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Abstract—Numerous renewable energy sources (RESs)
are coupled with the power grid through power electron-
ics to advance low-carbon objectives. These RESs pre-
dominantly connect to the AC collection network via in-
verters, with the electricity they produce either transmit-
ted over long distances through high-voltage lines or uti-
lized locally within the distribution system. The unique
interfacing of RESs alters their fault response character-
istics, typically resulting in limited fault currents, fre-
quency deviations, and fluctuating sequence impedance
angles. Therefore, existing protection principles based on
fault signatures of synchronous generators will face sig-
nificant challenges including distance relays, directional
elements, differential relays, phase selectors, and over-
current relays. To solve these issues, innovative protection
technologies have been developed to bolster grid stability
and security. Furthermore, the superior controllability of
power converters presents an opportunity to devise effec-
tive control strategies that can adapt existing protection
mechanisms to function correctly in this new energy
landscape. Nevertheless, the complexity of fault behaviors
exhibited by RESs necessitates further refinement of these
schemes. Therefore, this paper aims to consolidate cur-
rent research methodologies and explore prospective
avenues for future investigation.

Index Terms—TFault response characteristics, protec-
tion principles, renewable energy sources.

I. INTRODUCTION

riven by environmental protection imperatives and
decreasing generation costs, renewable energy
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sources (RESs) have claimed an increasingly significant
stake in the power system [1]—[3]. Notably, the Danish
government has committed to transitioning to a fully
renewable energy supply across all sectors by 2050,
while China aims to achieve carbon neutrality by 2060
[4], [5]. This shift is steering the traditional electrical
grid towards a power electronics-dominated system,
precipitating a profound transformation in grid fault
dynamics [6], [7]. Such transformations present a for-
midable challenge to the reliability of current protective
relay operations [8].

Traditional protection methods are developed based
on fault characteristics of synchronous generators (SGs)
[9], [10]. These protection technologies developed for
transmission networks primarily include differential
protection, distance protection, directional elements, and
phase selectors [11]. Differential protection serves as the
principal protection for transmission lines, offering ab-
solute selectivity and rapid response [12]. In a conven-
tional network with power sources at both ends, the
current phase angles are essentially identical for internal
faults and the opposite for external faults. Consequently,
the proportional restraint-based differential relay has
operated with high reliability in the grid for many years
[13]. Distance relays measure the fault distance from the
fault point to the relay point and typically employ three
zones with varying protection ranges and intentional
time delays [14]. Among them, zone 3 functions as the
backup protection for zone 1 and zone 2 [15]. Regarding
directional elements, those used in the transmission grid
are based on fault components [16]. Owing to the
non-associated reference direction at the relay point, the
sequence superimposed impedance angle calculated by
these directional elements is close to —90° for forward
directional faults and approximately 90° for reverse
faults [17]. Moreover, the relative angle difference be-
tween sequence incremental currents varies across dif-
ferent regions depending on the fault type, forming the
basis for the most commonly used phase selector [18].
Overcurrent relays are widely utilized in distribution
networks due to their simplicity and effectiveness [19].

Initially, the impact of RESs on protection methods
did not receive sufficient attention due to their low in-
tegration capacity [20]. As a result, RESs were required
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to be disconnected from the service in the event of a fault.

However, with the continuous increase in the share of
RESs, such a practice now poses a serious challenge to
the stability of the power system [21]. Modern grid
codes mandate that RESs must ride through faults,
leading to extensive discussions on the impact of fault
ride-through (FRT) strategies on traditional protection
methods [22]-[26]. RESs can be divided into full power
converter interfaced sources (CIRESs) and partial power
interfaced sources (PIRESs) [27], [28]. CIRESs primar-
ily consist of permanent magnet synchronous generators
(PMSGs)-based wind turbines and photovoltaic (PV)
sources [25]. The power conversion section of PMSGs
includes a source-side converter and a grid-side con-
verter (GSC). The source-side converter regulates the
active power harvested from the wind turbine and en-
sures a stable AC-side voltage. Meanwhile, the grid-side
inverter is tasked with maintaining a constant DC volt-
age and managing reactive power injection [29]. The
fault characteristics of CIRESs primarily rely on the
grid-side inverter, so PV panels and wind turbines with
the source-side converter are often equivalent to a con-
trolled current source [7], [30]. Under this circumstance,
the fault current of CIRESs is limited, and the sequence
equivalent impedances are much larger than the line
impedance and the equivalent grid’s impedance. Addi-
tionally, the sequence impedance angles of CIRESs also
vary with fault conditions [31], [23]. These phenomena
significantly threaten the reliable operation of traditional
protection relays.

Currently, the most widely used PIRESs are dou-
ble-fed induction generators (DFIGs). To prevent serious
overvoltage and overcurrent on the rotor side during
bolted faults at the generator terminal, a crowbar device
is often installed on the rotor side [32], [33]. When the
crowbar device is activated, it short-circuits the ro-
tor-side converter (RSC), causing the stator-side fault
current to exhibit a rotor-speed-related frequency due to
the loss of rotor-side excitation current [34], [35]. Addi-
tionally, the fault current displays a characteristic rapid
decay [26]. As a result, all protection methods that rely
on power frequency phasors will be adversely affected.

To address these issues, numerous protection schemes
have been proposed, including the design of protection
algorithms and control strategies. The first approach
involves developing new protection algorithms based on
the novel fault signatures of RESs, but implementing
these methods requires updating all protection devices,
which entails significant investment [23], [26],
[36]-[38]. An alternative approach is to mimic the fault
characteristics of SGs to make CIRESs compatible with
conventional protective relays by designing new control
strategies [39]-[44]. This method takes advantage of the
excellent controllability of CIRESs and represents a
promising direction for a future power grid dominated
by RESs, although its practical application in engineer-
ing remains a considerable challenge.

This paper is a review of the fault characteristics and
protection technologies of RESs. The structure of RESs
is introduced in Section II, and the specific fault char-
acteristics are analyzed in Section III. After that, the
influence of RES integration on protection is studied in
Section IV, and new protection technologies applicable
to RESs are summarized in Section V. Moreover, the
current challenges and future perspectives are given in
Section VI, and a conclusion is drawn in Section VII.

II. THE STRUCTURE OF RESS

In this part, the basic structure and the related control
system of CIRESs and DFIGs will be introduced.

A. The Structure of CIRESSs

For CIRESs, the GSC utilizes a three-phase two-level
inverter, with the commonly used controllers being
decoupled current control (DCC) and decoupled se-
quence control (DSC) [45].

1) DCC

Figure 1 shows the control diagram of the DCC.
During normal operation, the constant DC voltage con-
trol is utilized to generate the active current reference
value, [, [41]. Sometimes, the d-axis current refer-

ence can be directly set to 1 for simplicity. However,
once a fault occurs, the outer voltage loop is deactivated,
and the current reference values for the inner current
loop are directly determined based on the specific FRT
strategy [42]. To achieve decoupling of the dqg axis, a
coupling term is introduced into the inner current loop.
Furthermore, the grid-side voltage (highlighted in red)
undergoes feedforward compensation within the inner
current loop to counteract any grid disturbances [46],
[47]. Subsequently, a three-phase modulation wave is
generated and compared with the carrier wave to pro-
duce the trigger signal for the inverter. In this controller
configuration, the g-axis leads the d-axis by 90°, posi-
tioning the voltage vector on the d-axis.

=3 ey @
P ! 1
in :f\ﬁ;} g5 g L L, R .

Step-up
transf.

Collection
line

Coordinate system:

Fig. 1. The detailed topology of CIRESs based on DCC.

2) DSC
Various techniques are available for achieving sepa-
ration of positive and negative sequences, including the
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double second-order generalized integrator
(DSOGI)-based method, the dual synchronous refer-
ence frame (DSRF)-based method, the one-quarter cy-
cle (7/4) delay method, and the notch filter-based
method [48], [49]. However, these methods introduce a
delay in the controller’s response, resulting in a slower
reaction time compared to DCC. Specifically, for the
T/4 delay method, the process of separation can be de-
scribed as follows [50]:
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Fig. 2. The detailed diagram for DSC control.

Additionally, a negative-sequence control loop is
incorporated as shown in Fig. 3, enabling the controller
to achieve versatile fault control objectives. When direct
power control is implemented, this controller can realize
the following objectives: 1) suppressing the nega-
tive-sequence current; 2) suppressing active power
oscillations; and 3) suppressing reactive power oscilla-
tions. Under this circumstance, the control equation can
be expressed as [51]:
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where T, , is the transformation matrix from of

frame to the dg frame; T, is one cycle that is equal to

20 ms for the fundamental frequency f, of 50 Hz; i is

the measured current; and its subscripts 1 and 2 repre-
sent positive- and negative-sequence components.
Figure 2 shows the control diagram when the 774
delay method is employed, with the positive-sequence
voltage aligned along the positive-sequence d-axis.
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where K denotes the control factor which is chosen from
0, 1, and —1 corresponding to the above three control
strategies; u and i are the measured voltage and current,
and subscripts 1 and 2 represent positive- and nega-
tive-sequence components; P, and Q, are active and
reactive power references; M and N are represented as
follows:
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Fig. 3. The detailed topology for a DFIG.
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B. The Structure of DFIGs

The basic structure of DFIGs is depicted in Fig. 3. The
stator is directly connected to the grid, while the rotor is
coupled to the grid through a back-to-back converter
[53]. The controller for the GSC of DFIGs is the same as
that used for CIRESs. The RSC primarily functions to
generate the excitation current at slip frequency, ena-
bling the DFIGs to maintain power frequency current on
the stator side under both super-synchronous and
sub-synchronous conditions. Typically, the slip, s ranges
from —30% to 30% [54]. To prevent serious overvoltage
and overcurrent on the rotor side, a crowbar device is
installed on the rotor side. Additionally, a chopper circuit
is implemented to protect the DC capacitor from damage
due to overvoltage [55].

Figure 4 illustrates the controller of the RSC, where
the d-axis is aligned with the stator voltage vector. In the
figure, @, is the slip angular velocity, L denotes the

magnetizing inductance, U, is the stator voltage, the
subscripts ‘s’ and ‘r’ denote the stator- and rotor-side
quantities, and o =1-L /(LL,).
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Fig. 4. The detailed controller of the RSC for a DFIG.

When the terminal voltage falls below 0.9 p.u., DFIGs
will enter the FRT state [56]. In this situation, the power
outer loop is disconnected, and only the inner rotor
current control loop needs to be considered. It is im-
portant to note that the short-circuit process under study
is so brief that the rotor's rotational speed is generally
assumed to be constant for the analysis [57]. Once the
crowbar device is activated, the RSC will be bypassed.
Similarly, the RSC can also employ a DSC-based con-
troller, allowing for flexible control objectives, such as
eliminating electromagnetic torque oscillations and
complying with IEEE Std 2800-2022 [58], [59].

III. FAULT CHARACTERISTIC ANALYSIS

In this part, the fault behaviors of RESs will be
studied, and they are significantly different from those
of SGs due to the unique structure and control system.

A. CIRESs

1) DCC Control
In compliance with most grid codes, CIRESs are
mandated to inject reactive current into the grid during a

fault, although the specific regulations may vary slightly
[25], [60]. The Danish FRT strategy in Fig. 5 serves as

an example. The reactive current (i) is determined

based on voltage sags in Fig. 5(a), and the remaining
capacity is used to generate the active current (i) .

When the positive-sequence voltage falls within area A
in Fig. 5(b), CIRESs can continue normal operation. If
CIRESs are operating at area B, they are required to
maintain a grid-connected state for a specified duration.
In the case of area C, they are permitted to disconnect
from the grid [60].
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Fig. 5. FRT requirement in Denmark. (a) Reactive current. (b)
The time-voltage profile.

The maximum fault current from CIRES:s is typically
1.2 to 1.5 times the rated current to protect the
full-power inverter. When a line-B-to-line-C (BC) fault
occurs at the middle point of Li> (see Fig. 10), the fault
voltage, current references, and fault currents are dis-
played in Fig. 6.

It can be seen from Fig. 6(b) that i, is set based on

the voltage sags depicted in Fig. 6(a), and the active
current is calculated using the remaining capacity. Un-
der this circumstance, the three-phase fault currents in
Fig. 6(c) will be equal to 1.2 times the rated current
during the steady state. In addition, there is a short
transient period of about 20 to 30 ms, which is an un-
controllable process. Since there is no nega-
tive-sequence current injection, three-phase fault cur-
rents remain balanced during this asymmetrical fault.
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Fig. 6. The related measurements for a BC fault. (a) Posi-
tive-sequence voltage. (b) Current references. (c) Three-phase
current.

For the fault steady state, the fault current is regulated
by current command values, so the phase-A current can
be expressed as [61]:

la WCOS[CW + 6 + arctan( Igref JJ (5)

lldref
where @ is the synchronized angular velocity; and 6

is the phase angle detected by the phase-locked loop
(PLL).

For the transient process, the current expression de-
pends on the controller parameters. When the propor-
tional and the integral coefficients are tuned according to
(6), the system can be reduced to a first-order model, so
the dg-axis fault currents can be expressed as (7) [62].

k. =aw.lL
ip cf
6

{kﬁ =R ©
where & and k; are respectively the proportional and

integral constants; L, and R are the filter total inductor

and resistance of the inverter; and o, is the open loop
crossover frequency of the first-order system.

I ()= Lt — (idref - id(O) )e
(t ) qref (lqref q(O) ) ¢

where i,, and i are the initial value of dg-axis

~ .t

o o

currents.

If the saturation element is placed after the PI loop, it
will prolong the current transient process. In such cases,
the fault current will exhibit a peak value, and the spe-
cific expression for the transient current is calculated in
[62]-[64]. In addition, the dynamic feature of the PLL
will also influence the transient current from CIRESs,
but the impact is limited for the DCC control due to the
fast-tracking speed of the traditional PLL [35].

2) DSC Control

In the standard VDE-AR-N 4120 [52] in Fig. 7, the
negative-sequence reactive current is also required to be
injected into the grid [52]. Consequently, it is necessary
to add a negative-sequence control loop. For this FRT
strategy, the positive-sequence reactive current refer-
ence is still determined based on the positive-sequence
voltage variation during and before a fault. Additionally,

ber and i, .. are set according to the corresponding

negative-sequence g-axis and d-axis voltage compo-
nents during a fault. In this situation, the nega-
tive-sequence impedance angle will be equal to 90°,
similar to that of SGs [65]. The remaining capacity will

be used to generate 7, .

Required additional reactive current
Ai, A, A 2<k<6
100%

-50% 50%
Representation in related quantities:
Au, = voltage change in the + sequence system
Au,= voltage change in the —sequence system
Ai, = current variation in the + sequence system
Ai,, = current variation in the — sequence system

F=100%

A4

Fig. 7. The standard VDE-AR-N 4120.

Auy, Au,

In some cases, the calculated current references will
make three-phase fault currents exceed the current limit
value. Under this circumstance, they need to be scaled
down in proportion [39]. In addition, it is generally
believed that there is no room to generate i, . [66],
[67]. However, reference [68] points out the suitable
i,; can even reduce the fault current amplitude, and
proposes a new algorithm to generate the maximum
I, When reactive power priority and the current lim-
iting are satisfied.

The negative-sequence current expression during the
steady state can be expressed as:

[y =\Irer + Doy SIN| OF =6, arctan[ 2qu]+ 90° ((8)
l2dref
where 6, is equal to the opposite number of 6, .

Under this circumstance, the phase fault currents
during the steady state [40] are:
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a| =1L HL[ +2|1 11| cos AB

s =\I1L] +|L] =2|5]| 1 |cos(A8-60%)  (9)

el = 1L +L] = 2]1,]|1|cos(AB+60°)

where [, and /, are positive- and negative-sequence
fault currents; subscript ‘WA’, ‘WB’ and “WC’ denote
the quantities of phase A, B, and C on the RES side; and
Ap is the angle disparity between positive- and nega-
tive-sequence currents.

During the transient process, the fault current is af-
fected by the positive- and negative-sequence separa-
tion mode (PNSM). The DSOGI-based method is a
commonly used approach for achieving this, with its
basic structure depicted in Fig. 8.
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Fig. 8. The diagram of the DSOGI-PLL [45].

At this time, when the DSOGI-based method is used
[45], the system model can be expressed as:

L BLL (5) = (1 (5) ~ I (5))PI(s) + (H - E)I, (5)

P(s)
(10)

where E is the identity matrix; H is the transfer function
of the DSOGI-PLL; 7, (s) is the output from the cur-

rent controller; PI(s) is the transfer function of the PI
loop; and P(s) can be expressed as:

1 1
=—x

P R 75+l (b
where 7 is equal to L/R; and R and L are the resistance
and inductance between PCC and the inverter terminal.
After that, the balancing-free square-root algorithm
in [69] is used to simplify the transfer function of H(s),
followed by the use of the inverse Laplace transform to
derive the time-domain expression for the fault current.
Similarly, the mathematical model of the system is
established in [49] for other PNSMs such as the 7/4
delay method, the DSRF-based method, and the notch
filter-based method. The fault current calculation pro-

cess is similar to [45].
In conclusion, CIRESs are a controlled current source
and the fault behaviors are summarized in Table I for

the fault occurring on the high-voltage (HV) transmis-
sion line. In this table, A, B, and C denote the faulty
phase, and G means line to ground. In addition, Af

denotes the frequency offset.

TABLE1
FauLT BEHAVIORS OF CIRESS
Control Fault type I, I, I, atHV Af

DCC AG and BCG Yes No Yes Small
BC and ABCG Yes No No Small

AG and BCG Yes Can Yes Small

DSC BC Yes Can No Small
ABCG Yes No No Small

B. DFIGs

The fault current of DFIGs can be discussed accord-
ing to the crowbar operating status.
1) The Crowbar Device Is Activated

At this point, the rotor side is short-circuited, and the
back-to-back converter is blocked. In this case, the fault
current of DFIGs is the same as that of the squirrel cage
induction generators (SCIGs) when a severe three-phase
fault occurs [70]:

e pe (1) = Vp L_ 1 e x

2 I-s| X, X, +1.5X,
” (12)
L {Leﬂa cos(Ho)}

cos((1-s)wt + 6,) +

1-s| X

t

where ¥, represents the induced voltage amplitude; X,

is the transient reactance of SCIGs; X ¢ and X, are
the leakage reactance and the magnetizing reactance; s
represents the slip of the SCIG with a range from —30%
to 30%; 7, and T, are the stator time constant and the

short-circuit transient time constant; and 6, denotes the
fault inception angle.

It can be seen from (12) that the ro-
tor-speed-frequency component will dominate the
DFIG fault current. Meanwhile, the small 7, also leads
to the fast decay of this sine wave.

When an unbalanced fault arises and the crowbar re-
sistance 1is considered, the positive- and nega-
tive-sequence fault circuits of DFIGs can be equivalent
to an impedance model, and they are [58]:

. jswoL +R
Zooe =R +jol, ——2
DFIG1 S .] s jSC()L‘, + R]_a
. i(2-s)woL +R,
=R +joL J(. Jool, *+ R,
J2-s)oL +R,

where R is equal to (R + R ); and R, is the crowbar

(13)

Z

(14)

DFIG2

resistance.
2) The Crowbar Device Is Not Activated

The excitation current produced by the rotor-side
converter (RSC) still helps the stator-side current
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maintain the power frequency. In this situation, the fault
current should include two parts: the stator-side current
and the fault current from the GSC. The stator-side
current is expressed (15) for a minor three-phase fault if
the inner rotor current controller is designed to a
first-order system for three-phase faults [57]:

i,,(t)=Dsin(p—6,)e ™" + Icos(wt + 6, +y) (15)
where D and [ are the magnitudes of DC and AC
components respectively; ¢ and y are two phase an-

gles related to controller parameters and the parameters
of SCIGs; R, and L, are the resistance and the in-

ductance of the stator winding.

As found in (15), the stator-side current contains only
a damped DC component and a stable fundamental
frequency AC component. If the inner rotor control loop
is equivalent to a typical second-order system, the stator
current expression is similar to (15). Only the amplitude
of the DC component is different [57].

The fault current expression of the GSC is like that of
the CIRES due to the same structure and controller.
However, the maximum capacity of the GSC only ac-
counts for 30% of the total capacity of DFIGs, so the
DFIG fault current is dominated by the stator-side cur-
rent [54]. When the fault current from the GSC is also
considered, the detailed fault model of DFIGs is drawn

in Fig. 9. In the figure, Z, is the filter impedance, / .18

the GSC current, and L, =L —L_, L, =L —L_ [58].

Different control objectives can be achieved by de-
signing different current references of the RSC and
GSC, so the fault behavior will depend on the specific
control strategy. Compared with CIRESs, the unique
fault behavior is the frequency offset phenomenon when

Step-up Power plant
transf.

Main
transf.

Collection
line

Fig. 10. The transmission line with a RES power plant.

In traditional transmission networks, the fault cur-
rents on both sides have a similar phase angle for in-
ternal faults, thus the basic criterion for proportional
restraint differential protection is as follows [71]:

I,=1,, &1, =k,
Iy =i+ 1| (16)
Iy = |1 s—1 w|
where [, and [/, are respectively the operating current
and the restraint current; [, denotes the starting cur-

the crowbar device is triggered.
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Fig. 9. The sequence fault circuit of the DFIG. (a) Posi-

tive-sequence. (b) Negative-sequence.

IV. PROTECTION CHALLENGES

After summarizing these new fault characteristics,
this section analyses their impact on traditional protec-
tive relays including differential relays, directional el-
ements, phase selectors, distance relays, and overcur-
rent relays.

A. Differential Protection

RESs are connected to the collection line through a
step-up transformer. Once the power energy is gener-
ated, it is conveyed to the remote grid via the transmis-
sion line, as illustrated in Fig. 10.

Gnid

|-

F Bus 2

rent; /i and I, are the grid-side and the RES-side

current phasors; and k, is the restraint coefficient
which ranges from 0.1 to 0.8.

When CIRESs with DCC are integrated, the fault
current from CIRESs will remain balanced for all types
of faults [25]. At this point, the fault current angle dif-
ference on both sides can be greater than 90° such that
the sensitivity of differential protection will be reduced
for BC faults [47]. When a BC fault arises at the mid-
point of L,,, the current angle and the performance of

differential protection are shown in Fig.11.
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Fig. 11. The related measurements of differential protection. (a)
The phasor diagram. (b) The ratio of the operating current to
restraint current.

As shown in Fig. 11(a), the current angle difference for
phase-C is close to 120°, so the ratio of the operating
current to the restraint current will be lower than the
restraint factor in Fig. 11(b) such that differential protec-
tion has a low sensitivity level and even fails to operate.

For DFIGs, when the crowbar device is triggered, the
DFIG current angle extracted by fast Fourier transform
(FFT) will change periodically due to the spectrum
leakage caused by the non-fundamental frequency fault
current [26]. At this time, the ratio of the operating
current to the restraint current will also change period-
ically, so it can sometimes be lower than the restraint
coefficient such that differential protection will not be
activated [30]. In addition to using the phase current, the
negative-sequence current can also be used to construct
differential protection. Currently, the performance of
this differential protection depends on the nega-
tive-sequence equivalent impedance. When the control
strategy of eliminating the double grid frequency os-
cillations in electromagnetic torque is adopted, the
negative-sequence equivalent impedance represents a
capacitive feature, so the negative-sequence compo-

nent-based differential protection may fail to be trig-
gered [72]. In addition, the zero-sequence current can
also be utilized to form a differential protection method,
but it is only applicable to unbalanced earth faults.

B. Directional Elements

Fault component-based directional elements are
frequently employed in transmission networks includ-
ing positive-sequence fault component-based direc-
tional elements, negative-sequence directional elements,
and zero-sequence directional elements [23]. They are
designed according to the sequence superimposed im-
pedance angle of the backside system:

(17)

where the subscript ¢ denotes the sequence compo-

nents; and A is the fault incremental component.

Due to the function of the magnetic loop for SGs, the
sequence-superimposed impedance of SGs is always
dominated by the inductive reactance, so the se-
quence-superimposed impedance angle of SGs is close
to 90°. Since the non-associated reference direction is
used at the relay point, the protection criterion for for-
ward faults [17] is given as:

—180° <<argZz, <0° (18)

For a fault on the transmission line in Fig. 10, the
zero-sequence fault loop only includes the part of the
transmission line and the main transformer and is not
related to the source impedance so that zero-sequence
directional elements can work properly for asymmet-
rical ground faults. However, positive-sequence fault
component-based directional elements and nega-
tive-sequence directional elements are affected since the
positive- and negative-sequence fault loops will include
the CIRES equivalent superimposed impedance whose
angle is determined by the FRT strategy. References [16]
and [23] have studied the impedance behavior when the
direct power control in (3) is used, which shows that the
superimposed impedance angles will change from
—180° to 180° under different fault conditions. In addi-
tion, the current references can also be given directly
according to grid codes. Reference [73] points out that
directional elements may not be triggered for forward
faults when the grid code in Denmark is used. In addi-
tion, negative-sequence directional elements may report
a positive directional fault for reverse faults, resulting in
false tripping [74].

For DFIGs, the superimposed impedance angle will
also deviate from 90° if the crowbar circuit is not acti-
vated since the current reference change of the RSC will
lead to a variable internal potential [57]. When the
crowbar circuit is activated, the terminal voltage is at
the fundamental frequency, but the fault current from
DFIGs is at the non-fundamental frequency [75], [76].
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In this situation, the impedance angle (the ratio of
voltage to current) will be variable from —180° to 180°,
causing directional elements not to work properly [77].

C. Phase Selectors

The phase selector can be divided into the current
amplitude-based method [78], and the current angle
difference-based method [79]. For the current ampli-
tude-based method, the phase with the maximum fault
current is identified as the faulty phase. However,
three-phase fault currents from CIRESs with DCC are
symmetrical. In addition, the phase current amplitude
for CIRESs with DSC depends on positive- and nega-
tive-sequence current references instead of fault types,
so this kind of method is invalid for CIRESs.

The DFIG fault current amplitude is related to the
fault types since there is an induced voltage source
when the crowbar circuit is not triggered. However, the
current amplitude-based method has a limited capacity
to resist fault resistance [24]. Once the crowbar circuit is
activated, the fast decay and frequency offset will in-
fluence the accuracy of the amplitude extraction and
further affect the performance of the current ampli-
tude-based phase selector.

In addition, the current angle-based phase selector is
designed according to the relative angle between se-
quence incremental currents including the angle dif-
ference between negative- and positive-sequence in-
cremental currents (J5,) and the angle difference be-
tween negative- and zero-sequence incremental currents
(6,) , and the specific logic is shown in Fig. 12.

When CIRESs with DCC are integrated, there is no
negative-sequence current inject ion from CIRESs, thus
the extracted negative-sequence current angle is unsta-
ble such that this phase selector cannot work well. In
some commercial relays, the negative-sequence current
should be higher than 10% of the rated current to trigger
the protection function, so the phase selector will not be
activated in this case [74]. Moreover, positive- and
negative-sequence currents are controlled by corre-
sponding current command values if the DSC control is
used, so &, and ¢, are no longer determined by fault

types [40]. Under this circumstance, the phase selector
may misjudge the fault type.

For DFIGs, the excitation current from RSC can be
settled with different FRT strategies when the crowbar
device is not activated, so incremental sequence cur-
rents may not follow the rule in Fig. 12. If the crowbar
device is activated, the impedance model of DFIGs is
related to the crowbar resistance [80]. The high crowbar
resistance easily leads to misoperation of phase selec-
tors. In addition, the non-fundamental frequency com-
ponent will also affect its performance.

e

Fig. 12. The logic of the current angle-based phase selector. (a)
6,.(b) 5,.

D. Distance Relays

Distance relays are often used on the transmission
line, and they can detect internal faults by calculating
the apparent impedance [81]. To compute the fault
impedance from the fault point to the relay point, there
are two fault loops for different fault types: line-to-earth
loop and line-to-line loop [22]. The line-to-earth loop is

present for ground faults, and the measurements are U,

and 1 " +k,31, (k, denotes the zero-sequence com-

pensation coefficient, and ¢ denotes the faulty phase).
The line-to-line fault loop is present for line-to-line
faults, line-to-line ground faults, and three-line ground

faults, and the measurements are (U, -U.) and

(I — 1) for BC faults.

When CIRESs are connected, the apparent imped-
ance of distance relays on the CIRES side is (17) for
three-phase ground faults [8]:

— Um _ jW +IS
Z, = A —Zk1+TRg (19)
M

where U, and I respectively denote the measured
voltage and the measured current of distance relays; Z,,
denotes the line fault impedance; and R, denotes the

fault resistance.
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Since CIRESs are weak sources with a limited fault
current, the grid-side fault current is far higher than the
RES-side current such that the amplitude of Mt is much
larger than 1. In this way, the influence of the fault
resistance is amplified. In addition, the phase angle of

I, can lead or lag that of I, so the additional imped-

ance is a capacitive or inductive component. These
factors will cause the misoperation of distance relays
[22], [41]. Conversely, the distance relay on the grid
side is less affected by the CIRES integration since Mt
for the grid-side distance relay should be close to 1 such

that the impact of R, is not magnified [22]. Besides the

apparent impedance-based implementation scheme, the
distance relay can be implemented by the phase com-
parator and reactance method. For the phase compara-
tor-based method, the distance relay can underreach for
internal faults when the negative-sequence current is
used for polarization, and it is prone to overreach for
external faults if the zero-sequence current is adopted
for polarization [82]. The performance of the reactance
method depends on the correct evaluation of the current
angle at the fault point. The reactance method can in-
dicate the fault distance if the fault point current is ap-
proximated with the zero-sequence current, but it will
not work properly if the negative-sequence current is
used to evaluate the fault point current angle [83].
When DFIGs are integrated and the crowbar device is
not activated, the fault current of DFIGs is still lower than
that of the grid, so the weak infeed of DFIGs still influ-
ences the correct operation of distance relays. In addition,
if the crowbar circuit is triggered, the apparent imped-
ance will be rotated in a large scope so that the imped-
ance trace may come into zone-1 of the local distance
relay for the fault on the downstream line, leading to the
wrong tripping and enlarging the outrage scope [54].

E. Overcurrent Relays

Overcurrent relays act as the main protection of dis-
tribution networks, and they include definite time
overcurrent relays, instantaneous overcurrent relays,
inverse time overcurrent relays, inverse definite mini-
mum time (IDMT) overcurrent relays, very inverse time
overcurrent relays, and extremely inverse time over-
current relays [84].

The time-current characteristics for various inverse
overcurrent relays are depicted in Fig. 13.
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Fig. 13. The time-current characteristics of overcurrent relays.

The general expression can be written as [85]:

G

((18.y 1)

where / denotes the actual fault current; /, denotes the

pickup current; and G and »n are different for different
inverse overcurrent relays, as shown in Table II [86].

t=
(20)

TABLEII
PARAMETERS OF OVERCURRENT RELAYS
G n
Inverse time relays 0.14 0.02
Very inverse time relays 13.5 1
Extremely inverse time relays 80 2

IDMT overcurrent relays are the combination of de-
fined time overcurrent relays and inverse time relays
[87]. There is an inverse relationship between time and
current for the smaller fault current, but the operating
time is almost fixed for the higher fault current. When
RESs are connected to the distribution network in Fig. 14,
the main challenges for these overcurrent relays are as
follows: 1) When a fault arises at F,, the RES integra-
tion will increase the fault current flowing through the

relay R,,, so that Rj> may be erroneously activated.

This means the protection coordination between R,,
and R,, will have problems; 2) If the fault point is still
at F , a fault current flows through R,, in the opposite
direction, so R,; may have an unnecessary trip to en-
large the outrage; 3) For a fault at F,, RESs will in-
crease the voltage at Bus 3 during a fault, so the fault
current flowing R,, will be reduced, and the sensitivity

of overcurrent relays will be affected adversely
[88]—-[90]. In addition, the RES output power has high
volatility since it is easily affected by weather condi-
tions, making protection settings face challenges [91].

Grid Bus 2
. R, R, L, I R, L
I
IS TR AR I
A R
Bus 1 RES Bus 3 2 Bus 4

Fig. 14. A typical distribution network.

When the grid-connected breaker is open, RESs with
the local load can form a microgrid if the output power
from RESs matches the local load [92]. Since the fault
current from CIRESs is limited, it is not enough to ac-
tivate overcurrent relays [7]. For DFIGs, overcurrent
relays also suffer from low fault current or
non-fundamental components [26], [93].

In summary, traditional protection methods will suf-
fer challenges after large-scale RESs are connected.

V. EXISTING SOLUTIONS

To solve protection problems, numerous new protec-
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tion methods are proposed. They could be categorized
into three parts: time-domain methods, frequen-
cy-domain methods, and active control-based methods.

A. Pilot Protection

For CIRESs, an equivalent differential impedance is
defined by the ratio of the differential voltage to the
differential current, and the magnitude feature could be
utilized to distinguish internal faults from external faults
[94]. The restrained impedance is mentioned in [95],
and the differential impedance will be higher than the
restraint impedance for internal faults, but its capability
to withstand fault resistance is limited. Additionally, the
fault current of CIRESs is far lower than that from the
grid, so the current magnitude ratio between both sides
is smaller than 1 for internal faults, but the ratio will be
close to 1 for external faults [96], [97]. Furthermore, the
positive- and negative-sequence current ratio is added to
constitute a comprehensive criterion to improve the
sensitivity, but the phase selection ability will disappear
[98]. In addition, a new control strategy is designed to
make the current angle difference less than 60°, so the
sensitivity of differential protection can be improved
[47]. For DFIGs with the crowbar activation, an effec-
tive method to extract the main frequency is used, and
the current frequency disparity-based pilot protection is
suggested in [99], but it is only applicable for the case
with the crowbar input. Moreover, the frequency spec-
trum of the DFIG fault current is analyzed, and a dif-
ferential protection method relying on the frequency
spectrum index is proposed in [100].

Some methods can be applied to CIRESs and DFIGs.
The fault current of RESs always has some differences
in amplitude, frequency, phase angle, and harmonic
amount, so some mathematical algorithms are used to
evaluate the waveform similarity to constitute new pilot
protection, such as Pearson correlation coefficient [101]
and cosine similarity [35], [102]. Their performance is
shown in Fig. 15 when a BC fault arises in the middle of
the transmission line and the source type is CIRESs.

As shown in Fig. 15, the calculated value is higher
than the threshold value quickly for the faulty phases,
but lower than the setting value for the non-faulty phase,
so these two methods can work properly. In addition, the
sensitivity of the cosine similarity in Fig. 15(b) will be
higher than the Pearson coefficient in Fig. 15(a) since
there is no average term in the cosine similarity. They
use the data window within 20 ms to avoid the power
phasor extraction, but both are disabled when the fault
current of CIRESs is equal to zero. To solve this issue,
Spearman’s rank correlation coefficient-based pilot
protection is proposed in [34], but the rank processing
method is different according to different fault current
amplitudes, so an auxiliary criterion needs to be added to
detect the fault current peak value. Another auxiliary
criterion is added to compensate for this shortcoming for

structural similarity-based pilot protection [103]. To use
a unified criterion, a pilot protection scheme based on
improved Euclidean distance has been put forward [30].
The parameter identification method is introduced into
the protection field, and it relies on distinguishing
whether the first-order derivative of the time-domain
differential voltage and differential current align with the
capacitance model [104], [105], However, the first de-
rivative is susceptible to the influence of high harmonics,
necessitating further enhancements to the performance
of this method. In addition, some traveling wave-based
pilot protection methods are proposed in [106]—-[108],
but they have a high sampling frequency requirement.
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Fig. 15. The performance of Pearson coefficient and Cosine
similarity. (a) Pearson coefficient. (b) Cosine similarity.

B. Directional Elements

Some effective methods are proposed for CIRESs to
detect the fault direction. The equivalent sequence im-
pedances of CIRESs are far higher than those of SGs, so
the impedance feature is utilized to design a new direc-
tional relay [36]. Accordingly, the smaller fault current
feature is used in [109]. Reference [65] points out that
the latest standard VDE-AR-N 4120 can make the
negative-sequence impedance of CIRESs behave like
SGs, so negative-sequence directional elements can
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work properly. When the filter capacitor is considered
in the model establishment of the controller, a new
control system is designed to adjust the nega-
tive-sequence equivalent impedance angle [44], but the
above two methods cannot adjust the positive-sequence
superimposed impedance. A new fault control strategy
is formed in [73] to adjust the positive-sequence su-
perimposed impedance angle of CIRESs equal to 90°,
so positive-sequence fault component-based directional
elements operate correctly. For DFIGs with crowbar
activation, the fast decay feature of the DFIG fault
current can be evaluated by calculating the difference
between the first two peak-peak values, which is an
effective method to distinguish the DFIG fault current
from the grid fault current [26]. In this way, a direction
detection method can be established.

In addition, some methods can be applied not only to
CIRESs but also to DFIGs. The equivalent resistance is
fitted by the least square method, and the sign of the
evaluated resistance can be utilized to detect the fault
direction [38], [110]. To overcome the dead zone prob-
lem for a fault occurring at the relay outlet, an auxiliary
scheme is constructed by the correlation between the
measured voltage dip and the calculated voltage dip
[111]. However, the presence of a hard current limiter
distorts the current waveform during the first quarter
cycle, thereby impacting the performance of the protec-
tion scheme [112]. Another scheme is put forward in
[113]-[115] based on the transient energy of the travel-
ing wave, but a high sampling frequency is required.
Moreover, high-frequency impedances of CIRESs and
DFIGs are established in [23], [116], the impedance
presents the inductive state in the high-frequency zone,
but the used frequency should be explored further.

C. Phase Selectors

Phase selectors are also important protective relays.
For CIRESs or DFIGs with no crowbar activation, the
relative angle difference between sequence voltages
satisfies the fixed relationship for different fault types, so
this feature is used to construct a new phase selector [24].
Moreover, the current angle zone can be adjusted ac-
cording to the calculated sequence impedance angles of
the backside system, so an adaptive phase selector is
proposed in [117]. In addition, the faulty phases can be
determined by computing the correlation coefficient of
phase transient voltage waveforms [118]. An initial
traveling wave-based phase selector is proposed in [119],
but it has a high sampling rate requirement. In addition,
when the negative-sequence impedance angle is adjusted
to 90°, the phase selector based on dy can determine the
fault type correctly, but J; cannot come into the correct
zone for the specific fault type [44]. In [43], the super-
imposed negative-sequence current angle is adjusted to
respectively track the superimposed positive-sequence

current angle and zero-sequence current angle, so J, or

0, can operate correctly, but both cannot operate sim-

ultaneously. Moreover, the phase selector based on 0,

and J, can work properly if the positive and nega-
tive-sequence superimposed impedance angle is ad-
justed equal to 90° [73]. &, is redefined as the sequence
current relative angle difference instead of the super-

imposed sequence current angle difference, and a new
controller is designed to make it operate correctly [40].

D. Distance Relays

Researchers pay more attention to the improvements
in distance relays. Aimed at CIRESs, a new apparent
impedance expression is constituted to reduce the in-
fluence of the weak infeed by amplifying the function of
the zero-sequence current for asymmetrical ground
faults, but this method is not applicable for
non-grounding faults [109]. Reference [22] points out
that the circuit breaker on the grid side can be allowed to
trip first, so the remote infeed from the grid will disap-
pear, but the grid-following inverter may not consist-
ently produce a stable fault current at the fundamental
frequency due to lack of voltage support from the grid.
The operating characteristic is rotated clockwise or
counterclockwise according to the voltage and current
measured at different relay points to improve its per-
formance, but distance relays will lose the original ad-
vantage of using only the local data [120], [121]. After
establishing the circuit model of CIRESs, an adaptive
distance relay is proposed in [122] only using the local
information. However, this method adjusts the operating
zone of distance relays according to the fault at the reach
setting, so the protection range for zone-1 will be re-
duced, and zone-2 will be enlarged. In this way, zone-2
may lose coordination with zone-1 on the next line.
Moreover, some methods based on active control are
proposed for CIRESs. The fault current of CIRESSs is
controlled to 0 to eliminate the impact of the RES inte-
gration, but RESs should ride through the fault in mod-
ern grid codes [123]. The positive-sequence currents of
SGs are mimicked by designing suitable current com-
mand values of the current control loop, so the apparent
reactance is equal to the line fault reactance, and the
quadrilateral protection zone with a large resistance
reach can cover the large resistive component contained
in the apparent impedance [42]. The positive-sequence
circuit of CIRESs is equivalent to a voltage source with a
constant impedance, and the negative-sequence fault
circuit is modeled as an inductive impedance, so the
current angle on both sides is similar such that the ap-
parent reactance can reflect the fault distance [40].
However, the reactive current injection requirement is
not achieved in the above two methods. This point is
considered in [39], but some errors will be present be-
tween the apparent reactance and the actual line fault
reactance. To combine the advantages of reactive current
injection and apparent impedance calculation accuracy,
Reference [124] proposes a novel control strategy. When
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a BC fault with 20 Q of R, occurs in the middle of the

line, the related measurements are illustrated in Fig. 16.
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Fig. 16. The related measurements of distance relays. (a) Dif-
ferent angles. (b) Apparent impedance.

As displayed in Fig. 16(a), arg I,,,, can follow the

(argI,,, —180°) when the developed FRT is executed.

At this time, the apparent reactance in Fig. 16(b) will
come into zone 1, and is also close to the line fault re-
actance. Additionally, the specific harmonic component
can be generated by CIRESs, and distance relays can
measure the harmonic impedance to reflect the fault
distance since there is no harmonic component for the
grid-side fault current during the steady state [41], [125],
[126]. The harmonic injection can be achieved by the PI
controller in [41], but the actual injection value will have
some differences from the harmonic reference value.
Moreover, accurate control can be realized by a propor-
tional resonance (PR) controller in [41], [125], [126].
When the crowbar device of DFIGs is activated, the
directional relay based on the fast decay of the DFIG
fault current in [54] is used to prevent the local relay from
tripping for the fault on the downstream line, so a modi-
fied permissive overreach transfer trip (POTT) scheme is
constructed. In addition, some methods are general for
CIRESs and DFIGs. The loop differential equation is
established in [127], [128], and the least square method is
used to evaluate the line inductance and calculate the
fault distance using the data on both sides. In addition,
traveling wave protection is effective in evaluating the
fault distance, but accurate wavefront detection is the
main challenge for these methods [129], [130]. In addi-
tion, they have high requirements for sampling cards. A

high-frequency component-based distance protection
method is developed in [37], [131], but the requirement
for the sampling rate is also high for this method.

E. Overcurrent Relays

These methods to improve the function of overcur-
rent relays can be divided into non-communication
relays and communication-assisted relays. For the first
method, distribution generators (DGs) could be dis-
connected from the grid when the penetration of RESs is
not high, so DGs do not undermine the performance of
overcurrent relays [132]. However, modern grid codes
require that DGs ride through a fault within a defined
time. In addition, some scholars study a RES placement
method to achieve maximum RES penetration under the
premise that the relay operation is not affected [133].
The protection coordination is constructed as a linear
programming (LP) problem, and a simplex algorithm is
used to solve it [134]. This method provides one setting
applicable for different DG output powers from zero to
the rated capacity, but it may be difficult for some
network topologies. Conversely, the protection coor-
dination is modeled as a nonlinear programming (NLP)
problem, and many techniques can be utilized to solve it
such as the seeker optimization technique in [135] and
the imperialistic competition algorithm in [136]. How-
ever, the DG uncertainty is not taken into account.
Different orders of harmonics are injected into the dis-
tribution network from different DGs, and a new har-
monic directional overcurrent relay is proposed in [137].
Distance relays are considered as a promising scheme
for active distribution networks since it is less affected
by the fault current level [138]. Moreover, the fault
current limiter is used to restore the original fault cur-
rent value after DGs are installed [139], [140].

The second method requires the installation of a cen-
tral protection unit (CPU). The CPU can detect the
changes in the system topology, the DG capacity, and
the DG integration placement, and send new protection
settings to relays in [141], [142], but it is infeasible to
maintain numerous protection settings for all the system
conditions. To solve this problem, all the possible sys-
tem configurations are aggregated into a limited number
of clusters, and a setting group is given for each cluster,
so the critical problem is how to optimize the setting
groups for this method. The k-means clustering-based
method is used to cluster the network configurations,
and a LP model is established to resolve the setting
groups [143]. In addition, the differential searching al-
gorithm is utilized to obtain the optimized setting group
considering five possible distribution network structures
[144]. Another two-step approach is proposed in [145],
[146], The first step is to use the Genetic algorithm to
cluster all the possible network configurations, and the
second step is to linearize the protection coordination
model. To obtain the optimal network cluster and the
setting groups, the coordination issue is constructed as a
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mixed-integer linear problem to compute the global
optimum solution by CPU monitoring. Finally, the mer-

its and demerits of different protective relays are sum-
marized in Table III to compare these methods.

TABLE III
COMPARISONS AMONG DIFFERENT PROTECTION SCHEMES
Relay Ref. Type Merits Demerits
1. Similarity-based pilot protection does not
(301, [34], [35], o . 1. Applicable for DFIGs and CIRESs. have a definite standard for the protection
[95]-[99] Time domain 2. Good ability to resist fault resistance setting.
' ' 2. Differential term-based methods have a
limited capacity to withstand noise.
. 1. Applicable for DFIGs and CIRESs. 1. Difficult to detect the initial traveling wave
Traveling .
Pilot [100]-[102] waves 2. Very fast operation speed. accurately.
L;; tir()) rr?- 3. Good ability to resist fault resistance. 2. High sampling rate requirement.
. . . 1. Only applicable for CIRESs.
[88]-[92] Fundamental 1. Easy to be used in protective devices. 23 thods lose the ability for ph
frequency 2. Good ability to withstand noise interference. S:lgl;iglne 0ds fose the abriity for phase
1. Original tr'adltlonal protect.l\{e relays can 1. The reactive current injection is not satis-
. operate with no or few revisions.
[47] Active control . . fied for some methods.
2. Applicable for different fault types, and 5. Only applicable for CIRESs
power factors before a fault. - only app )
[38], [104], ) ‘ 1. Detect the fault direction for CIRESs and 1. Poor ability to resist noise.
[105] Time domain DFIGs. 2. Rely on the right mathematical model
2. Resist a high fault resistance. ' '
1. Require a high sampling frequency.
[107]-[109] Traveling 1. Fast speed for directional detection. 2. Have difficulty in detecting the initial
waves 2. Applicable for different power converters. traveling wave.
3. Affected by the lightning wave
L 1. Easy to be updated in actual protective 1. Some methods may be affected by the load
Directional Fundamental current and rely on zero-sequence current
[26], [36],[103] relays.
elements frequency 2 Resist a relatively laree noi for ground faults.
- Resista relatively large noise. 2. Only applicable for CIRESs.
. 1. Applicable for DFIGs and CIRESs. 1. Rely on the detailed parameters of LCL.
23], [110] High frequency 2. Good ability to resist fault resistance. 2. High requirements for sampling frequencies.
1. Make CIRESs compatible with direction- 1. Slow operation speed.
al elements. . Controller may lose stability for severe
I el t 2.C it 1 bility fi
[44], [62], [69] Active control 2. Different fault types and points. faults.
3. Current limiting of CIRESs can be 3. Reactive current priority may be not satis-
satisfied. fied for some methods.
[112] Time-domain 1. Applied for DFIGs and CIRESs. 1. Difficult to set the threshold value.
2. Good ability for fault resistance. 2. High sampling rate.
[113] Traveling 1. Very fast operating speed. 1. High sampling rate.
waves 2. Good ability for fault resistance. 2. Difficult to detect wave fronts.
Phase Fundamental 1. Easy to be used in actual protective relays.
selector [24], [111] 2. Some methods are only applicable to 1. Some method is only applied for CIRESs.
frequency CIRESs
[40], [43], [44] 1. Compatible with original phase selectors. 1. Only for CIRESs.
’ [ 69]’ ’ Active control 2. The current limiting for CIRESs can be 2. Reactive current injection may not be
satisfied. satisfied.
. . 1. Not affected by the remote infeed. I Affected by. noise interface.
[121], [122] Time-domain e . . 2. High sampling rate.
2. Good ability to resist fault resistance. . . L
3. High requirement for communication
[123], [124] Traveling 1. Fast operating speed. 1. High sampling frequency.
’ waves 2. Good ability for fault resistance. 2. Affected by lighting waves.
. [22], [103], Fundamental 1. A few revisions for traditional relays. 1. Slow operating speed.
Distance
relays [114]-[116] frequency 2. Less affected by the remote infeed. 2. Some methods require remote data.
[37], [125] Hieh frequenc 1. Resist 30 dB of noise. 1. High sampling rate.
’ & 4 Y 2. Not affected by frequency offset. 2. Suitable frequency range may be not found.
[39]-[42], [54], 1. For different fault types and fault points. I ig?szaiazzﬁ 1r;1]£):r§1tance still includes a big
[117],[119], Active control 2. Make CIRESs compatible with traditional P ’ .
. 2. The control strategy may be not activated
[120] distance relays. . .
for high-resistance faults.
. 1. Most methods are app licable for 1. Some methods need extra devices.
Non-communic SG-based and inverter-based DGs. . .
[126]-[134] . . 2. Sometimes relay on the specific topology
o ) ation 2. Overcurrent relays can operate without and RES location
V;:;;::r:en any revision for some methods. '
Y 1. Detect the system chanee in real time 1. High requirement for communication.
[135]-[140] Communication ' Y g ’ 2. Require a large investment for a distribution

. High reliability.

network.
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VI. FUTURE PERSPECTIVES

Through the review of fault characteristics and pro-
tection schemes, some future perspectives can be given.

A. The Accurate Fault Current Calculation for RESs

The fault current of CIRESs is determined by the DQ
current references and the controller structure. The
current references are given according to voltage sags.
In the existing methods, the voltage transient is ignored,
and the reference change during and before a fault is
simplified as a step response, but the accurate current
references should be close to a waveform that decays
exponentially. The stator-side current of DFIGs is re-
lated to the current references of RSC when the crowbar
device is not activated, so it also has the same problem.
In addition, existing methods often aggregate the wind
farm as a single wind turbine, but different wind tur-
bines may detect different voltage dips for a fault such
that they can have different FRT states. Therefore, the
aggregation method should be optimized during the
fault current calculation.

B. Advanced Mathematical Algorithm Application

The RES integration changes the fault signatures of
the grid, so traditional fundamental frequency protection
schemes may not work properly. Therefore, some
mathematical morphological methods can extract new
fault behaviors to construct new protection methods. In
addition, some explainable machine learning or deep
learning methods may also be used. The actual fault data
is difficult to obtain, so the dataset is difficult to include
all the fault conditions. Although the simulation can
partly solve this problem, the simulation data is still
different from the real power systems. Therefore, trans-
ferable intelligent algorithms may be a research hotspot.

C. Control Technology Application

In the future, the power grid can become a 100%
renewable energy system. There will be so many con-
verters that can be controlled, so it is easy to provide
some special signals by designing the advanced con-
troller, which is helpful for the correct operation of
protective relays. However, these special signals from
different power plants may interfere with each other, so
how to achieve coordination control among different
power plants will also be an interesting topic. In addi-
tion, the grid-forming controller will make CIRESs
behave like SGs in many aspects, so new FRT strategies
can be developed to ensure the safety of inverters and
improve the protection function.

VII. CONCLUSIONS

The steady-state fault current of RESs can be easily
calculated according to coordinate transformation.
However, the transient current is uncontrollable and

nonlinear. The PI controller and PLL will affect the
transient current of CIRESs. In addition to the armature
reaction, the RSC controller parameters and crowbar
operation state will also lead to different transient be-
haviors for DFIGs.

The limited fault current of CIRESs will amplify the
impact of the fault resistance so that distance relays will
be affected. In addition, the controlled current angle
may make the phase selector misjudge the fault type and
differential protection has a declined sensitivity. For
DFIGs, the current frequency offset will cause spectrum
leakage, damaging the correct operation of phase se-
lectors and differential protection. In addition, the ter-
minal voltage is still at the power frequency, so the
unstable measured impedance trajectory can lead to the
misoperation of distance relays. Similarly, directional
relays will also suffer due to the variable impedance
feature of RESs. In addition, a brief problem overview
is also given for overcurrent relays in the distribution
networks

To solve these problems, numerous new protection
methods are proposed. However, these approaches still
have some drawbacks in terms of speed and sensitivity
or have high sampling rate requirements. Since the
power grid is being transformed to be a 100% renewable
energy system, the control technologies and transient
current-based protection schemes will play a more im-
portant role in maintaining system security in the future.
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