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Abstract—This paper studies the impact of dynamic voltage
support and active power recovery rate in a grid-connected
large-scale Photovoltaic (PV) generator on Power Swing Blocking
(PSB) protection used to detect Stable Power Swings (SPS). The
reactive power priority (Q-priority) mode is considered during
Low Voltage Ride-Through (LVRT)/High Voltage Ride-Through
(HVRT). The dynamic voltage support is implemented using
K-factor. The K-factor is varied to observe its impact on the
power swing impedance trajectories and magnitude of the rate
of change of positive-sequence impedance (|dZ/dt|). The impact
of active power recovery rate during fault recovery on power
swing trajectories and |dZ/dt| are also presented. The modified
IEEE-39 bus system with a Synchronous Generator (SG) replaced
by a Grid-Following (GFOL) PV generator is utilized for the
studies. The PV has LVRT/HVRT capabilities and complies with
IEEE Standard 2800-2022. The different test cases studied are
simulated using PSCAD software.

Index Terms—Power swing, large-scale PV generator, K -factor,
reactive power support

I. INTRODUCTION

The introduction of Inverter-Based Resources (IBRs) like
Wind Turbine Generators (WTGs) and solar Photovoltaic (PV)
generators has affected the dynamic behavior of the bulk power
system [1]. Fault Ride-Through (FRT) refers to the ability
of generators to remain connected to the power grid during
temporary voltage dips caused by faults in the transmission
system. This capability is crucial for maintaining grid stability
and preventing cascading outages during short-circuit events
[2]. During FRT, the PV system can provide additional reactive
power to the grid to maintain the voltage at its terminals. This
is achieved through the dynamic voltage support or dynamic
reactive power support functionality. Reactive power support is
provided in proportion to the drop in voltage at the Reference
Point of Applicability (RPA) using the K -factor [2]. To ensure
voltage stability during grid faults, priority is given to injecting
reactive power, called Q)-priority. This may necessitate a re-
duction in active power delivery. However, existing grid codes
do not mandate a specific level of active power injection during
FRT events. IEEE Standard 2800-2022 specifies that the IBR
should have the ability to restore the active power after a fault
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to its pre-fault level at an average rate of 100% by the specified
active power recovery time. This is the active power recovery
rate. Limiting the active power recovery rate mitigates the
oscillatory behavior of IBR during the fault recovery process
[2]. Existing literature has analyzed the impacts of dynamic
voltage support and active power recovery rate with respect to
the stability of the system [3]- [7]. However, [3]- [7] do not
study the impact of K -factor or active power recovery rate on
the power system protection. The transition from Synchronous
Generators (SGs) to IBRs has significantly impacted power
system protection functionalities as well. The addition of
power electronic components and their control have impacted
the operation of the relays and other protection schemes during
system disturbances. The impact of LVRT of a Doubly Fed
Induction Generator (DFIG) based WTG on distance relay
performance has been discussed in [8]. Reference [9] addresses
the challenge of protecting transmission lines connected to
DFIG wind farms and proposes a modified distance protection
scheme that overcomes limitations caused by DFIG behavior
during faults, considering LVRT requirements. Despite their
potential importance, the influence of K-factor and active
power recovery rate on protection methods remains under-
investigated.

Power system disturbances, such as sudden load changes,
fault recovery, or generation loss, can initiate power swings.
These disturbances may lead to power oscillations [10]. The
Power Swing Blocking (PSB) scheme is used to prevent the
maloperation of relays during Stable Power Swings (SPS). The
PSB methods have also been impacted by the growing IBR
penetration [11]- [16]. The impact of WTG on power swing
protection has been studied in [11]. A modified Empirical
Mode Decomposition (EMD) method has been proposed in
[12] to detect power swings in a large-scale wind farm.
Reference [13] has analyzed the efficiency of existing PSB
and Out-of-Step Tripping (OST) techniques for systems with
Grid-Following (GFOL) Voltage Source Converters. A non-
unit protection scheme has been proposed in [14] for lines
connecting PV plants, which can detect faults during power
swings. A novel power swing detection method has been
presented in [15] using the concentric characteristics method.



Fig. 1. Modified IEEE-39 bus transmission system
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Fig. 2. Control logic for the average model of GFOL PV

Following fault removal, the dynamic behavior of inverters
would be significantly influenced by both the K-factor and
the active power recovery rate, which may affect the power
swing characteristics. However, [11]- [15] do not analyze the
impacts of K -factor or active power recovery rate.
Impedance-based methods are still the most commonly
used PSB technique in commercial relays to detect power
swings [17], [18]. These methods use the magnitude of the
rate of change of positive-sequence impedance (|dZ/dt|) to
differentiate power swings from fault. The existing research
works do not quantify |dZ/dt|. Reference [16] discusses the
impact of IBR integration on power swing trajectories and
quantifies the |dZ/dt|. However, [16] does not analyze the
impact of dynamic reactive power support or active power
recovery rate on power swings. The goal of this work is
to close the gap in the literature by providing a thorough
examination of how dynamic reactive power support and the
active power recovery rate affect impedance (Z) trajectories
and |dZ/dt| during SPS. The study has been performed for a
transmission system with a large-scale GFOL PV generator.
The following list includes this study’s main contributions.

o The |dZ/dt| seen by the relay during SPS is analyzed
by varying K-factor (2-10) representing the dynamic
reactive power support.

o The Z trajectory characteristics during SPS are analyzed
for varying K -factor.

o Impact of active power recovery rate on |dZ/dt| and Z
trajectories is studied.

e The |dZ/dt| and Z trajectories are studied for different
steady-state reactive power references.
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II. SYSTEM DESCRIPTION
A. Test System Modeling and Control

A modified IEEE-39 bus system with the generator G9
replaced by a large-scale GFOL PV is used for the studies.
An average model represents the large-scale GFOL PV [16],
[19]. The power swing phenomenon studied is slow enough
and requires only positive sequence phasor domain analysis.
Hence, the average model used accurately represents PV here.

At the RPA, as shown in Fig. 1, the terminal voltage should
remain between 0.9 pu and 1.05 pu under normal operating
conditions. In this steady state scenario, P..y is P and
Qrey 18 Qset, as shown in Fig. 2. Py, can be provided by
the Maximum Power Point Tracker (MPPT), or Power Plant
Controller (PPC). The MVA rating of the PV, 870.5 MVA, is
considered to be a constant for this study. Here, Pe; and Q s¢¢
are set to get the required power factor (pf), keeping the MVA
constant. The PV inverter operates in @-priority mode and
has LVRT/HVRT and dynamic voltage support functionalities.
The LVRT/HVRT characteristics is shown in Fig. 3. Voltage
support functionality, when activated during disturbance, offers
reactive power support in accordance with the grid code. The
voltage support feature offers additional reactive power, @5,
for change in voltage at RPA (V}.,,) from the nominal value
(Viominai), proportional to the K -factor [2], [20].

st = K(Vnominal - ‘/Tpa) (1)
K can range from 1 to 10 [20]. When voltage support gets
activated in the @-priority mode:

QTef = st + Qset (2)

PTef = \/(Vrpalmax)2 - zef €))
where, I, 1s set to 1.2 pu to restrict the output current of
the PV inverter [16].

Imam = 1-2\/([Pcmd)2 + (IQcmd)2 (4)
where, Ipema and Igemq are the d-axis and g-axis current
command signals, respectively. All the quantities in the above
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equations are in per unit. With a time constant of T, = 0.02
s, the current command signals are passed through low pass
filters to obtain the d-axis and g-axis current references, Iy ¢
and I,,.s, respectively. The proportional-integral (PI) control
blocks employ the following parameters: for the outer Q-loop,
K;1=0.05 and K;;=1; for the inner Q-loop, Kj2=1 and K;>=4.
The PV inverter parameters and control are as per [16].

It is to be noted that the active power recovery rate can be
controlled in many ways, such as controlling the active current
rate or active power reference rate during fault recovery. In this
work, the active power recovery rate is controlled by limiting
the active power reference rate (dP/dt), as shown in Fig. 2.

B. Power Swing Protection Settings

The quadrilateral relay and PSB setting configuration used
in this study are for a conventional IEEE-39 bus system
without IBR integration. As seen in Fig. 4, the two concentric
blinders limit the relay characteristics, resulting in a dual
quadrilateral characteristic for PSB operation. As illustrated
in Fig. 4, the blinders are positioned at the relay characteristic
angle, ® 4 5. The settings of zones and blinders are as per [16].
A PSB time delay of 30 ms (1.8 cycles) is set, as per [21],
considering a maximum power swing slip rate of 4 Hz. This
time delay will ensure that the worst SPS is not classified as
a fault in a no-PV system.

III. RESULTS

A SPS is generated on line 28-29, as shown in Fig. 1. A
three-phase to-ground fault is created on line 26-29 at t=5 s for
a duration of 0.15 s at 50% from bus 29. A fault resistance
of 15 Q is used. The fault is removed by opening the line

ST NhwrH
T

XX XXX
=)
T

600 First Second

/eaK /eak

200 |_Fault 4

removal

R JA&.MA“,

5.35 5.4 5.45

5.15 5.25 5.3
Time(sec)
Fig. 7. |dZ/dt| seen by relay R for system with dP/dt limit (pf 0.95)
2000 g
—K5
—K=7
1500 K=10]|
1
S 000
x
500
0
e Fau&k Fault starts
500 ‘ remayal ™ e ‘ ]
-800 -400 0 400 800 1200

R(Q)

Fig. 8. Z trajectory seen by relay R for system with dP/dt limit (pf 0.95)

26-29 at t=5.15 s. As a result, power swings will be seen by
relay R placed on line 28-29 near bus 29, as shown in Fig. 1.
The SPS is analyzed using the |dZ/d¢| and the characteristics
of Z trajectories seen by the relay. The |dZ/dt| is estimated
using the impedance and time data obtained from simulation
in PSCAD, as shown in (5).

dz Zt Zty = 2ty
dt ti —ti—j
where, At is 2.0833 ms, 1/8" of a cycle. The |dZ/dt| and
Z trajectories are analyzed for the time just after the fault

removal when the SPS commences and for the region where
it enters the right blinders.

‘ (&)

A. Test Case 1 : QQ4e:=0.3287%Pg, 0.95 pf

In this study, the initial steady state reactive power reference
Q5¢t=0.3287* Pg.;. This corresponds to 0.95 pf.

1) Without dP/dt Limit: The K-factor is varied from
2 to 10, and the power swing trajectory seen by relay R
and |dZ/dt| are observed. Unlike the slowly evolving power
swings for a system with SGs, the power swings in the
presence of PV move faster and, hence, have a higher |dZ/dt|
[16]. Also, the trajectories may enter the left blinders. On
varying the K-factor, it has been observed that the |dZ/dt|
is highest for low K values in the first peak just after fault
removal, as shown in Fig. 5. For K=2 and K=3, the |dZ/dt|
peak values are observed to be much higher than that for K=5,
7, and 10 in this region. The time after the first peak denotes
the region where the Z trajectory takes the high-impedance
path and subsequently tries to enter the right blinders/zones.
The |dZ/dt| is time-varying, and the Z trajectory entry into
right blinders can be at different time instances for different
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K -factors. It can be observed that the second peak of |dZ/d¢|
is lower than the first peak and is higher for higher K values.

On observing the Z trajectories seen by the relay R during
the SPS, as shown in Fig. 6, it is clear that the trajectory does
not enter the left blinders for a low value of K=2. In this
case, the trajectory will not follow the high-impedance path
through the top of the blinders. For cases from K= 3 to 10,
the trajectories are almost similar to each other from the point
of fault till the fault removal, as represented in Fig. 6. After
the fault removal, the high impedance path taken by the Z
trajectory varies for different values of K from 3 to 10. The
reach of Z trajectories into the right blinders and zones as
the K -factor is increased is shown in Fig. 9a. Here, the Z
trajectories can go into the blinders and zones and cause PSB
maloperation. However, higher K values have been observed
to have a lower reach into the right blinders.

2) With dP/dt Limit: In this case, after fault removal, the
dP/dt limit is considered as 1 pu/s. On varying the K-factor,
it has been observed that the |dZ/dt| values of the first peak
(just after fault removal) are almost the same as that of the case
without dP/dt limit, as shown in Fig. 7. The second peak of
|dZ/dt|, occurring in the high impedance path of the trajectory,
is seen to be lower than the first peak for all K values except
K=10. The |dZ/dt| for the second peak is observed to be
higher for higher K values and decreases as K decreases. On
comparison of the second peak for the cases with and without
dP/dt limit, it is observed that for K values from 5 to 10, the
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peak is higher for the case with dP/dt limit. The comparison
between Fig. 5 and Fig. 7 illustrates this. The reach of Z
trajectories into the right blinders and zones as the K -factor
is increased is shown in Fig. 9b. In comparison with the case
without dP/dt limit, it has been observed that the reach of
Z trajectories into the right blinders has decreased with the
addition of the dP/dt limit. Here, the higher K values do not
enter the right blinders at all.

In Fig. 8, it can also be seen that the Z trajectory does
not take the high impedance path through the top of the
blinder for K=2. But, after the fault removal for K values
from 3 to 10, the trajectories take a very high impedance path
through the top of the blinders and then try to enter the right
blinders/zones. This pattern is similar to what has been found
in cases where the dP/dt limit is not present. However, there
is a significant difference in the expansion of the trajectories
compared to the cases without dP/dt limit. The wider path
taken by the Z trajectory through the top of the blinders has a
much higher magnitude compared to that of the case without
dP/dt limit, particularly for K values from 5 to10. This can
be seen by comparing Fig. 6 and Fig. 8. As the cases with
dP/dt limit have a higher |dZ/dt| and larger Z trajectory in
the second peak region for K=5 to 10 compared to the scenario
without dP/dt limit, it can be inferred that the |dZ/dt| has
no strong correlation with the dP/dt alone being limited.

3) Analysis of Observations: Fig. 10, and Fig. 11 show the
voltage magnitude phasor, current magnitude phasor, active
power output (Pr), and reactive power output (Qr) seen by
relay R for K=5 and K=10, respectively. Pr can be seen
going negative as it flows towards the load on bus 29 due to
a decrease in PV real power output due to Q-priority. From
Fig. 10 and Fig. 11, it can be observed that the dP/dt limit is
affecting the variation of @ as well. Since the PV operates in
Q-priority mode, the Qr will vary so as to bring the voltage
to an acceptable value. At the same time, change in QQ is also
affected by the variation of Ppg, the rate of which is limited
by the dP/dt limit. This dynamics between Pg and Qg is not
very significant when K is 5, as shown in Fig. 10. However, as
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Fig. 11 illustrates, the d P/dt limit has a notable effect when K
is 10. On observing the voltage and current phasor magnitudes,
it can be seen that there is a significant variation in voltage
and current after fault removal for systems with and without
dP/dt limit when K= 10, but the variation is less notable
when K=5. The lower current value after fault removal in the
presence of dP/dt limit explains the higher impedance path
taken by the Z trajectory when K=10, as shown in Fig. 11.

B. Test case 2 : Qse1=0.2279%Ps¢y, 0.975 pf

Here, the reactive power reference during steady state is
Q5e4=0.2279* P,., corresponding to 0.975 pf.

1) Without dP/dt Limit: The |dZ/dt| has been observed
to be higher for lower K values, like test case 1, for the first
peak immediately after fault removal, as shown in Fig. 12.
However, the peak values are much lower compared to that of
test case 1. In the second peak, however, the |dZ/dt| is lower
compared to the first peak. Also, the |dZ/dt| is higher for a
higher K -factor. However, the values of the second peak of
|dZ/dt| for K=5 to 10 are lower compared to the second peak
for test case 1.

The Z trajectories, as shown in Fig. 13, do not take the high
impedance path through the top blinders when K is 2 and 3.
However, for the K values from 5 to 10, the trajectory is seen
to take a wider high impedance path through the top part of
the blinders and subsequently enter the right blinders [16]. The
Z trajectory behavior is similar to test case 1 except that the
Z trajectories for K=2 and K'=3 do not enter the left blinders,
unlike only K'=2 for test case 1. It has also been observed that
the lower K -factors, from 2 to 5, have greater reach into the
right blinders and zones compared to the higher K-factors,
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Fig. 14. |dZ/dt| seen by the relay R for system with dP/dt limit (pf 0.975)
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from 7 to 10. Hence, similar to test case 1, a higher K -factor
prevents PSB maloperation due to entry into right blinders and
zones. In comparison with the corresponding K -factor cases
of test case 1, it has been observed that the extension of the Z
trajectory into the right blinders/zones has increased, as shown
in Fig. 16a.

2) With dP/dt Limit: In this case, after fault removal, the
dP/dt limit is considered to be 1 pu/s. The |dZ/dt| values of
the first peak are almost the same as that of the case without
the dP/dt limit, similar to test case 1, as shown in Fig. 14.
In this scenario as well, the peak values are lower than those
observed in test case 1. However, the |dZ/dt| of the second
peak is comparable to that of the first peak. But, a higher K-
factor has higher |dZ/dt| compared to a lower K-factor. Also,
the second peak values are lower compared to that of test case
1. Similar to the case without dP/dt, here, the Z trajectories
do not take a high impedance path through top blinders for K
is 2 and 3, but they do so for K=5 to 10, as shown in Fig. 15.
Additionally, the wider path taken by the Z trajectories for
K=5 to 10 has a higher magnitude compared to that of the
case without dP/dt. However, this increase is relatively small
compared to that of test case 1. The Z trajectory reach into
the right blinders for varying K values are shown in Fig. 16b.
Similar to test case 1, the variation in (Jr depends on the
voltage phasor magnitude as well as on dP/dt, and the lower
current after fault removal in the presence of dP/dt limit
explains the relatively higher impedance path taken by the
Z trajectory for higher K-factor.

It has been observed throughout the results that for varying
K-factor, the |dZ/dt| corresponding to test case 2 is lower
than that of test case 1. Thus, for a lower steady-state Qsc¢,
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the |dZ/dt| observed is lower than that for a higher Q.. It
has also been observed that for a lower QQ,., the Z trajectory
does not enter into the left blinder for lower K values. This
prevents the PSB from wrongly classifying the event as a fault.
However, the reach of Z trajectories into the right blinders and
zones has been observed to be greater for lower Qs.;. This can
be attributed to the relatively higher current for lower Qe
during blinder entry, resulting in a lower Z. For both the test
cases, the Z trajectory does not enter the right blinders at
all for a higher K-factor, thus reducing the chances of PSB
maloperation.

IV. SUMMARY

e The |dZ/dt| values in the first peak (just after fault
removal) are similar for cases with and without dP/dt
limit.

e The |dZ/dt| values in the second peak (during right
blinder entry) is higher without dP/dt limit.

o With the addition of dP/dt limit, the high impedance
region of the Z trajectories (after the fault removal)
becomes larger for K-factor 5 to 10.

« Extension of the Z trajectory into the right blinders and
zones is reduced with the addition of the dP/dt limit.
This reduces the chances of PSB maloperation in systems
with dP/dt limit.

o It is to be noted that the use of dP/dt limit doesn’t guar-
antee lower |dZ/dt| as it also depends on the dynamics
of reactive power.

V. CONCLUSION

This study has analyzed the |dZ/dt| and Z trajectories
seen by relay during SPS for varying K-factor with and
without active power recovery rate control, implemented using
the dP/dt limit. It has been observed that the K-factor and
dP/dt limit impact the Z trajectory characteristics during a
power swing. The dP/dt limit is seen to result in reduced
maloperation of the PSB by decreasing the extension of Z
trajectories into the right blinders and zones. The dP/dt
limit, however, does not ensure a reduced |dZ/dt| because
the |dZ/dt| is also dependent on reactive power dynamics.
Hence, to minimize the risk of PSB scheme maloperation, it
is crucial to have a comprehensive analysis of the influence of
the selected K -factor for PV dynamic reactive power support
on the Z trajectory and the |dZ/dt|.
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