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Abstract: The high-level proliferation of inverter-interfaced distributed generators (IIDGs) in modern
distribution networks (DNs) has changed system topologies and fault current signatures, which
compromises the protective relays in DNs. Investigating IIDG fault behaviors-based protection
scheme will benefit the grid’s safety and stability. This paper proposes a novel current differential
protection (CDP) scheme that considers the delay behaviors of positive- and negative-sequence
component extractors for IIDGs in DNs. A frequency-domain analytical model of the fault current
for a grid-connected IIDG with the PQ control strategy and a low-voltage ride-through (LVRT)
capability is investigated. The dynamic behavior of the IIDGs considering the sequence-component
extractor based on the Pade approximation is presented, where the T/4 delay extractor of the IIDGs
causes a two-stage behavior in the fault transient process. It is found that a 5 ms error between
the measured and actual values after the fault will affect the transient characteristics of the IIDGs.
The transient current generated by the IIDGs during grid faults contains a large number of low-order
harmonic components within the range of 0-200 Hz, which is significantly different to the current
provided by the power grid. Therefore, the proposed CDP scheme uses protective relays at both
terminals to obtain the required transient electric quantity using the Prony method. By constructing
the frequency-characteristics ratio (FCR) and the exchanging FCR between two terminal relays, the
developed protection criteria are implemented. The accuracy of the fault analysis method, whose
maximum computational error is below 0.1%, and the feasibility of the proposed protection scheme
are demonstrated by using a 10 kV DN in a PSCAD/EMTDC simulation, which can be applied to
various fault conditions and traditional DNs without IIDGs.

Keywords: distribution network; fault analysis; protective relays; current differential protection;
inverter-interfaced distributed generators

1. Introduction
1.1. Background and Motivation

Distribution networks (DNs) are the essential link between transmission systems
and electricity users. With the increase in electricity demands and the development of
power grids, it is essential that modern DN can accurately and reliably isolate the faulty
sections. An applicable protection relay ensures the secure and stable operation of modern
DNs, which can prevent damage to the equipment and minimize power outages over a
widespread area.

Renewable clean energy plays a crucial role in alleviating the energy crisis and im-
proving the environment. An increasing variety of distributed generations (DGs) are being
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incorporated into modern medium-voltage DNs. The high-level proliferation of DGs,
especially inverter-interfaced distributed generators (IIDGs), enables the DNs to be green
and sustainable [1,2]. However, grid-connected IIDGs that are significantly different to
the traditional synchronous generators [3-5] dramatically exacerbate the complexity of the
grid operation and fault levels [6,7], which change the topologies and fault characteristics
of the DNs. The large-scale deployment of IIDGs undoubtedly challenges the selectivity
and sensitivity of the existing protective devices of DNs. In addition, the fault analysis and
feature extraction of DNs are the theoretical basis for the construction of the protection
methodology. Each change in the DN would require a change in fault analysis and relay
protection. Hence, exploring the protection scheme according to the fault analysis of IIDG
behaviors to enhance the DN's safety and stability is highly demanded.

1.2. State of the Art

The current characteristics have been utilized to construct overcurrent protection (OCP)
schemes in recent decades [8]. An OCP approach based on negative- and zero-sequence
currents is provided for multi-phase faults that occur in traditional DNs without IIDGs [9].
The authors of [10] present an adaptive OCP method by using local information and the
Thevenin equivalent circuit of DNs, without extra infrastructure. The OCP techniques can
automatically adjust the protection settings to meet the relay-tripping requirements based
on different current characteristics and the effects of the IIDGs in DNs [11,12]. The authors
of [13] studied an IIDG mitigation strategy to eliminate the protection blindness of the OCP
of DNs without the installation of new relays. An adaptive OCP criterion was investigated
through the MMS service for DNs with the PQ-IIDG [14]. Furthermore, the IIDGs will
aggravate the protection coordination of overcurrent relays in DNs [15-17]. There is a
challenge in determining the direction of fault currents for the overcurrent relays that
generally employ nondirectional types of DNs [18]. The directional elements also fail to
run properly under the influence of the inverter control of IIDGs [19]. Therefore, the above
OCP schemes or other improvements may not be suitable for DNs with the high-level
proliferation of IIDGs.

Current differential protection (CDP) seems to be the preferred choice for modern
DN in the presence of IIDGs due to its sufficient selectivity, higher sensitivity and vari-
ous applications for communication [20-22]. A positive-sequence component-based CDP
scheme is suggested by using data self-synchronization and communication techniques for
DNs combined with IIDGs [23]. A time-graded CDP method is proposed to achieve the
coordination effectively, with lateral protection devices in the post-fault DN topology [24].
CDP approaches with improved fault data self-synchronization are proposed in radial DNs
with IIDGs [25,26]. A virtual multi-terminal CDP methodology is implemented via the
simultaneous exchange of remote and local currents [27]. The authors of [28] provide a
differential protection criterion based on impedance differences during normal operation
and the internal/external faults of DNs. The sensitivity of the traditional CDP can be im-
proved by changing the restraint area of the protection criteria [29]; however, the dual-end
data synchronization issue is ignored. The authors of [30,31] propose a positive-sequence
current-based CDP criterion for low-cost communication. Several amplitude-based CDP
methods are presented for the DNs to improve the flexibility of IIDG integration [32-34].
Moreover, abrupt changes in the electrical quantities during faults involve a wealth of tran-
sient information. A differential protection scheme is presented based on a high-frequency
impedance model for the IIDG-contained DN [35]. Combined with phasor-based protection,
the transient current polarity is selected for fault identification to eliminate the coordination
delays of relays in DNs with IIDGs [36], which are incapable of adapting to the negative
influence of the inverter control of IIDGs.

It is worth noting that IIDGs commonly use T/4 delay extractors to split positive- and
negative-sequence components, which leads to delay behaviors and measurement errors
during the fault transient stage [11,27,37]. Positive- and negative-sequence components
of the point of common coupling (PCC) voltage and current measured by the control
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system are inconsistent with instantaneous components of IIDGs with a delay dynamic.
Measurement errors caused by T/4 delay behaviors will affect the fault current charac-
teristics of IIDGs and grids. The fault transient current of DNs with IIDGs is a nonlinear,
time-varying, wide-frequency signal, involving a large number of harmonic components.
However, the above protection methods do not consider the dynamic characteristics of T/4
delay behaviors. The impact of measurement errors in the positive- and negative-sequence
components on the IIDG transient current is also neglected.

1.3. Scope and Main Contributions

This article addresses the above problems regarding the fault transient analysis and
protection principle of DNs with IIDGs to guarantee the secure and reliable operation
of power systems. The objective of this article consists of developing the frequency-
domain analytical model for calculating the fault current of a grid-connected PQ-IIDG
and investigating the delay behaviors of IIDGs considering the T/4 sequence-component
extractor. Furthermore, by fully understanding the frequency characteristics of a 5 ms
two-stage behavior of IIDGs, a novel CDP scheme for DNs with IIDGs considering T/4
delay behaviors is proposed, which can enhance the sensitivity and selectivity of the
protection relay.

This paper presents an accurate fault analysis and calculation model for IIDGs com-
pared to existing methods [38—40], and at the same time, makes the protection robust and
reliable. This method allows for the installation of the IIDG in any location within the
protected area and bus, which is applicable to different fault types, fault locations and fault
resistances, with good generality. Furthermore, the protection principle can be performed
via the existing communication channel at both terminals, without extra channels to collect
the local information of each IIDG. Additionally, protective relays can be operated correctly
for a traditional DN without IIDGs.

1.4. Structure of the Paper

The remainder of this paper is organized as follows. Section 2 describes the dynamic
process of the T/4 delay behaviors and its effect on the fault transient current of IIDGs.
The amplitude-frequency characteristics of the fault transient current of the IIDG are
also obtained. Section 3 proposes a CDP scheme based on the frequency-characteristics
ratio (FCR). Section 4 tests the effectiveness of the proposed protection scheme in the
PSCAD/EMTDC simulation platform. The discussion section is presented in Section 5.
Finally, Section 6 summarizes this paper.

2. Fault Transient Analysis of IIDGs Considering T/4 Delay Behaviors
2.1. Fault Model

The typical control configuration of a grid-connected IIDG is shown in Figure 1.
The closed-loop control system mainly consists of the measurement, outer-loop, inner-loop
and modulation, where u,, is the three-phase voltage at the point of common coupling
(PCQ); izp is the IIDG output current; L and R are the equivalent inductance and resistance,

respectively; U is the vector of PCC voltage, I is the vector of IIDG current output in the
dq coordinate system; the superscripts d and g are the d-axis and g-axis in the rotating
reference frame; the subscripts m and ref denote the measured and reference values; and
the subscripts (1) and (2) represent the positive- and negative-sequence components.
During the measurement process shown in Figure 1, three-phase voltages u,;. and
currents i, are split using a T/4 delay extractor to obtain relevant positive- and negative-
sequence components. To enable decoupled control, the extracted positive- and negative-
sequence voltages and currents are mapped to the dq coordinate system, respectively.
The outer-loop consists of the PQ controller and a low-voltage ride-through (LVRT) control

-d
strategy, which generates reference currents I ,Z (1) based on the voltage detected at PCCs.
The inner-loop controls positive- and negative-sequence currents using the proportional-
integral (PI) controller to track their reference values. Based on the pulse width-modulated
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(PWM) modulation, the reference voltages obtained from the inner-loop are converted into
triggering pulses to control the power electronic devices.
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Figure 1. Closed-loop control system of a grid-connected IIDG.

Considering the dynamic characteristics of the T/4 delay sequence component extrac-
tor from the measurement shown in Figure 1, the relationship between the measured and

d d
actual values of the PCC voltage (U PZ:‘C’m and U pqcc) is as follows:

- dg NN i N/
Upcem(1y = Hi(s + jw)Upcc(r) + e 2 Hy (s — jw)Upce o)

dq , g B
Upce,m(z) = €% Ha(s + jw)Upccqy + Ha(s — jw)Upce(a)

)

where s is the Laplace operator; w is the angular frequency; and H; and H; are the transfer
functions of the positive- and negative-sequence components that consider the T/4 delay
behaviors, respectively, which can be given as:

H, =
Hy =

1 _‘_]'efsT/AL
1— ]'e—sT/4

@

N= N=

From (1) and (2), the voltage measurement errors of the PCC AlUpcc caused by the
T/4 delay behavior can be expressed as:

: , ~dq i g
AUpccqy = [Hi(s + jw) = 1Upcery + e 2 Ha(s — jew)Upcc()

: . ~dq ; N ©)
AlUpcc(a) = [Ha(s — jw) — 21]Upcc (o) + €2 Hay(s + jw)Upccr)

From (1)-(3) and Figure 1, the positive- and negative-sequence components can be

accurately separated and measured using the sequence component extractor with T/4 delay

behavior in the steady state of the IIDGs (i.e., U?chc,m(l) = U?;chc(l), U‘;‘icC,m(z) = U?;qcc(z)).
However, since the outer loop and inner loop use positive- and negative-sequence compo-
nents of measured voltages and currents as feedback inputs, a measurement error AUPCC
that is affected by couplings between the positive- and negative-sequence components in
the transient process will profoundly affect the fault current characteristics of IIDGs.
Combined with the T/4 delay extractor, LVRT strategy, inner-loop control of positive-
and negative-sequence currents and modulation shown in Figure 1, a transfer function
diagram of fault currents of IIDGs considering the T/4 delay behaviors is shown in Figure 2,
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where C represents the transformation among different coordinate systems; the subscript 2r,
3 s and 2 s are the rotating coordinate system (dg-axis), natural coordinate system (abc-axis)
and stationary coordinate system (x[3-axis), respectively; Gp; = Kp + K /s is the transfer
function of the PI controller; and Kp and K are the proportional and integral gains of the PI
controller, respectively. In Figure 2, the measurement transfer function involves coordinate
transformations and separations of positive- and negative-sequence currents using the
T/4 delay extractor. The reference voltages calculated by difference currents via the PI
controller in the current inner-loop transfer function are fed into the primary circuits, which
can obtain the actual positive- and negative-currents of the IIDGs.

rdq Tdq Tdq
I.dq Iref,m(l) uPCC,m(l) uPCC(l) I'dq
T/4 delay extractor m(1) — + e —xt —x+ 1 )
PI > >
- - sL+R
. T d . 7 d
jwLI m?l) jwLI (1'7)
g g
jdﬂ uPCC,m(Z) uPC(;(_Z) 1 jdq
m(2) S - > @),
rd .1 1d . 1ord
L mi2) JwLL oy j@LIy)
[V sl e Il N
N 1IN ] 1

Measurement transfer function

1 -dq ~dq ~dq ol I
Ity = sorr [\ Lrefm) — Im(v) ) Gpr +Upcc,1) — Upce,m(1) + jwLlyy — jwLl()

1 -dq -dq ~dq ~dq ool o
Ioy = s (Iref,m(z) - 1m(2)> Gpr+ Upcc,2) — Upce,m(z) — jwLly ) +jwLlz)

Primary circuit

Current inner-loop
transfer function

transfer function

Figure 2. Transfer function diagram of fault currents of IIDGs considering the T /4 delay behaviors.

From Figure 2, it can be seen that the transfer function of IIDG fault currents is
composed of the positive- and negative-sequence current extractor, the current inner-loop
and the primary topology of the grid-connected converter. It is worth noting that the
positive- and negative-sequence currents are independent at the inner loop and primary
topology, while there is coupling between the positive- and negative-sequence components
in the measurement with the T/4 delay extractor. Therefore, the fault current of a grid-
connected IIDG considering the T/4 delay behaviors is:

-dq q dq

q dq @)

2.2. Fault Characteristics

According to (1)—(4) and the transfer function shown in Figure 2, the irrational func-
tions H; and H, that contain the delay e~57/4, cannot be directly used in the fault analysis.
In this regard, the delay in (2), based on the Pade approximation method [41], can be
expressed as:

©)

where delay duration T} is 5 ms, and 7 is the number of approximate orders, which is equal
to 30 in this paper.
Based on (1)-(5), the unit step response of the measured positive- and negative-
- d
sequence components of PCC voltages U pqccrm, the actual value with T/4 delay behaviors
UPCC,T, and the actual value ignoring the T/4 delay behaviors UpCC,NT, are shown in
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Figure 3, where the measured positive-sequence voltage in the q-axis Upcc (1) that is not

- d
affected by that in the d-axis voltage Upcc(1) remains 0.

. . . o o i o .
o] iqcc,mu) ui[éC,T(l) zfiqcc,NT 1) =} quCC,NT(Z) uPcc,m(2) u?’CC,m(2) uPcc,T(z) ugcc,m)
£15 &
) ] - Q I~
ke L
2 ot S T o0y N
'?Ei-(o.'j i_o.ls_ 1 1 ‘JI 1 1
| Ry 0 0@ 05 00 2770 o005 oot 0105 002 0205 008

S
(a) Positive-sequence measurement error. (b) Negative-sequence measurement error.

Figure 3. Unit step responses for positive-and negative-sequence components of PCC voltages.

. d - d
It is clear from Figure 3a,b that AUpcc(1) and AU chc(z) are 0 during the IIDG steady
. d - d
state, that is, Upcc ,,, can track Upcc in real-time. However, there are measurement errors,
.d . d - d
AlUpcc(1) and Aupqcc(z), in the transient process. The delay behavior in which Upcc (1)

- d
increases to Upcc(q) after the unit step responses will remain at 5 ms for the positive-
sequence measurement. The second-order harmonic components dominate the transient
coupling between the positive- and negative-sequence components caused by the T/4

- d

delay extractor. quCC,m(Z) also has a 5 ms delay behavior with a transient error whose
d

magnitude is 0.5 U chc,m(z) for the negative-sequence measurement.

: dq .
Moreover, the reference negative-sequence current [,, f(2) 1IN the current inner loop
shown in Figure 2 is zero to eliminate its negative impact. The reference positive-sequence

-d - d - d
current | ,Z £(1) is generated by UPqCC,m(l) based on the LVRT strategy. AUP[Z;C will affect

the I fj (1), which causes the two-stage behavior in the fault transient process. It is clear
that the reference current and measurement errors of voltages and currents affect the
fault characteristics of IIDGs. For a better understanding of the above effects on the fault
transient currents of IIDGs, based on (1), (2), (4) and Figure 2, a transfer function diagram
of reference currents to actual currents can be obtained (i.e., the process from the current
inner loop transfer function to the primary circuit transfer function in Figure 2), as shown

in Figure 4.
.
1 ](1{)1 (f)
R+sL i
jwL
jwL ‘
rd
1 1 (311) (S)
R+sL

Figure 4. Transfer function diagram of reference positive- and negative-sequence current values to

those actual currents.
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From Figure 4, the actual positive- and negative-sequence currents affected by the
reference current are expressed as:

-d Tp G . , .
I(f) (s) = %{Glel (s — jw) + GrL — jwL[1 — Hy(s — jw)] }+
.dq
Trer2)(5)G . i .
PSR o
dq 2y ()G . . .
f(5) = PRSP IGry (5) + Gpa () Ha (s + je) + jwL[1 — Hy(s + )]} +
.dg
Lgﬂﬁz)l(:é))cﬂ [Gp1 — jwL]e®“ Ha (s + jw)
subject to:
Grr =sL+R
Ni(s) = [Gre + GpiHi (s + jw))* + w?L2[1 — Hy (s + jw)*+
[jwL — Gpj(s +j2w)](]a)L Gpr)H; (s + jw)Hy (s + jw) (7)
Na(s) = [Grr + GprHa (s — jw)]* + w?L2[1 — Hy (s — jw)*+
[jwL — Gpi(s — j2w)](jwL — Gpr)Hy (s — jw)Hy (s — jw)

Asis shownin (6) and (7), the transfer functions of actual currents consist of a post-fault
steady-state component and a transient-state decay component. The amplitude-frequency
and phase-frequency transfer function characteristics of the IIDG output current in (6)
are shown in Figure 5a. In Figure 5a, the amplitude-frequency and phase-frequency
characteristics of the current inner-loop transfer function show pulsating waveforms with a
period of 200 Hz when the reference current value is perturbed by the T/4 delay behaviors.
Response characteristics with and without the T/4 delay behaviors are almost the same
for high-order harmonic components above 500 Hz, which indicates that the T/4 delay
behaviors do not significantly affect medium-order and high-order harmonic components.
However, their fault response characteristics are quite different in the interval of 0-200 Hz.
The low-order harmonic components of the IIDG fault current are higher due to the delay
behaviors of the sequence-component extractor, which will have a greater impact on the
transient characteristics of the IIDG fault current.

g W LR
2 2m
= Pé 20 gb ] -35F
@40 . I £ 70 - - -
p= 0 > 200
qéé & 50 é ..%D ok

o_ = - = N
= 21005 500 1000 1500 200 50 000 B0

Frequency/Hz Frequency/Hz
considering the T/4 _____ Not considering the considering the T/4 _____ Not considering the
delay method T/4 delay method delay method T/4 delay method

(a) Effect of current reference

(b) Effect of voltage measurement errors

Figure 5. The amplitude-frequency and phase-frequency characteristic curves of the transfer function
of the output current of the IIDG.

In addition, the voltage measurement error AU?;qCC will affect the feedforward of the
grid-side voltage in the current inner loop shown in Figure 5a. The difference between
measured and actual voltages is large within the 5 ms after the fault occurs, where the
voltage feedforward in the inner loop cannot match the actual value. It will inevitably cause
an abrupt change for each sequence component current of IIDGs, which is not an active
response of the control system to the fault condition. The more severe the fault, the greater
the change in the voltages and currents will be. The effect of the current measurement error
is similar to the voltage measurement error.
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Similarly, the amplitude-frequency and phase-frequency characteristic of the transfer
function of the output current of the IIDG under the influence of the voltage measurement
error are shown in Figure 5b. As can be seen from Figure 5b, the transfer function of
the current inner loop of IIDGs affected by the voltage measurement error still exhibits a
pulsating waveform with a period of 200 Hz when the delay behaviors of the sequence
component extractor are considered. By comparing Figure 5a,b, it can be seen that the
voltage measurement error has a small effect on the amplitude-frequency and phase-
frequency characteristics.

It can be concluded that the T/4 delay sequence component extractor will contribute
to the two-stage behavior in the fault transient process of IIDGs. In stage I, the T/4
delay behaviors cause measurement errors between measured and actual voltage/current

(i.e., U;l;qccrm and [ Zj) in the inner-loop controller. The transient components of PCC voltages
and currents are affected by reference currents determined by the LVRT strategy, the voltage
measurement error, and the current measurement error, which will remain 5 ms. In stage 1II,
the voltage and current measurement errors are zero and the measured values can track the
actual values in real time. The transient components of PCC voltages and currents are only
affected by the changed reference current and gradually decrease to 0, that is, the IIDG is a
fault steady-state process and unaffected by the T/4 delay behavior.

3. Proposed Protection Scheme

When a fault occurs in DNs with IIDGs, the fault current supplied by IIDGs contains a
large number of low-order harmonic components, where the second-order harmonic is a
dominant component, while the power-frequency component is the dominant component
in low-frequency components for the short-circuit current contributed by the system source.
Hence, low-order harmonic components caused by T/4 delay behaviors of IIDGs can be
used in the protection scheme proposed in this paper.

3.1. Protection Principle

The CDP principle is commonly used in modern DNs due to its high sensitivity and
selectivity. Here, a novel CDP principle based on low-order harmonic components is
proposed in this paper. The current variation is adopted as the start-up criterion. Once pro-
tection relays are picked up, protective relays at two terminals acquire the required transient
electric quantity based on the Prony method. The frequency-characteristic ratio (FCR) is
constructed to adaptively adjust the restraint coefficient. Finally, an FCR-based protection
criterion is implemented to overcome issues of false or failed tripping of relays in DNs
with IIDGs.

To avoid the unbalanced current during normal operations, the proposed start-up
criterion based on the current variation is as follows:

AIst > Ist,set (8)

where Iy g is the pickup threshold of the phase current.

The ratio of the sum of the amplitude of power-frequency components to the sum of
the amplitudes of low-order harmonic components for transient currents within a frequency
band is defined as the FCR, which is given as:

49<§<51 A
"Tr A ©

20<£;<220

where A; is the amplitude of transient currents current at a frequency f;. Considering
the effect of decaying components of transient currents, the frequency band of low-order
harmonic components is selected to be in the interval of 20~220 Hz, which includes second-
order harmonic components, third-order harmonic components and fourth-order harmonic
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components. The frequency band of power-frequency components is selected to be in the
interval of 49~51 Hz.

To further improve the sensitivity and reliability of protection relays, a frequency
factor F;; based on the FCRs in (9) is defined as follows:

_ min(#m, 7n)

= 10
max(1m, 1) 10

U
where m and n are two-terminal relays. The frequency factor F;; can be adaptively decreased
when there is a large difference in FCRs between two-terminal relays, otherwise it will
remain the same when there is a small difference in FCRs.

Based on (10), the action criterion of the CDP is as follows:
Iy

o]

R

) > Iset (11)

where ‘I m‘ and ’I n‘ are the amplitude of currents at two-terminal relays m and n of the

feeder, respectively; K is the restraint coefficient; and I, is the relay setting of the CDP.
Based on (10) and (11), the larger the FCR 7 for both terminal relays, the smaller the F;, will
be. The sensitivity of relays can be improved adaptively for a fault feeder. The FCRs of
both terminal relays are closed for a non-fault feeder, which ensures protection selectivity
and reliability. Furthermore, the protection scheme is also applicable to the traditional DN
without an IIDG, due to insignificant differences in FCRs.

3.2. Prony Method

To extract the low-order harmonic components of the fault current, the nth-order
Prony method is employed to fit the required electrical quantity of relays in DNs with
IIDGs. The current i at a time interval AT is sampled uniformly and discretely for a certain
period with a total number of samples M. The discrete function is:

R n
i(m)= Y cxy¥,m=0,1,..., M—1
x=1

Cy = Axe]q]“\
ym = e(Bx+j2mfx) AT

(12)

where i(m) is the fitted approximation of i(m); Ay, @x, fx and By are the amplitude,
initial phase, damping coefficient and frequency of the x-th complex exponential function,
respectively. The solution process is as follows:

1. According to (12), the sample function can be defined as:

M-1 N
rij)= L im=j)t(m—i) (ij=01,..n) (13)

where {* is the conjugate of 7.

2. Construct the sample matrix Q:

23 43 = 0
0= q :/ q :, q /:”e (14)
q(ne,0) q(ne, 1) -+ q(ne, ne)

where 7, is the order after the expansion, which is M /2.

3. Using the singular value decomposition and least square estimation to determine the
effective rank and all the parameters of the characteristic equation ay(x =1,2,...,n),
substitute a, into (15) to solve yx(i =1,2,...,n):
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n .
Y ay" =0 (15)
x=0

4. Obtain the linear fit values in (16) based on the parameter a.

n
i(m) = —Y_ ayi(m —x) (16)
x=1
5. Calculate the parameters cx(i = 1,2,...,n) using (17)
1 1 1 1 i(0)
Y1 Yo Y %) (1
. . .n = ( ) (17)
n'h ot e led liv-1)
6. Ay, @x, fr and By can be yielded using the relationship between the parameters shown
in (18).
Ax = |cx]
_ Im(cy)
@x = arctan IRe((cx)) a8)
— myx
fx = arctan Re(y) /2tAT
Bx = Inly«|/AT

Thus, the overall flowchart of the proposed CDP scheme for DNs with IIDGs con-
sidering delay behaviors of the sequence-component extractor is illustrated in Figure 6.
Algorithm 1 shows the pseudocode of the proposed CDP scheme.

Start

Current parameter
extraction for each relay
using the Prony method

v

Calculate FCRs
according to (9)

v

Calculate F ’
according to (10)

NO

YES

Relay tripping

Figure 6. Flowchart of the proposed CDP scheme.
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Algorithm 1: Pseudocode of the proposed CDP scheme

1: Load current data from PSCAD (Im, In)
2: Obtain magnitude and phase information of currents by the Prony algorithm (result_A,

result_B)

3: result_A= [Ax_m, fx_m, phix_m, betax_m]

4: result_B= [Ax_n, fx_n, phix_n, betax_n]

5: n=length(result_A)

6: F1_m=0

7: F2_m=0

8: fori=1: n—1

9: if (result_A(i,2)>=49 & result_A(i,2) <=51)
10: F1_m= F1_m+result_A(i,1)

11: end

12:  if (result_A(i,2)>=20 && result_A(i,2) <=220
13: F2_m=F2_2+result_A(i,1);

14:  end

15: end

16: n4=F1_m/F2_m;

17: F1_n=0

18: F2_n=0

19: fori=1: n—1

20:  if (result_B(i,2)>=49 & result_B(i,2)<=51)
21: F1_n= F1_n+result_B(i,1);

22: end

23: if (result_A(i,2)>=20 && result_B(i,2)<=220
24: F2_n= F2_n+result_B(i,1);

25: end

26: end

27: yp=F1_n/F2_n

28: Fy=min(1 4,17)/ max(1] 4,1p)

29: if abs(abs(Im)-abs(In))-K*F, *(abs(Im)+abs(In))>=I_set
30: disp(‘YES’)

31: end

4. Case Study

In this section, a typical radial DN with IIDGs is built using the PSCAD/EMTDC

simulation platform as shown in Figure 7, where two feeders (L1 and L2) are modeled with
lengths of 9 km and 7 km. The rest of the parameters in the DN are shown in Table 1.

Figure 7. Typical radial DNs with IIDGs.
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Table 1. Parameters of DNs.

Parameter Value

System equivalent impedance 0.0001 +j0.628 ((2)

Main transformer capacity 50 (MVA)
Main transformer ratio 110 kV/10.5 kV
Load capacity 10 (MVA)
Load power factor 0.9
Line impedance 0.06 +j0.089 (©2/km)
Length of line AB 3 (km)
Length of line BC 4 (km)
Length of line AD 5 (km)
IIDG1, IIDG2 and IIDG3 capacity 3,1.5and 4 (MVA)

Fault time 0.2 (s)

4.1. Verification of Fault Transient Analysis Method
4.1.1. Fault Characteristics

To verify the correctness of the effects of measurement errors generated by T/4 delay
behaviors of the sequence component extractor on IIDG transient currents, Figure 7 shows
a three-phase symmetrical fault occurring at f; of the DN, where the PCC voltage drops

- d
to 60%. The three-phase PCC voltage u,., actual PCC voltage U pZ;C and the PCC voltage

4 -
measurement Upcc ,,, are shown in Figure 8.

1 u, ub uc
2 04
o --
a
©
§ oF Ua Ub Ue
a.
g
<

|
—_

—_

T

0.8

0.6
O e ccccccccccsccccscsccseYoccccccceccccoccccccccccccas

Amplitude/pu
=]
T

[] [] [] []
0.190 0.195 0.200 0.205 0.210 0.215
S} LU e s

PCC PCC,m UZCC """ uZCC,m
Figure 8. Fault waveforms for PCC voltages.

From Figure 8, three-phase voltages 1,;. remain symmetrical after the fault. PCC volt-
ages in the g-axis are zero because the d-axis is oriented to the PCC voltages. The amplitude
of the actual PCC voltage U??Z:C(l) falls from 1.0 pu to 0.6 pu, while the measured PCC volt-
age U(IquCC,m(l) will undergo a transient process with a stepwise drop due to measurement

errors introduced by T/4 delay behaviors. The amplitude of U?’qCC,m(l) decreases from
1.0 pu to 0.8 pu and then drops from 0.8 pu to 0.6 pu. A 5 ms dynamic error between mea-
sured PCC voltage and the actual value after the fault will affect transient characteristics of
the fault current of IIDGs, which is theoretically identical to the fault analysis.
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4.1.2. Comparison with Traditional Method

The output current of IIDGs and the amplitude-frequency characteristics of an A-phase
current are compared when a three-phase symmetrical fault occurs at f; and the system
voltage drops to 20%. Comparison results between the method proposed in this paper and
the traditional algorithm [39] are shown in Figure 9.

21
T OW
=40
1 1 1
8-4 3+ "2.8pu g 1.0 [ ITraditional method
s Ir —E—;; [ Proposed Method
-1 1 1 1 £ 05 @@Simulation result
a.
:Dj« %: 15py g 0 I—._| s e
= 0 50 100 150 200 250
] ] ]
0.20 0.22 0.24 0.26 Frequency/Hz
t/s
...... Method in Traditional Simulation
this paper methods results
(a) IIDG output current (b) Amplitude—frequency characteristics of A-phase current

Figure 9. Comparative results of fault currents.

In Figure 9a, the transient process of the IIDG fault current under the system voltage
drop of 20% is divided into two stages. Due to the voltage feedforward error and LVRT
control strategy, the d-axis and g-axis current increases within the first 5 ms of stage
I. As for stage II, feedforward errors between measured voltages and actual voltages
gradually become 0 and the reference current in the g-axis increases again. Compared
with the traditional method, the g-axis current significantly overshoots with a maximum
of 2.39 pu and then reaches the command value. From Figure 9b, it is found that all the
low-order harmonic components of the IIDG fault current will increase. The second-order
harmonic components of the transient current are the dominant components, which is
consistent with the previous analysis.

From Figure 9a,b, it can be seen that the traditional equivalent model does not correctly
reflect the transient characteristics of the IIDG fault currents within 0-20 ms after the fault,
whereas the model used in this paper has a better match result. Furthermore, this section
quantitatively compares the accuracy of the two models under different levels of voltage
reductions, as shown in Tables 2 and 3. In the case of voltages which dropped by 20%, the
calculation accuracy of the traditional methods is between 1% and 3% within 20 ms after a
fault, while the accuracy of the model in this study is less than 0.01%. When the system
voltage drops by 80%, the computational error of the traditional method exceeds 30%
within 20 ms after a fault, which can reach 71.61% at maximum. The calculation accuracy
of the proposed model is still below 0.1%, the computational accuracy is improved by
more than 30%, and the narrower the time window, the more obviously the computational
accuracy is improved.

Table 2. Comparison of the two models when the system voltage drops to 80%.

Method Current 5 ms 10 ms 20 ms
Proposed d-axis <0.01% <0.01% <0.01%
Method g-axis <0.01% <0.01% <0.01%
Method in [39] d-axis 1.74% 1.64% 1.36%

g-axis 2.03% 1.93% 1.56%
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Table 3. Comparison of the two models when the system voltage drops to 20%.

Method Current 5 ms 10 ms 20 ms

Proposed d-axis 0.02% 0.03% 0.05%
Method g-axis 0.03% 0.06% 0.05%

d-axis 71.61% 49.38% 33.22%

Method in [39] q-axis 3.99% 15.31% 7.86%

Therefore, the proposed method in this study has high accuracy in fault calculations
which is identical to the theoretical analyses and demonstrates the accuracy of the fault
transient analysis of IIDG considering T/4 delay behaviors, as summarized in this paper.

4.2. Different Locations and Fault Resistances

To verify the performance of the proposed protection scheme under various locations
and fault resistances, 27 groups of two-phase (A-phase and B-phase) grounding faults are
simulated in the DN model shown in Figure 7, where K is set to 0.2 and I is set to 0.1 kA.
The fault points are fi, f> and f3, respectively. The fault resistances are set to 10 (3, 100 ()
and 500 ), respectively. The operation results of relays are shown in Table 4. I, is the
two-terminal differential currents of faulty sections for the action criterion in (4), which is

i, fFﬂK(‘im‘ +11, )

Table 4. Operation results of the relays for the proposed protection scheme under different fault

equal to Hlm’ -

locations and resistances.

. Fault Fault Relay AB

Fault Point Location Resistance () A B Ey Tact (kA) Tripped or Not Relay

10 1 0.8457 0.8398 10.5620 YES AB

10% 100 0.9990 0.8171 0.8180 10.6497 YES AB

500 0.9991 0.8185 0.8192 10.6496 YES AB

10 0.9979 0.9081 0.9385 7.9419 YES AB

fi 50% 100 0.9981 0.9216 0.9233 7.9289 YES AB

500 0.9977 0.9316 0.9338 7.9563 YES AB

10 0.9980 0.8625 0.8643 6.4316 YES AB

90% 100 0.9979 0.8723 0.8741 6.1900 YES AB

500 0.9973 0.8758 0.8181 6.5142 YES AB

10 0.9977 0.9975 0.9999 7.5339 NO BC

10% 100 0.9978 0.9972 0.9993 7.3486 NO BC

500 0.9966 0.9963 0.9999 7.5341 NO BC

10 0.9863 0.9862 0.9999 5.9441 NO BC

f 50% 100 0.9866 0.9863 0.9997 5.0407 NO BC

500 0.9863 0.9864 0.9999 5.9212 NO BC

10 0.9869 0.9866 0.9999 4.7786 NO BC

90% 100 0.9858 0.9857 0.9999 5.4212 NO BC

500 0.9870 0.9869 0.9999 5.2130 NO BC

10 0.8853 0.8867 0.9984 9.9337 NO AD

10% 100 0.8879 0.8864 0.9983 10.2895 NO AD

500 0.8871 0.8857 0.9984 9.9200 NO AD

10 0.8742 0.8753 0.9987 6.6909 NO AD

f3 50% 100 0.8065 0.8015 0.9938 6.7521 NO AD

500 0.7953 0.7989 0.9955 6.6799 NO AD

10 0.9111 0.9139 0.9969 4.9530 NO AD

90% 100 0.8848 0.8863 0.9984 4.9544 NO AD

500 0.8081 0.7962 0.9853 4.9296 NO AD

In the results shown in Table 4, the proposed protection scheme can correctly identify
faults at different locations and fault resistances. When a fault f, occurs downstream of the
protected section, the short-circuit current flowing through relays on both sides of AB is
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supplied by the system. The calculated FCRs on both sides are similar, that is, F,7 close to 1.
In the case of the fault occurring at a point, f3, that is located at the outlet of a neighboring
feeder on the same bus, a backward power flow may occur. The short-circuit currents at the
relays on both sides of AB are contributed by the IIDG. The FCRs on both sides are small
but approximately equal, that is, F; is still close to 1. In summary, the relay can reliably trip
to eliminate faults with good sensitivity and generality.

Furthermore, to show the correctness of the reconstructed electrical quantity of relays,
the performance of the Prony algorithm implemented in the proposed protection method
is assessed in Table 4 (f1, 50%, 10 ). A comparison between fitted curves based on the
Prony algorithm and simulated curves from PSCAD is given in Figure 10, where I m and I n
are terminal currents of the section AB of Figure 7. From Figure 10, it is evident that the
terminal currents I, and I,, have been successfully fitted by the Prony algorithm, with a
high fitting accuracy. The above retrieved results are correctly applied to the protection
criterion, which can indirectly validate the effectiveness of the proposed methodology.

Simulated curve (I ) =%= Fitted curve (I,)

——Simulated curve (1) —* = Fitted curve (1)
40 ™

< T
=
\: 30r ¥ 3 f % %{
~ Fou P 3

N 1 1 7 A ¥ *
~ 20 ¥ ! ¥ * '
“— b4 * * 1 ¥
5 § i f 1 H
£ 10 v ]
) i 1 f
E 1
5
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-20 I I I

0.18 0.20 0.22 0.24 0.26

t/s

Figure 10. Comparison between fitted curves based on the Prony algorithm and simulated curves

from PSCAD.

4.3. Different Fault Types

To verify the correctness of the proposed protection scheme in case of different fault
types, two-phase short-circuit faults (A-phase and B-phase), two-phase to ground faults
(A-phase and B-phase) and three-phase short-circuit faults are simulated at the midpoint
of the AB section shown in Figure 7, respectively. The fault resistances are set to 1 (2, 5 (),
50 () and 100 Q), respectively. The simulation results are shown in Table 5. It can be seen
from Table 5 that the proposed protection scheme can identify different fault types and
each relay trips correctly. In the event of a serious fault, [IDG may provide a large number
of harmonic currents. 7 calculated by relays on the IIDG side and F;, are close to 0, which

can maximize the protection sensitivity.
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Table 5. Operation results of the relays for the proposed protection scheme under different fault types.

Fault Type Fault Resistance (€2) 1A yB Fy Lact (KA) Trip or Not
three-phase short-circuit fault — 0.9961 0.0001 0.0001 8.6650 YES
two-phase short-circuit fault — 0.9984 0.9647 0.9662 8.3815 YES
1 0.9978 0.9131 0.9151 7.8778 YES
two-phase to eround fault 5 0.9981 0.8846 0.8863 8.0605 YES
P & 50 0.9979 0.8814 0.8832 8.0672 YES
100 0.9979 0.9102 0.9121 8.0038 YES

4.4. IIDG Output Power and Location

As the IIDG output power increases, the voltage support capabilities provided by
the IIDG to the grid will become stronger after a fault, according to the LVRT control
strategy. It ensures that the DN can continue to operate stably and weakens the fault
current characteristics of the grid, which may result in traditional fixed restraint coefficients
refusing to trip. To assess the impact of IIDGs on the proposed method, different IIDG
output powers and locations are tested based on the model shown in Figure 7. The operation
results of relays are obtained, as shown in Table 6, where the AB two-phase ground fault
occurs at the fault point f;, [IDG1 output powers are set to 1 MW, 2 MW, 3 MW and 4.5 MW,
respectively, and the locations are 0.5 km, 1.5 km and 2.5 km from bus A, respectively; the
fault resistance is set to 10 (). From the results shown in Table 6, it can be found that the
proposed protection schemes can be operated accurately after a fault under different IIDG
output power and locations. The proposed CDP scheme is immune to the output powers
and locations of IIDGs.

Table 6. Operation results of the relays for the proposed protection scheme under different IIDG
output powers and locations.

IIDG Output IIDG .

Power (MVA) Location (km) A B Fy Laet (kA Trip or Not

0.5 0.9977 0.9431 0.9453 8.3592 YES

1 15 0.9976 0.9491 0.9515 8.3423 YES

25 0.9976 0.9378 0.9401 8.3371 YES

0.5 0.9976 0.9301 0.9323 8.3432 YES

2 1.5 0.9977 0.9377 0.9399 8.3379 YES

25 0.9977 0.9269 0.9290 8.4387 YES

0.5 0.9975 0.9208 0.92311 8.2625 YES

3 1.5 0.9979 0.9141 0.9160 8.3865 YES

25 0.9980 0.9163 0.9181 8.3367 YES

0.5 0.9976 0.9026 0.9048 8.2436 YES

4.5 15 0.9974 0.9038 0.9061 8.2242 YES

25 0.9979 0.9011 0.9030 8.3819 YES

4.5. DNs without IIDGs

To evaluate the performance of the proposed scheme on the traditional DN without
IIDGs, IIDG is not considered in the model shown in Figure 7. The fault locations, fault
resistances and other fault conditions are the same as those in Section 4.2. Table 7 shows
the operation results for the relays in the proposed protection scheme.
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Table 7. Operation results for the relays in the proposed protection scheme for the traditional DN
without IIDGs.

. Fault Fault Relay AB

Fault Point Location Resistance () A B Ey Tact (kA) Tripped or Not Relay

10 0.9893 0.9998 0.9895 10.3600 YES AB

10% 100 0.9998 0.9999 0.9999 10.7699 YES AB

500 0.9899 0.9971 0.9928 10.3574 YES AB

10 1.0000 1.0000 1.0000 8.1853 YES AB

fi 50% 100 0.9993 0.9990 0.9997 8.4347 YES AB

500 0.9995 0.9996 0.9999 8.2247 YES AB

10 0.9996 0.9975 0.9979 6.4943 YES AB

90% 100 0.9991 0.9994 0.9997 6.4898 YES AB

500 0.9986 0.9982 0.9996 6.5035 YES AB

10 1.0000 1.0000 1.0000 6.8398 NO BC

10% 100 0.9978 0.9978 1.0000 6.8314 NO BC

500 0.9963 0.9962 0.9999 6.8742 NO BC

10 1.0000 1.0000 1.0000 4.6295 NO BC

f 50% 100 0.9888 0.9901 0.9987 4.6328 NO BC

500 0.9984 0.9985 0.9999 5.4846 NO BC

10 0.9952 0.9989 0.9964 4.8398 NO BC

90% 100 0.9968 0.9986 0.9982 4.6977 NO BC

500 0.9954 0.9958 0.9996 5.5084 NO BC

10 1.0000 1.0000 1.0000 10.1800 NO AD

10% 100 0.9998 0.9998 1.0000 10.1804 NO AD

500 0.9997 0.9998 0.9999 10.1761 NO AD

10 1.0000 1.0000 1.0000 6.8431 NO AD

f3 50% 100 0.9996 0.9992 0.9996 6.8430 NO AD

500 1.0000 0.9998 0.9998 6.8427 NO AD

10 1.0000 1.0000 1.0000 5.0166 NO AD

90% 100 0.9982 0.9987 0.9995 5.0142 NO AD

500 0.9999 0.9999 1.0000 5.0158 NO AD

As can be seen in Table 7, the proposed protection schemes can accurately judge the
fault and disconnect the faulty line for the traditional DN without IIDGs. Furthermore, a
comparison of Tables 6 and 7 also indicates that IIDGs will contribute low-order harmonic
components in the post-fault transient process for DNs, which confirms the validity of the
previous conclusion. The method is efficient for a DN without IIDGs or with IIDGs, with
good adaptability.

5. Discussion

Steady-state-based fault analyses of IIDGs have been studied by different scholars
in the past [4,27,38—40]. To analyze and calculate fault currents of IIDGs more accurately,
delay behaviors of sequence-component extractors have to be considered, which is an
important prerequisite for the study of fault features and relay protection. The results in
Tables 2 and 3 show that the maximum error of the proposed fault analysis method is below
0.06%, with higher accuracy in fault calculations than the above methods.

The protection system in [11] is capable of clearing ground faults only, while the perfor-
mance under different fault types needs a deeper examination. Tables 4 and 5 demonstrate
the good performance of the proposed method during different fault types. Referring to
the existing literature [14,38], the adaptive scheme needs to obtain the IIDG information;
however, electrical quantities or parameters of IIDGs are not readily available through
relays and instrument transformers in DNs due to construction costs [23]. The active
methodology [42] that relies on injecting the frequency signal may be costly and has a
potential risk to the utility grid, which limits the application in real-life engineering. Fortu-
nately, there is no need to obtain or exchange electrical information of each IIDG, so the
proposed protection scheme is an economically feasible solution for DNs incorporating
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multiple IIDGs, without the requirements for the supplementary signal equipment and
physical injections.

In addition, the flexible access of IIDGs, including the T-connection and bus-connection
in the protection zone, will decrease the reliability and sensitivity of the conventional
CDP [27] and could trigger process failure, while the proposed method can adapt to
the flexible access of IIDGs with different output powers and locations, as shown in
Tables 6 and 7, with good practicality and performance. In particular, the technique applied
in this paper has low arithmetic complexity compared to those heuristic algorithms [22,26].
The noteworthy transient feature shown in Figures 8 and 9 is used to identify faults in
DNs with IIDGs. Considering today’s relay protection configurations, it is not difficult to
achieve the requirements of the extraction of transient features and may be successfully
implemented in the actual DNs.

The variety of DGs will increase with more diverse power electronics interfaces and
control strategies in future DNs. Although the protection scheme here is described for a
DN with PQ-IIDGs, the fault analysis method and protection philosophy in this paper
can provide a theoretical basis and guidance for further research. Moreover, the proposed
principle can be carried out on the existing communication-based protection system, which
has a certain requirement for the communication of DNs. If the communication links
between the relays at both terminals fail to function, it may lead to failure identification for
faults in DNs due to missing or time-delayed information. Such a communication failure
or latency is beyond the scope of this paper but will be addressed in future work.

6. Conclusions

A novel CDP framework using delay features that are contributed by the sequence
component extractor has been proposed in this paper for protecting [IDG-dominated DNs.
The T/4 delay behaviors associated with the grid-connected PQ-IIDGs are added to the
fault analysis of DNs and the required mathematical model in the frequency domain is
presented. It is found that, the two-stage delay behavior in the fault transient process for
IIDGs will generate low-order harmonic components where the second-order harmonic
components increase significantly. For the current differential relays, FCRs have been
obtained using the Prony technique to construct the protection criteria.

The study shows that the proposed fault analysis method has high accuracy in fault
calculations for transient electrical quantities for IIDGs. The feasibility of the FCRs-based
current differential principle is substantiated by the simulation results under various
fault types, fault locations and fault resistances, which is well adaptable to different IIDG
locations and capacities. It is clear that the proposed protection does not require additional
equipment to obtain electrical information from the PCCs of IIDGs, with favorable economic
benefits. Consequently, this method is simple and could be a good solution for DNs with
or without IIDGs.

Future work that involves various power electronics interfaces and control strategies
of DGs connected to DNs, as well as communication failures, should be performed to show
the adaptability and validity of the proposed fault analysis method and CDP philosophy.
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