched by the

particle swarm. The dth velocity vfdﬂ and the position

xfj Lat the (k+ 1)th iteration are:

k+1 _ k k+1
Xig  =%xgt Vg

k—+1
{ Vid+ = a)vfd +cin (pfd — xﬁi) + corg (péd - xf;l)
(19)
where ¢; and ¢, represent the acceleration constants, and
® is the inertia weight. r; and r, are random numbers
between 0 and 1. The inertia weight o affects the search-
ing capability of the particle. When o is small/large, the
algorithm has a strong local/global search capability. The
weight coefficient w; is applied to accelerate the conver-
gence and prevent a local optimal solution, i.e.:

N;
Nmax

®; = Omax — (Omax — Omin) (20)
where w,,,, represents the initial inertia weight, and ,,,;,
represents the inertia weight of iteration reaching the
maximum number. N; and N,,,, represent the current

max
and maximum numbers of iterations, respectively. In the
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calculation approach of the traditional distribution net-
work without DGs under faults, predominantly the sym-
metrical component method is applied. In a distribution
network with DGs, each DG can be replaced by a con-
trolled positive sequence current source, though the non-
linear relationship between the current and voltage at the
PCC makes it difficult to calculate the fault components.
The nonlinear mathematical model can be expressed as:

fX)=0 (21)

where X =[x, %,, ..., x,] is a nx1 vector, consisting of
n unknown variables. For the distribution network with
DGs, X represents the required fault components and
SO =fiwy Loy - fm(x)]T is an m-dimensional vector
function. In order to solve (21), the unconstrained opti-
mization approach is applied by converting it into a non-
linear least squares form as:

(22)

(22) can be transformed into a 2-norn in the vector
space as:

min || £O|,

XeRrn (23)

(23) can then be converted into an unconstrained mini-
max optimization model, described as:

min max {[f,(x)|}

XeR" 1<i<m

(24)

where f}(X) represents the objective function. (24) can be
used as the fitness function which can be solved by the
improved PSO algorithm. The fitness of the particle is
inversely correlated to the function value.

3.2 Fast-iterative calculation method

A symmetrical component method can be used to estab-
lish the fitness function for the fault calculation. The fault
components can then be determined with the improved
PSO algorithm. The specific procedures of the calcula-
tion are explained below.

3.2.1 Establish the equivalent sequence circuit

To establish the equivalent sequence circuit, the DGs are
replaced by positive sequence current sources, while the
conventional synchronous generators are equivalent to
the voltage sources in series with the reactance. For the
negative and zero sequence networks, the DGs are con-
sidered as in an open state.
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3.2.2 Establish the voltage equation at each node
According to each sequence network, there are:
Uiy = Zigwylray + Znewylpea)
Uie) = Zrlr2) (25)

Uio) = Zrolr0)

where subscripts (1), (2) and (0) represent the positive,
negative and zero sequence networks, respectively. V,, I;
and Z; are respectively the voltage, current and imped-
ance of node i. Zg is the impedance of the transformer
and the DG branch, while I, is the positive sequence

current of the DG.

3.2.3 Establish constraints of the fault boundary

The constraints of the fault boundary can be established
according to the fault type, e.g., for a two-phase short-cir-
cuit fault, the fault boundary constraints are:

{ Uray = Ur

26
Iy +1r2) =0 (26)

where Up,y and Up, represent the fault boundary con-
straints in the positive and negative sequence networks,
respectively.

3.2.4 Define the fitness function

The equivalent model of the DGs, the voltage relation-
ship and the fault boundary constraints as respectively
described in (18), (25) and (26) can be combined to
establish the objective function f(X). The fitness function
can be constructed according to (24), and all particle fit-
ness values can then be calculated. For the distribution
network with the integration of an IIDG and a DFIG as
illustrated in Fig. 5, the vector X has a dimension of 12
and consists of 12 variables, including the voltage/cur-
rent amplitudes (Magy, ;pc/Magpe) and the phase
angles (Phiy;pe /Phippe) of the IIDG, the voltage/cur-
rent amplitudes (Magy; prg/Mag;.prrc) and the phase
angles (Phiy prc /Phipppe) of the DFIG, the current
amplitude (Mag,) and the phase angle (Phij,) of the sys-
tem, and the current amplitude (Mag;)) and the phase
angle (Phiy) at the faulty point. The objective functions
are defined in Table 2 under different faults where 3P-SC-
E, 2P-SC-F, 2P-G-F, and 1P-G-F represent a three-phase
short-circuit fault, a two-phase short-circuit fault, a two-
phase to ground fault, and a single-phase to ground fault,
respectively.

3.2.5 Initialize randomly with the improved PSO
In setting the maximum number of iterations, the num-
ber of variables and the size of the particle swarm, the
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Table 2 Objective function under different fault conditions
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Equivalent model of the DGs

Voltage relationship

Fault boundary constraints

3FCE Magi—ipc = \/m Es = 1:Zs — Uipg + lipZim1. U2y =0
2P-SC-F Uipe — lioeZir1 = Upric — loricZir2 . Urry = Ury
Phij_jpc = arctan (%) Uipg — lipeZimi = (/s +lipg + IpFic) Zi2 — Urqry { ry + Ty = 0
Uray = (lray + s + hipe + Ioric ) Zio3
2P-G-F Uy = G 20@) 20300 Ures = U
=./i? 2 f@ = f2) Uray = Ur
Mag—pric = \/W £ 220 T4030) { iy + r = 0
1P-G-F Phii_prig = arctan (L%d“’f)

IDFIGgref

{ Uy = Uszy = 0
Iy + e

speed and position of the particles are randomly initial-
ized in the particle swarm. The constraints of the initial
position are:

{ mag(l,'[i(l)) >.0

—7 < angle(Uiqy) < (27)

3.2.6 Update the global optimal solution

The extremum of each individual is the optimal solution
obtained for each particle and a global value is identified
from these optimal solutions as the global optimal solu-
tion for this iteration, which is then compared with the
historical global optimization to update its value.

3.2.7 Update inertia weight, speed and position

The inertia weight is calculated with (20), while the veloc-
ity and position of the particle are updated and bounded
according to (19).

3.2.8 Evaluate iteration

It is evaluated whether the precision e or maximum num-
ber of iterations is achieved. If the requirement is met,
the method continues to Step 9, otherwise, it goes back
to Step 6.

3.2.9 Calculate the fault components
The fault current components of each branch are calcu-
lated based on the calculated node voltage and network
impedance according to (25).

A comprehensive flow chart of the proposed fast-itera-
tive calculation method is depicted in Fig. 3.

4 Simulation system and case studies

4.1 Simulation system

The distribution network with an IIDG and a DFIG is
established in PSCAD/EMTDC, as shown in Fig. 4. Two
different fault conditions at point f, i.e., a three-phase
short-circuit fault and a two-phase short-circuit fault,
are simulated. The proposed fast-iterative calculation

method is used to calculate the fault components from
the established equivalent model under symmetrical and
asymmetrical faults. The calculation results are com-
pared with those of the simulations for verification. The

e
Calculate the fitness value of each
particle

Fault is detected

Establish positive sequence current
source models

!

Establish node voltage equations

!

Establish fault boundary conditions
based on the type of fault

Update local optimal solution and
global optimal solution

!

Update inertia weight

¥

Update particle speed and position

Establish fitness function

!

Randomly initialize particle swarm

Solve the branch current

Fig. 3 Flow chart of the proposed fast-iterative calculation method

C Zy f Zips

N Y G 7 D 7 i 3%
R, L,
Ry L, T, PCC, 1IDG
Z, ‘
&L B pec
% =1
GSC RSC DFIG
Fig. 4 Equivalent model of the distribution network with multi-type

DGs
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main parameters of the simulation system are listed in
Table 3 [15, 22, 30].

4.2 Case studies

4.2.1 Symmetrical fault

When a three-phase fault occurs at point fat 1 s, the PCC
voltages of the IIDG and DFIG are presented in Figs. 5
and 6, respectively. When the fault occurs, the voltage of
the IIDG drops to 0.295 p.u. and the voltage of the DFIG
drops to 0.365 p.u. within 0.03 s.

The fault current characteristics of the [IDG and DFIG
are presented in Figs. 7 and 8, respectively. The current
references of the IIDG and DFIG are calculated based
on the respective PCC voltages. From (1), (2) and (14),
igrep and iy, of the IIDG are 1 p.u. and 0 p.u. before the
fault, while ,,,rand i,,,,, of the DFIG are 1.107 p.u. and
—0.44 p.u. before the fault. When the fault occurs, the
d-axis current of the IIDG tracks the reference (0 p.u.)
within 0.01 s and the g-axis current tracks the reference
(1.2 p.u.) within 0.05 s as shown in Fig. 7. In Fig. 8, the
d-axis current of the DFIG tracks the reference (0.977
p-u.) within 0.02 s and the g-axis current tracks the refer-
ence (0.698 p.u.) within 0.04 s. The maximum overshoot
is 13.24% and the average tracking error after reaching
the steady state is approximately 2.4%. This indicates that

Table 3 Main parameters of the simulation system

Parameter Value
Rated capacity S,/MVA 10

Rated AC voltage Uy/kV 105
System equivalent impedance Z/Q) J1
Impedance Z,/Q 085+/25
Impedance Z,/Q) 0.854j:2.5
Impedance Z;/Q 0.85+/1.97
Impedance Z,,,/Q 104942
IDG rated capacity Sype/MVA 10

IIDG rated voltage Uypg/kV 038

DFIG rated capacity Spge/MVA 10

DFIG rated voltage Upp/kV 0.69
Stator winding resistance R /Q) 1.096
Stator leakage reactance L,/H 0.066
Rotor winding resistance R /Q) 0.772
Rotor leakage reactance L,./H 0.066
Mutual reactance L,,/H 1.004
Rated speed w,/rpm 1800
Maximum number of iterations 500
Population size 500
Particle coefficients C,/C, 2/2
Limiting values of the inertia coefficient w,,,, /Wi, 09/04
Accuracy of the iterative error e le—6
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Fig. 5 PCC voltage of the IIDG

the output currents can rapidly track the references and
conform to the LVRT strategies.

The theoretical fault current calculations are obtained
by the proposed fast-iterative calculation method, and
are compared to the simulation results in Table 4, while
the percentage magnitude and phase errors between
the theoretical calculations and simulation results are
depicted in Fig. 9. These indicate that the results are very
close and the maximum error is within 2%. This demon-
strates the effectiveness of the equivalent model of the
distribution network with multi-type DGs and the pro-
posed fast-iterative calculation method with high accu-
racy under a symmetrical fault.

4.2.2 Asymmetrical fault

When a two-phase short-circuit fault occurs at point
f, the theoretical calculations and simulation results
are compared in Table 5. As can be seen, the negative
sequence currents of the IIDG and DFIG are mitigated
to 0.038 kA and 0.042 kA respectively by the controls.
As both negative sequence currents are sufficiently
small, the IIDG and DFIG can be equivalent to positive
sequence current sources under the asymmetrical fault.
As shown in Table 5, the calculation and simulation
results of the amplitude and phase of the currents are
very close. In addition, the percentage magnitude and
phase errors between the theoretical calculations and

)

o
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PCC voltage of the DFIG (p.u.)
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[=)}

0.4
02r
0 . . . . .
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Fig. 6 PCC voltage of the DFIG
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Fig. 7 Fault current characteristics of the IIDG under a three-phase
fault. a IIDG d-axis current. b IIDG g-axis current

simulation results as shown in Fig. 10 indicate a maxi-
mum error of less than 1%, validating the effectiveness
of the equivalent model and the proposed fast-iterative
calculation method with high accuracy under an asym-
metrical fault.

The convergence of the fast-iterative calculation
method is evaluated under a three-phase short-circuit
fault as an example, and the error precision of the algo-
rithm is presented in Fig. 11. When the number of itera-
tions increases, the error precision of the algorithm
decreases, which demonstrates the convergence perfor-
mance of the proposed fast-iterative calculation method.
When the iteration reaches 284 times, the error preci-
sion reaches the set value e. The improved PSO algorithm
exits the loop and the correct fault components are pro-
duced. The proposed fast-iterative calculation method is
compared with the conventional approach with the sepa-
ration of real and imaginary components in Table 6 [15,
22, 31]. As can be seen there, the fault current calculation
results of the two approaches are very close.

The comparison demonstrates that the proposed
calculation method of the fault components has high
accuracy and can assist with the settings of the protec-
tion threshold. Using a computer with an Intel Core
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Fig. 8 Fault current characteristics of the DFIG rotor under a
three-phase fault. a DFIG rotor d-axis current. b DFIG rotor g-axis
current

i7-6700HQ processor and 16 GB RAM, the calculation
time of the improved PSO algorithm is 2.75 s, whereas
the calculation time of the traditional algorithm is
42.48 s, which is over 15 times of that of the proposed
approach. Hence, the calculation method proposed in
this paper is fast and has high efficiency, and can meet
the requirements in practical application.

5 Conclusions

In this paper, a distribution network with multi-type
DG@Gs has been investigated, and the fault current char-
acteristics of the IIDG and DFIG have been analyzed.
Based on an analytical study, an equivalent model of
multi-type DGs has been established. A fast-iterative
calculation method for fault current component cal-
culation, which has high calculation efficiency while
avoids local convergence, has been proposed. Specifi-
cally, the following conclusions are drawn.

1. Fault current characteristics and analysis: Based on
the LVRT strategy, the IIDG only outputs positive
sequence current under both symmetrical and asym-
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Table 4 Fault current calculations/simulations under a three-phase fault at point f

Current from network-side  Current of IIDG Current of DFIG Current at fault point

Amp/kA Phase/° Amp/kA Phase/® Amp/kA Phase/® Amp/kA Phase/®
Theoretical calculations 2.769 —84.27 0.662 94.49 0.676 67.61 1.546 108.10
Simulation results 2.782 —8448 0.66 9541 0.671 66.45 1.54 108.77

5 metrical faults. The fault current of the DFIG has

-Maémmde component been derived with consideration of the control strat-
IlPhase component egy for balancing the stator current.
L5f 1 2. Equivalent model of DGs under faults: The DGs can

be equivalent to a positive sequence current source
without negative and zero sequence current. The
amplitude and phase of the current source have a
functional relationship with the positive sequence

0.5f 1 voltage at the PCC.
3. Fast-iterative calculation method: The traditional
0 algorithm which extracts the real and imaginary

Network-side 1IDG DFIG Fault point components from the nonlinear equations to form
the linear equations for calculating the fault compo-
nents is time-consuming and not appropriate for a
distribution network with DGs. A fast-iterative cal-

Error/%

Fault current

Fig. 9 Error comparison of current calculations under a symmetrical
fault

Table 5 Fault current calculations/simulations under a two-phase fault at point f

Current from network-side Current of IDG

Positive sequence Negative sequence Positive sequence Negative sequence

Amp/kA Phase/® Amp/kA Phase/° Amp/kA Phase/° Amp/kA Phase/®
Theoretical calculations 1.9629 26642 06715 107.65 0.658 7430 0 /
Simulation results 1.9658 265.25 0.6732 108.48 0.66 74.83 0.038 —76.16

Current of DFIG Current at fault point

Positive sequence Negative sequence Positive sequence Negative sequence

Amp/kA Phase/® Amp/kA Phase/° Amp/kA Phase/° Amp/kA Phase/°
Theoretical calculations 0.647 47.33 0 / 0.805 110.15 0.805 110.15
Simulation results 0.6424 47.01 0.042 72.73 0.806 112.68 0.806 112.95

0.8 T
I Magnitude component
llPhase component
0.6
S
R
g 0.4+ —
~
0.2 —
0

Network-side Positive Network-side Negative IIDG Positive DFIG Positive Fault point Positive Fault point Negative
Fault current

Fig. 10 Error comparison of current calculations/simulations under an asymmetrical fault
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Table 6 Comparison of the fast-iterative calculation method with the conventional algorithm under a three-phase fault at point f

Current from network-side Current of IIDG Current of DFIG Current at fault point
Amp/kA Phase/° Amp/kA Phase/® Amp/kA Phase/® Amp/kA Phase/®
Fast-iterative cal-  2.769 —84.27 0.662 94.49 0.6758 67.61 1.546 108.10
culation method
Traditional algo-  2.755 —84.28 0.66 94.96 0.673 65.596 1.55 108.6
rithm
Funding

—_

Error precision decreases
as the number of iterations increases 1

e
%

Error precision
f=]
(=)}
.

0 50 100 150 200 250 300
Number of iterations

Fig. 11 Trend of error of the fast-iterative calculation method

culation method based on an improved PSO algo-
rithm has been proposed to achieve global optimiza-
tion and enhance efficiency. Specific procedures of
the method have been explained.

4. Verification and error precision: The proposed
equivalent model and the faster-iterative calculation
method have been simulated and verified in PSCAD/
EMTDC. The simulation results have validated the
effectiveness of the equivalent model and the pro-
posed calculation method. These can meet the calcu-
lation and protection setting requirements. In addi-
tion, an error precision for fast-iterative calculation
has been provided.

It is noted that the PSO algorithm may not be the opti-
mal algorithm and is unlikely to be the only approach
that can solve the nonlinear equations presented in this
paper. Thus, further investigation will be carried out in
future research.
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