Impact of Wind Generation on Line Protection
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ABSTRACT:

Renewable energy-based generation like photovoltaic or wind farms present a different response to
short circuit than conventional synchronous generators due to their coupling trough power electronics-
based inverters. Those inverter-based resources behave like current sources as opposed to voltage
sources and their short circuit current, including negative sequence component, is highly determined
by their control system. Therefore, protection functions like directional and non-directional overcurrent,
phase selector, distance protection and directional comparison might malfunction. This paper
introduces the basic concepts of Wind Turbines (WT) and their fault response, analyzing their impact
on the aforementioned function protections.

Keywords: protection relays; fault identification; renewable energy; wind turbine; photovoltaic generator; incremental
quantities, directional, distance

1. INTRODUCTION

Fault response of a synchronous generator is well known, and current protection functions are
designed to work accordingly. For example, in the case of an asymmetrical fault, a negative sequence
voltage arises at the generator terminals, for which, given the small and mainly reactive impedance
that the generator represents a 90° lagging negative sequence current (12) is developed. Same
behavior is found for positive sequence current (11). This behavior allows protection functions to
correctly identify a fault, its direction, fault type and involved phases. However, WT response might be
different, and therefore, protection engineers and manufacturers are in need to review the impact that
a grid with increased introduction on wind energy will have on the performance of their protection
algorithms. In [1] the lack of a normally present 12 is identified as the main driver for malfunction of
protection units. However, current IBR technologies allow for 12 injection, being the angle related to V2
with which this current is injected the main concern, just as the angle of 1.

Despite of IBRs current contribution being heavily dependent on control strategy used [2], standard
models of WTs does not take in account control strategy, and if so, they only represent active and
reactive power grid code compliance for symmetrical voltage dips like in  [3], [4], [5] or asymmetrical
dips but complying to older grid codes like [6] in which no treatment is given to negative sequence
components and often no mention of type of control used is done. In this work, the control of a Type Il
and IV is modelled using MATLAB Simulink®, taking in account latest grid code requirements, so
different protection functions can be tested.

2. WIND TURBINE TYPES

Independently of the primary source of energy, the impact of renewable energy on the electrical
system is determined by the type of interface the generator has with the grid. First type of wind
turbines were induction generators, considered “fixed speed” types since their synchronous speed is
given by the machine number of poles and the grid frequency, which makes them inflexible and
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caused them to be replaced by the Type Il [7], in which the speed can be controlled by interfering the
rotor circuit with variable resistance. Given the inefficiency this method represents, they have been
currently replaced by the Type Il and IV, which use power electronic based inverters and in which this
study is focused. A further division of the Type IV classification is made in [8] since recent
developments already available on the market include full converter machines equipped with gearbox
but this work will take all full converter equipped machines as one single Type IV category.

21 TYPEII

Type lll WTs are the evolution of Type Il and Il WTSs, but in this case a double feed induction generator
(DFIG) is used. On a DFIG, the stator is directly connected to the grid and the rotor is connected with
a back to back power electronic based converter, with rating of around 25%-30% of the turbine rated
power, which allows to modify operation speed. The power converter is comprised of Rotor Side
Conveter (RSC), Grid Side Converter (GSC) and a coupling capacitor which acts as a buffer. RSC
allows to control the flow of active power by controlling the current in phase with the stator voltage and
the reactive power by controlling the current in quadrature.

Grid

K3

Rotor Side Grid Side
Converter Converter

Fig. 1 Type Ill Wind Turbine [7]

2.2 TYPE IV

The full-scale WTS mainly consists of a variable speed-controlled generator, connected to the grid
through a full-scale back-to-back power converter, rated to 100% of the turbine output power as it is
shown in Fig. 2. The generator can be an asynchronous generator (AG), an electrically excited
synchronous generator (EESG) or a Permanent Magnet Synchronous Generator (PMSG). In addition,
the gearbox is not necessary in this case since the usually used generators can operate at lower
speeds due to their high number of poles [8].
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Fig. 2 Type IV Wind Turbine [7]

During normal operation, the control system of the converters is structured in an external and internal

loop. Based on active and reactive power settings, external loop creates current references, which the
internal control loop takes as input to provide the converter with the voltage reference to be placed at

converter terminals.
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3. FAULT RESPONSE OF WIND TURBINES

3.1  TYPEII

On a DFIG, stator terminals are directly connected to the grid. As a result, the initial transient response
following a sudden voltage drop (as a result of grid fault) is dominated by the demagnetization of the
induction machine which may result in high stator peak currents [12]. This stator overcurrent is
transmitted, due to the magnetic coupling, and the laws of flux conservation [7], to the rotor windings
[13]. These overcurrent’s, which can be up to three times the nominal value of the current, can
damage the rotor and stator windings, but can be especially critical for the semiconductors of the
RSC, that can reach thermal breakdown [14]. A good vectorial explanation of this phenomena is given
in [15].

To be able to understand the impact that a fault on the line has on the rotor it is important to notice
that the voltage on the rotor depends on the current circulating through it, and also the voltage induced
by the stator ¥} as shown in the following equation:

. . . . d
U;=v5+Rr'T;+LrET;

Where ¥7 is rotor voltage, referred to the rotor, 7 is rotor current, referred to the rotor, R, and L, are
the machine resistance and inductance. ¥} is produced by three different voltage components, called
direct vy, inverse v} and free vy.

vy = Uy + U] + Uf

On steady state, stator voltage creates a rotating magnetic flux, which is proportional to the magnitude
of such voltage called direct flux, which creates ¥} on the rotor. Since, referred to the stator voltage,
the rotor is moving at slip frequency, v; magnitude is proportional to the slip and its frequency is that
of the slip. If a fault occurs, this voltage drops down quickly, but since flux cannot change
instantaneously, a transient stator flux component is developed, which is fixed as seen by the stator
and decays with time. This component is called free flux and creates a voltage component on the rotor
ﬁfr which is proportional to the voltage drop caused by the fault, and, from the rotor perspective, it
rotates at the stator electrical speed. If the fault is unbalanced, the negative sequence component of
the stator voltage creates a flux, which rotates on inverse direction, creates the third component of the
rotor voltage #], which seen by the rotor, rotates at double the synchronous speed.

Furthermore, the surge following the fault includes a “rush” of power from the rotor terminals towards
the converter. As the grid voltage drops in the fault moment, SGC is not able to transfer the power
from the RSC to the grid and therefore the additional energy goes into charging the DC bus capacitor
[16], dangerously rising its voltage. In order to protect RSC the most extended solution is based on the
use of a protective circuit known as crowbar. This device consists of a three-phase diode bridge for
AC/DC conversion, and a switching device such as a GTO in series with a small resistance on the DC
side. When an over-current condition is detected, the GTO is switched from the off to the on state and
shorts the rotor windings, therefore bypassing and protecting the RSC [9] but also blocking Q and P
control, leaving the DFIG working as a common induction machine. In case of unbalanced faults, since
the inverse flux does not decay, crowbar activation can last for the entire fault duration. Two main
solutions used to avoid crowbar activation and its subsequent control lost are demagnetizing control
and DC Chopper. First solution consists of bypassing steady state control of the RSC during under
voltage events to orientate RSC current injection towards reducing transient rotor currents and
minimize occurrence of crowbar interruptions. Second solution consists of the addition of a DC
Chopper connected on the DC Bus. This Chopper consists of a set of resistances installed in parallel
to the DC converter capacitor, which in case of severe grid fault will limit over voltages in DC link,
while resistances dissipate the energy that cannot be delivered to the grid due to the short circuit.
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A third solution to avoid lose of control during crowbar activation has been lately implemented. It
consists of an active crowbar circuit, which is similar to the usual (passive) crowbar but interfered with
IGBT switches instead of GTOs and therefore controllable, which bypasses the fault currents from
RSC while still providing limited control during grid fault conditions. Providing reactive power support
through the GSC to partially offset the Q consumed by the WT. This modern scheme is left outside of
this scope of this study.

3.2 TYPEIV

Type IV WTs are fully coupled to the grid through their power converter; therefore, their fault response
is totally determined by the control strategy implemented to comply with Low Voltage Ride Trough
(LVRT) requirements by grid codes. When a fault occurs, LVRT mode takes over the external loop to
provide the internal loop with the current references the grid codes demand to be injected. In case of
an asymmetrical fault, a negative sequence component of voltage (V2) is developed, and therefore,
the control system must take into account both direct (I11) and inverse (12) components of current. First
approaches to inverse components were to suppress the injection of I12. However, the absence of 12,
in presence of V2 might cause double frequency oscillations, besides the clear disadvantage for
protection systems of not counting with 12. Nowadays, grid codes have evolved to adapt to a higher
penetration of renewable energy, as highlighted in [23], system operators demand 12 injection in case
of asymmetrical faults, with the main purpose of reducing power oscillations, reducing DC voltage on
the coupling capacitor [24], besides reducing negative sequence voltage, which brings a reduction of
overvoltage at healthy phases [25]. Recent European grid codes like the VDE-AR-N 4120 in Germany,
or the P.O. 12.2 in Spain, take 12 injection requirement further by specifically requiring reactive 12
current, which makes a Type IV short circuit response closer to that of a conventional synchronous
generator, which represents a totally reactive impedance in both positive and negative sequence, or in
other words, impedances with a 90° angle. Therefore, as written in [26], [24], [27] and [25] a model of
a WT that represents a double sequence control is essential for short circuit studies.

Modern grid codes require 11 and |2 to be injected proportionally to the change in their respective
voltage components by a k factor as shown in Fig. 3.

|
Arsy,8i8; +1.0
/
T T T T T T -
05 03 0 Aty Al
Voltage drop or increase, respectively
-05 Representation in related quantities:
Ay = voltage change in the positive sequence system
Ay = voltage change in the negative sequence system
Lo Aigy = current variation in the positive sequence system
= / 10 Algs = currant vanation in the nogative sequence systom
25ks8 .

Fig. 3 Proportional injection of current for LVRT mode according to VDE-AR-N 4120

Current to be injected cannot exceed physical limits of the converter, and therefore current
components need to be prioritized and limited accordingly. The main purpose of the LVRT mode is to
support voltage level by injecting reactive current and the secondary is to contribute to stability by
injecting active power; priority is usually given to reactive components. As stated in [28], the value of K
factor, as much as the limiting of each reactive and active component on both sequences has an
influence on the angle of the current injected and therefore on the impedance that the WT represents
to the grid. This might cause the protection functions that rely on the value of those impedances to fail.
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4, IMPACT ON PROTECTION FUNCTIONS

Due to the differences found between the fault response of a synchronous generator and both types of
wind turbines, following protection functions were tested.

4.1 DIRECTIONAL OVERCURRENT

This function takes advantage of the phase change between voltage and current since the polarity of a
current changes for a forward or reverse fault. Different sequence magnitudes can be used to detect
this direction. For a forward fault, the current is expected to lag the voltage at a maximum of the line
impedance, while, for a reverse fault, the phase difference between voltage and current is expected to
be closer to 180°. In this work, positive sequence directional (67P), pure-fault positive sequence
directional (67AP), negative sequence (67Q) and phase current polarized with positive-sequence
voltage memory (57P21) usually used for distance are studied.

4.2 PHASE SELECTOR

Angular relationship between voltage components present during a fault are given by the sequence
network that represents the fault. Since the impedances that normally compose the electrical system
are mainly inductive, these angular relationships are expected to be translated to sequence currents,
which are normally available in sufficient quantity to declare faulted phase. However, in presence of
wind energy, the impedance represented by the source is modified by the control system and current
angular relationships might not be trustworthy. Furthermore, algorithms that compare 10 and 12 (),

might fail in absence of 12 or if the angle at which it is injected is changed by the control system.

Phase selector algorithms that compare the angle between 12 and 11 (¢,,) or Al1 might fail due to the

difference between the homogeneity of the fault and pre-fault sequence networks. Superposition
principle, usually used to decomposed current in fault and pre-fault components can still be applied for
inverter bases resources if we replaced a current source by a voltage source with a series impedance.
Nevertheless, |1 limitation by the control system generate positive sequence pure fault impedance
angles higher than 90°, increasing the non-homogeneity of the pure fault positive sequence circuit.
This makes the angle between Al1 and 12 to differ from the expected.

As a solution to this problem, in this work a phase selector algorithm based on voltage sequence
angular relationship is proposed, which are deducted from the sequence network for different faults. In
Fig. 4, the sequence networks connection for an AG fault is shown, where Z1SL, Z2SL and Z0OSL
represent local positive, negative and zero sequence impedances. Z1SR, Z2SR and Z0OSE represent
remote source impedances. Z1LF, Z2LF Y ZOLF represent line impedances up to the fault location
and Z1LF', Z2LF" Y ZOLF' line impedances on the remote side of the line. ELSL and E1SR represent
local and remote voltage sources and RG ground fault resistance.
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Fig. 4 Sequence networks connection for an AG fault.

Since for a single-phase fault IF1=IF2=IFO0, the ratio between negative and zero sequence voltages at
fault location is:
VF2  Z2par (1)
VFO ~ ZOpar

Where Z2par and ZOpar are the equivalent impedance of the negative and zero sequence networks.
Voltage relationship seen by the relay can be expressed as:

V2 VF2 Z2L*Z7Z0SL Z2par Z2L *ZO0OSL
—_— = — % = *
VO VFO ZOL=*Z2SL ZOpar ZOL *Z2SL

And, since the impedance angles of the negative and zero sequences are generally similar, taking the
sequence components based on phase A, the angle between V2 and VO (¢vo) for an AG fault will be
0°. For an ABC system, the angle for a BG fault will be -120° and 120° for a CG fault.

To find the angular relationship at fault location for VF2 and VF1 we can use the fact that
VF1+VF2+VF0=IF1*3RG, plus VF1=IF1*Z2par and VF2=IF1*Z2par.

VF2 _ Z2par @)
VF1  3RG + Z2par + ZOpar

Therefore, for an AG fault, the angle between VF2 and VF1 (¢1) would be 180°. Considering an ABC
system, again, 60° for a CG fault and -60° for a BG fault. No much phase shift is expected between
the quantities at the fault location and the ones at the relay location, since the current coming from the
WT is limited. It is important to mention that in this case, the use of pure fault positive sequence
voltage AV1, does not improve the algorithm performance, since, given the angular difference
between Z1SL and Z1LF, AV1 could have a high angle difference with respect to VF1.

According to (2), the phase difference between VF1 and VF2 increases with higher fault resistance,
nevertheless, with fault resistance, the angle difference between VF1 and V1 decreases because the
magnitude of 11 is smaller.

For a two-phase fault to earth, the sequence networks connection is shown in Fig. 5.
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Fig. 5 Sequence networks connection for a two-phase to ground fault.

Where RF stands for fault resistance between phases. Out of Fig. 5, it can be inferred that the voltage
between the fault location and ground can be calculated using again the parallel equivalent of the
sequence impedances: Z2par and ZOpar.

(RF + Z2par) * (RF 4+ 3RG + Z0par)
(RF + Z2par) + (RF + 3RG + Z0par)

V =1IF1=%

IF1 (RF + Z2par) * (RF + 3RG + Z0par)
_ = - *
RF + Z2par (RF + Z2par) * (RF + Z2par) + (RF + 3RG + ZO0par)

IF2 =

IF2 RF + 3RG + Z0Opar
IF1~ 2RF + 3RG + ZOpar + Z2par

Considering that, for the positive and negative sequence networks:
VF2=-1F2*Z2par
VF1=E1-IF1* Z1par

And using the voltage loop shown as V and positive sequence.

(RF + Z2par) * (RF + 3RG + ZO0par)
(RF + Z2par) + (RF + 3RG + ZO0par)

E1—1IF1*Zlpar —IF1 +«RF = IF1 %

(RF + Z2par) * (RF + 3RG + Z0par)
(RF + Z2par) + (RF + 3RG + Z0par)

E1 = IF1(Z1par + RF +

(RF + Z2par) = (RF + 3RG + Z0par)
(RF + Z2par) + (RF + 3RG + Z0Opar)

VF1 = IF1(RF +

VF2 (RF + 3RG + ZOpar) * Z2par 3

VF1 (RF + Z2par) = (RF + 3RG + ZOpar))
(RF + Z2par) + (RF + 3RG + Z0par)

(2RF + 3RG + ZOpar + Z2par)(RF +

CLASSIFICATION: INTERNAL



In which, taking for now RF and RG as zero, and using sequence components referred to phase A,
the angle between VF2 and VF1 (¢V1), is 0° for a BCG, 120° for a CAG and -120° for a ABG fault.

Taking into account the voltage loop between negative and zero sequence:

IF2 % (Z2par + RF) = IF0 * (ZOpar + RF + 3RG)

IF2 _ ZOpar + RF + 3RG
IFO  Z2par + RF

And that for the zero-sequence network: VFO=-1FO*Z0par

The relationship between sequence voltages is:

VF2 ZOpar + RF +3RG Z2Zpar 4
= *
VFO Z2par + RF Z20par

Which, ignoring for now RF and RG the angle between VF2 and VFO (¢vo) is again 0° for a BCG fault.
120° for a CAG and -120° for a ABG. It should be noted that, even in absence of 12 injection, Z2par is
still valid since it would at least be considering Z2SR.

By inspecting formulas (1), (2), (3) and (4), it is notorious that there are 4 fault conditions that could
deviate the actual angular relationship from the theoretical value found. RF, RG, angular difference
between impedances of a determined sequence network, or non-homogeneity (NH), whether it is
negative (NH2), zero (NHo) or non-homogeneity among them (NH2o0). Since RF does not usually reach
high values, it is excluded from the analysis. To find the limits to which ¢vi and @vo can be displaced
by these factors, mathematical relationships found where simulated with different values of RG, NHz,
NHoy NHzo, for a maximum RG of 200 Ohm and maximum non-homogeneity of 20°.

Table 1 Limit deviation of angular relationships.

Single Phase Fault Phase to Phase to Ground Fault
Pvo Qvi Pvo Pvi
RG No impact +80° -80° No impact
NH2 +3.3° +3° No impact No impact
NHo +3.3° +3° No impact No impact
NH20 +20° +16° No impact No impact

From Table 1 it can be seen that grid non-homogeneity has a tolerable impact on voltage angular
relationships, but taking in account the displacement due to RG for ¢vi on phase to ground faults and
¢vo for phase to phase to ground faults it is convenient to rotate the found angles to define the
following areas for faulted phase selection.
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Fig. 6 V1 Angular zones for faulted phase selector.
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Fig. 7 @V0 Angular relationships for faulted phase selection.

By using levels of V2 and VO it is possible to detect asymmetrical or ground faults, selecting the
precise phase using measured ¢vi and ¢vo. ®v1; zones found for ABG, BCG and CAG faults are also
valid for AB, BC and CG faults.

A second option to differentiate between phase to phase to ground and single phase to ground faults
is using impedance zones. For example, for an AG fault, distance AG zone will be asserted but no
BCG zone will, while for a BCG fault no AG zone would be asserted.

4.3 DISTANCE PROTECTION

4.3.1 Fault Resistance Impact on Distance Protection

The impact that fault resistance has on distance protection is explained on [32]. The equations that
represent voltage drop for an AG of BC(G) fault are:

Va = leq - ZILF + IFa - RF, where leq = Ia + 10 - (% -1

Vbc = Ibc - Z1LF + IFbc - RF /2, where [Fbc = IFb — IFc

In general, for any type of fault, the following expression can be used: Vr = Ir - Z1LF + IF - RF - k,
where Vr and Ir are local voltage and current used for each fault type, If is current that circulates
through the fault resistance and K a constant (k=1 for single phase faults and K=1/2 for multi-phase

faults. Dividing all factors by Ir, impedance seen by distance units is Zr = Z1LF + % - RF - k. As seen
in Fig. 8, the impedance see by the relay is not the positive sequence impedance up to the fault

. . IF .
location, but a new factor is added, o RF - k, called apparent fault resistance.
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Fig. 8 Impedance seen by relays on a) voltage diagrams (R*I -X*1), and b) impedance diagrams (R-X).

Whenever there is current flowing from the remote side IF will be higher than Ir and apparent fault
resistance will be higher than real fault resistance. This amplifying effect of fault resistance is higher
when the difference between local and remote current is higher. Wind generators can be considered
as weak sources, with a low positive and negative sequence current contribution with regard to the
network fault current contribution. Nevertheless, it has to be noted that, for ground faults (faults with
normally higher fault resistance), the power transformer at the output of the windfarm, usually delta
(MV voltage winding, windfarm side) / star grounded (HV winding, network side), provides a high zero-
sequence current. This makes the windfarm fault current contribution to be in the same order as the
network one, so the amplification of the apparent fault resistance is low. This amplification will be high
for ungrounded faults but normally this kind of faults do not normally have a high fault resistance.

Apparent fault resistance shows a angle due to the phase difference between Ir and IF, which mainly
depends on two factors, load and system non-homogeneity.

4.3.2 Compensation of Apparent Fault Resistance

Load compensation is described on [32]. Different polarization methods for the reactance line are
given depending on the fault type. For a single-phase to ground fault, polarization can be achieved by
12, 10, Iph-Iphprefautt, 11-11pretaut, €tc. FOr a two-phase fault, to ground or not, Iphph-phpbprefaut Or 11-
I1prefault can be used. Work on [32] also explains the influence of the sequence network non-
homogeneities in the apparent fault resistance angle. Inverter bases resources like WTs represent
different issues for this compensation:

Positive sequence network: Since the method used to compensate the load uses I1-11prefaut aS
polarization phasor, the homogeneity of the pure fault network has an impact on it. Inverted based
resources might work as current sources under fault condition. As it was mentioned in point 3.2, the
fault current limitation produced by the IBR makes the positive-sequence pure fault source impedance
reach angles higher than 90°. This creates a high non homogeneity of the pure fault positive-sequence
network. Besides, the fault current limitation makes the magnitude of mentioned impedance be high
and so its weight on the non homogeneity level is important.

Negative sequence network: As previously stated, WTs might not supply 12 or inject it at a different
angle than 90° referred to V2.

In [32] and [33], a non-homogeneity compensation of the system is done based on the impedance
values of the local source, remote source, line, and parallel equivalent circuit. Since the most used
polarization methods are through 12 and Iphph-lphph_prefault, non-homogeneity compensation is
done through the following formula.

Ir Z1SR (5)
IF ~ Z1SL + Z1L + Z1SR

In (5) a high value for the equivalent parallel circuit impedance and a fault at 100% of the line are
considered; this last assumption creates a small tolerable error. Z1L and Z1SR are adjustable through
setting values. However, the value of Z1SL depends on the control system of the WT and therefore
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need to be measured and corrected for in real time. Since load compensation uses the positive pure
fault network, pure fault Z1SL must be measured, for which the following formula is proposed:

—(V1 —=Vlprefault)
(I1 — I1prefault)

Once Z1SL is measured, the following methods to compensate the apparent fault resistance in
presence of wind generation are described.

Z1SL =

4.3.2.1 Compensation of Apparent Fault Resistance- Single Phase Faults

-
L8]
A
0o

A
I0SL Z0LF  F Z0LF 8 Z05R
—l:l—l—i:l——l:l—l—l:l—

10 10
‘ Vo VFO

Fig. 9 Pure-fault sequence networks connection for an AG fault.

If the WT provides 12, like in the case of the Type Ill or Type IV, if compliance for the latest grid codes
are implemented, 12 can be a valid polarization phasor. Non-homogeneity compensation if 12 is used

Z2SL+Z1L+Z1SR . . .
—————— ., in which the following
Z1SR
-v2

assumptions are made: Z2L=Z1L and Z2SR=Z2SR and Z2SL can be calculated by Z2SL = R
Nevertheless, negative sequence network is normally fairly homogeneous.

must be accounted for with the following formula, 12 *

If no 12 is injected by the WT, 10 can also be used as a polarization phasor. Non-homogeneity
compensation for the zero-sequence network could be done by the following formula 10 *
Z0SL+ZOL+ZOSR

ZOSR
normally fairly homogeneous.

. ZOSL could be calculated by ZOSL = —1_1:)0. Nevertheless, zero sequence network is

Iph-Iphprerauir is Nnot recommended as a polarization phasor since it is affected by the non-
homogeneity of the pure fault positive sequence network, which might be very high. Anyway, this
homogeneity could be compensated with the formulas shown before.

4.3.2.2 Compensation of Apparent Fault Resistance- Phase to Phase Faults
If 12 is provided by the WT, it could be used as a polarization phasor.
On a BC fault the following relations are valid.

Vb —Vc = (Ib—Ic)*Z1LF + (IFb — IFc) * RF (6)
IFb — IFc = (I1Fa — I2Fa) * (—j *V3) )

Since IF1=IF2, then, (I1F-I2F)=-2*I2F and therefore 12 can be used. To compensate non-

homogeneity, 12*% could be used. If the WT does not inject 12, (I1 — I1prefault) *
Z1SL+Z1L+Z1SR

P could be used as a polarization phasor.
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Fig. 10 Pure fault sequence networks connections for a phase to phase fault.

4.3.2.3 Compensation of Apparent Fault Resistance- Phase to Phase Ground Faults

On a phase to phase to ground fault, equations (6) and (7) are satisfied. Taking into account the circuit
in Fig. 11, the following expression can be deducted as a valid polarization phasor.

Z1SL+ Z1L + Z1SR Z2SL + Z1L + Z1SR .,
AF—l2k= Z1SR < (1= Hpresaue) = Z1SR i
o VIFoer 4 1E
sl A] ZILF Fl Z1LF y ZISR
— =1 ]
n I
' Vi VF1
RF i2F |
Z2sL Al _Z2LF f] Z2LF B Z25R
I =
12 12
‘ v2 VF2
RF+3RG OF |
Z0SL Al ZOLF f] 7ZOLF yg  ZOSR
— I — .
10
Vo

Fig. 11 Pure fault sequence network connections for a BCG fault.

4.3.2.4  Compensation of Apparent Fault Resistance- Three Phase Faults
Following the same method, a valid polarization phasor for three phase faults would be:

Z1SL+Z1L+Z1SR
R« (11 = Mipregaute)-

CLASSIFICATION: INTERNAL



4.3.3 Directional Comparison Units

On [30] and [33], units comparing the angle of the current from both ends on the line are described,
which improve line differential function security when CT saturation is present. In [30], directional
comparison units using phase, neutral, negative sequence and positive sequence currents are
described. The last three units compensate the impact of load by using pure fault quantities. For
ground faults, neutral current comparison features high dependability since the zero sequence
network is highly homogeneous. The same applies for 12 comparison when the WT provides 2.
Finally, pure fault comparison using I1-I1prefault is impacted by the pure fault positive sequence
network non-homogeneity, as described in last section, but since the angular tolerance is high (120° is
the default setting in [30]), it can be trusted.

5. TEST RESULTS

Previously mentioned protection functions were tested using Matlab Simulink® simulation of a Type |
and IV WT. Faults on a 120kV were simulated using different line lengths, generated power, and fault
resistance. In Table 2 the results for Type IV generation at 50% of the line and different faults and fault
resistance are shown.

Table 2 Results for Type IV Generation

RF/RG
(Q) | Falta| 67P | 67AP | 67Q |67P21| 87P | 87AP | 87Q P Py Pyy Pyo
0 AG | 470 | 1210 | 930 g7o | -450 | 390 10° -0 | 1800 | -3°
0 AB | 48> | 1220 [ 84° 950 | -430 | 390 10 920 [ N/A | 2400 | N/A
0 ABG | 48° [ 1020 | 80° 540 | -420 | 200 -20 127° | 2400 | 1200
10 AG | 520 | 1310 | 860 950 | -340 | 480 30 37° 30 | 1890 20
10 AB 530 | 1290 | 85° 650 | -340 | 46° 10 NA | 2470 | NiA
10 [ABG | 750 | 1260 | 870 83° -8° 430 40 720 g7° | 2400 | 870
50 BG | 61° | 160° | 86° 67° -50 740 60 | 1700 | 2282 [ -200 | 2380
50 cG | 620 [ 1582 | 860 68° -30 740 -g0 | 2890 | 108> [ 98> | 1180
50 | BCG | 760 | 1420 [ 8s8° 98° -10 60° 40 | 1900 | 290° 0° 290°
50 | CAG | 75° [ 1410 | 880 98° -10 590 50 | 3000 | 1700 [ 1200 | 168°

Angles that make the protection function work properly with typical settings are highlighted in green.
The ones causing a malfunction are shown in red. In yellow are the ones that fall into the right angular
zone but does not stabilize.

Since the Type IV model is adapted to comply with LVRT requirements, protection functions using 12
work properly, which would not happen in presence of legacy WTs not complying with the most actual
grid codes.

In jError! No se encuentra el origen de la referencia. the results for Type Ill generation for a fault at
50% of the line are shown.

Table 3 Results for Type Ill Generation

RF/RG
Q) | Falta| 67P | 67AP | 67Q |67P21| 87P | 87AP | 87Q Py Py Py Pyo
0 AG | 750 | 1580 | 88o | 880 [ -140 | 740 40 590 40 | 1800 | -40
0 AB | 610 | 1660 | 83 [ 840 | -28° [ 820 0° 1330 [ N/a | 2400 [ N/A
0 ABG | 790 [ 1320 | 830 | 820 -9o 48° 0° 1020 | 1190 [ 2400 | 1150
50 AG | 530 [ 1650 | 920 | 650 | -120 | 820 9o 64° 80 | 2180 | -30
50 BG | 490 | 1620 [ 910 | 640 | -150 | 80° 70 183 | 2340 [ -230 | 2370
50 cG | 490 [ 1620 | 910 | 640 | -150 | 80° 70 183° | 2340 [ -230 [ 2370
50 | ABG | 110° | 164° | 86° | 1070 | 21° 81° 30 98° | 490 | 2400 | 490
50 | BCG | 1100 | 1640 | 860 | 1070 [ 240 83° 20 2200 | -400 0° 288°
50 | cAG | 1100 | 1640 | 860 | 1070 | 210 81° 30 3382 | 170° | 120° | 168°
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In both cases, Type Ill and IV, phase selector angle ¢ shows not to be trustable, since as it was seen

before, pure fault positive sequence impedance is impacted by the control injection requirements.
However, both voltage-based angles work correctly, despite of the fault resistance, whose impact
stays within expected limits. Regarding the directional units, it is important to mention than zero
sequence directional is another trustable element than can be used since the transformer supplies
enough 10 to the fault.

For results shown in Table 3, an intermittent activation of the crowbar was observed, but it allowed the
control to inject power accordingly to LVRT requirements. However, further simulations made, in which
crowbar was forced to stay connected during the entire duration of the fault modified positive
sequence angle since short circuiting the rotor makes the DFIG generator work as an induction
machine, absorbing reactive power. This effect modifies ZL1S angle, as shown in Table 4, in which
both fault and pure fault positive sequence directional units fail (67P, 67AP). With regard to pure fault
positive sequence directional unit, it is very close to indicate an external fault as the default setting is
120°.

Table 4 Results for Type Ill with Crowbar active.

RF/RG
(Q) | Falta | 67P [ 67AP | 67Q [67P21| 87P |87AP | 87Q | ®u Po | Pv | w0

0 AG -50° | -165° | 68° 80° | -125° | 111° | -15° | 116° 12° 178° -8°

0 AB -50° | -169° | 69° 559 | -120° | 105° | -14° | 17Q° N/A | 240° N/A

0 ABG [ -50° | -180° [ 66° 499 | -136° | 94° -16° | 167° | 142° | 240° | 120°

It is possible to detect the long-lasting activation of the crowbar during the fault since it makes 12
injection be much higher than 11 (in the simulations done 12 was higher than 3 times I1). This is so
because the impedance that the machine represents includes rotor and crowbar resistances, which for
positive sequence is calculated as R/s but for negative sequence it is calculated as R/(2-s) [33]. As the
slip is normally close to 0, R/S>>R/(2-s), which makes 12 much higher than 11. This condition could
be used to block the units based on positive-sequence and enable the ones based on negative-
sequence.

5.1.1  Apparent Fault Resistance Compensation

In Table 5 and 6, it is shown how the angular difference between the proposed polarization phasors
and the current flowing through the fault resistance is close to zero. However, this does not happen
with this last current and phase or phase to phase current (depending on fault type). Neither with pure
fault phase or phase to phase currents. 10 polarization would remain a trustable polarization factor in
this case.

Table 5 Polarization angle compensation, Type Il Table 6 Polarization angle compensation, Type IV
Fpol Vs If Fpol Vs If
angle angle
Crowbar Fault difference difference
Activation| Type RF (Q) ©) Fault Type RF (Q) ©)
Active AG 50 -1,5 AG 50 -1,6
Active AG 0 -1,2 AG 0 -1,4
Active ABG 50 -1,1 ABG 50 -1,3
Active ABG 0 -1,3 ABG 0 -1,4
Active AB 50 -1,2 AB 50 -0,9
Active AB 0 -1,3 AB 0 -1,6
Active ABC 0 -1,2 ABC 50 2,2
No Active AG 50 -1,5 ABC 0 -0,6
No Active AG 0 -0,6
No Active ABG 50 -1,3
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No Active ABG 0 -1,5
No Active AB 50 -1,1
No Active AB 0 -1,5
No Active ABC 0 -1,2

6. CONCLUSIONS

Several conclusions might be extracted from the results observed. The impact of Type IV WTs on
protection units using 12 depends fully on Grid Code compliance. Protection functions using 11 might
be impacted depending on the value of k constant used by the control system for LVRT mode and the
philosophy it uses to restrict different current components if the limit of the converter is reached. Type
Il fault response shows negative sequence impedance angle closer to the one shown by synchronous
generation, but positive sequence impedance angle might be modified by the rotor protection
methods.

Current based algorithms for phase selection are also impacted by the reaction speed of the control,
which is not required to be faster than 60 ms per the Spanish grid code. Voltage based method is
independent from the WT reaction speed and is therefore more trustable.

Apparent fault resistance compensation by calculating local source impedance was tested
successfully for distance units.

As stated at the beginning of this work, most work started analyzing the impact of renewable energy
on protection systems focused on the lack of 12 as the main threat, but once this issue has been
minimized by grid codes, it is the angle of the injection of both sequence currents which might create
the next challenges for protection engineers.
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