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Abstract—The large integration of photovoltaic (PV) power
generation systems into power systems causes deterioration in
power system stability. In our previous work, we showed that
reactive power control using the inverters of PV systems, known
as dynamic voltage support (DVS) capability, is a promising
approach to improve the short-term voltage stability in power
systems. In the present paper, we propose a novel DVS
capability as a function of PV inverters. In contrast to the
conventional DVS capability, the proposed method uses both
active and reactive power injection to improve the short-term
voltage stability. Numerical examples show that the proposed
DVS capability further improves the short-term voltage stability
compared with the conventional DVS capability. Further, the
proposed method can alleviate a frequency drop after a fault
caused by interruption in PV systems.

Index Terms—Fault-induced delayed voltage recovery, fault
ride-through capability, induction motors, photovoltaic power
generation, reactive power control, short-term voltage stability,
transient stability.

NOMENCLATURE

E voltage behind the electric filter of a photovoltaic
(PV) system

\Y voltage at a PV-connected bus

X reactance of the electric filter of a PV system

Ppy active power output of a PV system

Qpv reactive power output of a PV system

Pref reference value of active power output of a PV
system

Qref reference value of reactive power output of a PV
system

| current output of a PV system

Imax current rating of a PV inverter

Kp gain constant of an automatic power regulator

(APR)
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Te time constant of an APR

Kc gain constant of an automatic current regulator
(ACR)

Tc time constant of an ACR

Prefpre Pret before voltage sag

Qrefpre Qrer before voltage sag

Vpre voltage at a PV-connected bus before voltage sag

t time

tel fault clearing time

od sensitivity coefficient of the terminal voltage of a
PV system with respect to the active current
output

0q sensitivity coefficient of the terminal voltage of a
PV system with respect to the reactive current
output

a positive constant

rotor speed of an induction motor load

l. INTRODUCTION

HE installation of renewable energy sources (RESS) is a

recent social trend toward the development of sustainable
electric power systems. Policies, e.g., feed-in tariff (FIT)
scheme, have increased the installed capacity of RESs in many
countries. In Japan, the capacity of solar PV systems to be
installed has drastically increased since the government
introduced the FIT scheme in 2012.

On the other hand, researchers have shown that the large
penetration of PV systems can affect power system stability.
Short-term voltage stability is one of the issues of concern in
the transient region after a disturbance in a power system [1].
In our previous work, we have shown that the sudden
interruption of PV systems after a disturbance can deteriorate
the short-term voltage stability [2].

Short-term voltage instability occurs for a few seconds. The
basic mechanism of the short-term voltage stability caused by
the dynamic characteristics of induction motor (IM) loads was
presented several decades ago in [3] and [4]. Although short-
term voltage instability is less well known compared with
rotor-angle instability, many works have studied load
modeling and methods to analyze the short-term voltage
stability [5]-[8]. In recent years, the importance of load
modeling to analyze fault-induced delayed voltage recovery,
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which is closely related to the short-term voltage stability, has
been renewed and investigated as reported in [9] and [10].
Considering that a large number of PV systems are being
installed near load centers, developing countermeasures to
avoid short-term voltage instability caused by sudden
interruption in PV systems is important.

The injection of reactive power by PV systems is a
promising approach to prevent deterioration in the short-term
voltage stability. This function is known as dynamic voltage
support (DVS) capability. Dynamic simulations at the
transmission and distribution network levels have also been
carried out in several studies to verify the effectiveness of the
DVS capability on the short-term voltage stability [2], [11]-
[15].

In the present paper, we propose a novel DVS capability as
a function of the PV system to improve the short-term voltage
stability. Section Il describes the modeling of PV systems
used for the transient analysis. The PV model can consider the
control system of an inverter, fault ride-through (FRT), and
DVS capability. Section 11 explains the control action
expected from the proposed DVS capability and how to
achieve this control action in the control system of the PV
inverter. In contrast to the conventional DVS capability, the
proposed DVS capability injects both reactive and active
power using the PV system while maintaining the rated
current capacity of the inverter. Numerical examples are
presented in Sections IV and V for a one-load infinite-bus
(OLIB) system and a multimachine power system,
respectively, to compare the effects of the proposed DVS
capability on the short-term voltage stability with those of the
conventional one.

Il. MODELING OF PV SYSTEMS

A. Equivalent Circuit

Fig. 1 shows the equivalent circuit of the PV model for the
transient analysis. The PV model consists of a voltage source
and reactance of an electric filter. Here, X is set to 0.07 p.u.
using the machine rating as the base. In the model, we
consider the control system of the inverter to cover a
simulation time frame of several seconds in duration with
integration time steps of 1 ms. The dynamics of the DC side of
the inverter is neglected because the time delay for the control
systems in the DC side is sufficiently small compared with the
integration time step in general. Internal voltage E is varied
according to the control system of the inverter, as described
below. The fundamental configuration of the model is similar
to that of the model developed in [16].

B. Control System of the Inverter

The control system of the inverter consists of an automatic
power regulator (APR) and an automatic current regulator
(ACR), as shown in Fig. 2. Subscript d represents the d axis

corresponding to the phase angle of bus voltage V . Subscript
g represents the g axis, which lags behind the d axis by 90°.

Table 1 lists the gain and time constants of the control system
that are tuned so that the system is stable in the following
numerical examples in terms of the small-signal stability.

The output of the PV system is assumed to be limited by
rated current Imax. In the APR, we need to determine the
reference values of active current lqrr and reactive current lg ref
in a coordinated manner to maintain the current output within
Imax. When we model a PV system that does not have a DVS
capability, we prioritize the active current in the current-
limiting process by following the control flow shown by the
dotted line in Fig. 2 and setting lg,max and lgmax to
=1 lg,mex = I P ()

Id,max max !

On the other hand, we apply different current allocation logic

ix -

«

\7 I, Py +iQy E

Fig. 1. Equivalent circuit of the PV model.

Id,max

_Id‘max

o

Fig. 2. Control system of the PV inverter.

TABLE |
CONTROL PARAMETERS IN THE CONTROL SYSTEM OF A PV INVERTER
Kp Tp (S) Kc Tc (S)
0.10 005 0.10 0.10
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when we apply the conventional or proposed DVS capability,
as described later. The allocation logic is an important issue in
this study, which will be described in Section I1I.

C. FRT Capability

FRT capability is a grid interconnection requirement of the
PV system to prevent a cascading frequency drop. New FRT
requirements have been proposed in Japan through a Japanese
governmental research project [17]; they were introduced in
the grid code in 2014. During a voltage sag, the PV inverters
are not required to shut off. Even if the operation of the PV
system is interrupted, recovering the output of the PV system
as soon as possible is preferable to prevent variations in the
power system frequency.

In this study, the FRT capability is indicated by setting
threshold voltage Vvt for the voltage sag and recovery speed
Trrr Of the output after a fault is cleared. The operation of the
PV model stops if the terminal voltage is less than Vivrr per
unit. When the operation stops, the active power output
recovers up to 80% of that before the fault within Terr seconds
after a voltage recovery [2]. The active power recovery is
modeled by changing Py in the APR in Fig. 2 according to

) (t) _ F’ref,pre x (t _tcl )/T (Pref (t) < F)ref,pre) (2)
ref Pref,pre (Pref (t) > Pref,pre) ’

where Prefpre IS the active power output before the fault. Time
constant 7 is set to satisfy an assumed Trrr. Delay in the active
power recovery indicates a delay in the maximum power point
tracking by a DC-DC converter after a voltage sag, although
the control system of the DC-DC converter is not modeled in
detail. We note that a change in the active power caused by a
sudden change in the weather is neglected in this study
because we focus on the stability problem in the transient
period.

In this study, Viver is set to 0.2 p.u. and Terr is set to 0.2 s
for the PV systems with FRT capability. These values have
been selected according to the technical targets recommended
in the newly proposed Japanese requirements for PV systems
connected after 2016 [17].

D. DVS Capability

In this study, the DVS capability is modeled by changing
Qrer in the APR according to

Qref (1) = Qref,pre+ Kpvs * I max ><(Vpre —V(t)), (3)

where Kpys determines the rate of change in the reactive
power with respect to the change in the terminal voltage. In
this study, Kpvs = 5 to output a maximum reactive current
when the voltage deviation is 0.2 p.u. The reactive power
before voltage sag Qrerpre iS Set to zero in this study under the
assumption that every PV system operates at a unity power
factor in the normal state. The voltage at a PVV-connected bus
before voltage sag Vpe Ccan be available by logging the
terminal voltage at a constant frequency and using the voltage
when the PV system detects the voltage sag. In a real

implementation, dead band should be set so that the DVS
capability is not triggered in the normal state.

In the current allocation logic in the APR, we prioritize the
reactive current in the current limiter by following the control
flow shown by the dashed line in Fig. 2 and setting lgmax and
Iq'max tO

2 2

Id,max: | rax _lq,ref ) Iq,rmlemax~ (4)

1. PROPOSED DVS CAPABILITY

A. Concept of the Proposed DVS Capability

A PV system with conventional DVS capability injects
reactive current up to the rated capacity when the terminal
voltage is sufficiently low, whereas it limits the active current
down to zero because of the capacity allocation logic in the
APR, as described in Section II-D. The prioritized reactive
current injection improves the short-term voltage stability, as
discussed in [2].

Although little doubt exists that the prioritized reactive
current injection is effective for the increase in the terminal
voltage, allocation of the entire current capacity to the reactive
current does not mean that it maximizes the voltage increase.
Assuming that sensitivity coefficients aq and oy of the terminal
voltage of the PV system with respect to the active- and

reactive-current outputs are respectively defined as
og=0V/dly | oq=0V/dlg, (5)

the change in the terminal voltage with respect to the
injections of Iy and I can be approximately expressed by

a- (6)

Then, we can formulate the following optimization problem
for the maximization of the terminal voltage through the
active- and reactive-current injection by the PV system:

AV EGdld +Gq|

Maximize f=AV =04l +ogl, (7
Subject to la? +1g° = e ®)
Osld,Oslq. 9)

Obviously, the injection of reactive current only is not the
optimal solution to maximize the voltage increase considering
the above optimization problem. By assuming that we know
the sensitivity coefficients, we can possibly determine the
active and reactive currents that maximize the terminal voltage.
However, calculating the sensitivity coefficients using only
local information is difficult.

In this paper, we propose to output active and reactive
currents to support the terminal voltage as follows:

lg =g =lm /Y2, (10)
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For the output in (10), the objective function in (7) is
calculated as

f _(Gd +Gq)|
pro — ‘\/E max *

On the other hand, if we inject a reactive current at the rated
capacity, the objective function in (7) is calculated as

(11

(12)

By defining a4 = K and oq = aK, the condition for fyro > feon IS
calculated as

fcon:Gquax-

a<1+2 =241, (13)

In other words, the proposed active- and reactive-power
injection in (10) increases the terminal voltage more than the
reactive power injection by the conventional DVS capability
despite the connected voltage level if the difference in the
sensitivity satisfies (13). Although the magnitude of o is
different depending on the location of the PV system and the
system configuration and varies from moment to moment, it is
empirically expected to satisfy (13). In this paper, we will
demonstrate in the following numerical examples that the
active- and reactive-current injection in (10) improves the
short-term voltage stability more than the conventional DVS
capability even though « is unknown.

B. Control System for the Proposed DVS Capability

To realize the proposed DVS capability, we change Qef
according to (3) and apply an original current allocation logic
to the APR in the control system of the PV inverter. The
proposed control system follows the control flow indicated by
the dashed line in Fig. 2 and sets lgmax and lgmax t0

2 I 2
—lq,ref

Id,max: I mex Iq,rnalernax/‘/5~ (14)

IV. NUMERICAL EXAMPLES OF AN OLIB SYSTEM

A. Test System and Comparative Cases

The OLIB system shown in Fig. 3 is used to focus on the
short-term voltage stability. An extra-high voltage (EHV)
network is modeled using an infinite bus, and the dynamic
characteristics of the generators are neglected. The load center
is represented by a dynamic load connected through
aggregated transmission and subtransmission lines. Although
the impedance of low voltage feeders also needs to be
considered for more quantitative analysis, they are neglected
in this study. The dynamic load consists of a first-order IM

1.01
éoo 1;1_01 1:1.01@|
>
o .
[
£ 0.001 0.0005 ! b e
£ j0.03  +j0.0o1 j0.03  +j0.002 j0.024 ——1

-5.5-j1.5 Pev +Qev
Fig. 3. OLIB system.

and a constant impedance (Z), as shown in Fig. 3. The ratio of
IM to the total load is set to 50%. Here, we assume a relatively
high 1M load ratio to focus on the short-term voltage stability.

The aggregated PV system is connected to the load bus. The
active power output of the PV system is 3.0 p.u., which
corresponds to 60% of the total load, and it operates at a unity
power factor in the normal state. The rated current capacity of
the PV system is set to 3.3 p.u. Although we consider only the
aggregated PV system connected to the load center to prevent
a complicated discussion of the result, some PV systems in
actual grids would be connected far from the load centers.

Three simulation cases are compared to study the effects of
the proposed DVS capability on the short-term voltage
stability. Case | is the base case in which the PV system does
not have a DVS capability. On the other hand, we assume PV
systems with conventional and proposed DVS capabilities for
Cases Il and Ill, respectively. The dynamic simulations are
carried out under two fault scenarios described in the next
sections.

B. Results for Fault Scenario A

In fault scenario A, a three-line-to-ground (3LG) fault in the
EHV network is assumed by setting the voltage of Bus 1 to
0.1 p.u. The PV system temporarily stops immediately after
the fault because the voltage at Bus 6 falls below the threshold
value of 0.2 p.u. in the FRT capability. The dynamic
characteristics after fault clearing are different among the
three cases.

Table Il lists the critical clearing times (CCTs) when the IM
stalls under fault scenario A. As observed from the
comparison, equipping the PV system with DVS capability
improves the short-term voltage stability even if the PV
system is temporarily shut off due to the fault. It also shows
that the proposed DVS capability is more effective than the
conventional one.

Fig. 4 compares the change in the voltage at Bus 6 when we
set fault duration time ty to 0.16 s. The DVS capability avoids
voltage collapse in Cases Il and Ill. We also observe that the
proposed DVS capability speeds up the voltage recovery in
Case Il compared with that in Case I1.

Fig. 5 shows the comparison of the output of the PV system
for Cases Il and 111 when ty = 0.16 s. In Case I, the PV system
injects reactive current at the rated current capacity
immediately after fault clearing. Then, the reactive current
decreases with the increase in the terminal voltage, whereas
the active current increases. On the other hand, in Case llI, the
proposed DVS capability injects both active and reactive
currents immediately after fault clearing while maintaining the
current capacity. With the voltage recovery, the PV system
reverts to the active power output and decreases the reactive
current.

To compare the effects of the conventional and proposed
DVS capabilities on the short-term voltage stability, we show
the change in the operating point of the load in the P—V plane
for Cases Il and Il in Fig. 6 when ty = 0.16 s. Here, P and V
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represent the active power consumption and the magnitude of
the terminal voltage of the load, respectively. We also describe
the transient P-V curve [18] that indicates the power
transmission capability to the load at t = 0.50 s when the PV
system injects maximum current. The transient P-V curve can
be depicted for a given time step during the transient period by
changing the rotation speed w of the IM load over the entire
operating range 0 < w < 1, which is independent of the time-
domain simulation.

From the comparison of the transient P-V curves shown in
Fig. 6, we can observe that the simultaneous active- and
reactive-power injection by the proposed DVS capability at t =
0.50 s further enhances the transmission capability to the load
compared with the reactive power injection by the
conventional DVS capability. As a result, the operating point
of the load in Case Il moves along the locus where power

TABLE Il
CCTS FOR FAULT SCENARIO A
Casel Casell Caselll
0.128 0.229 0.262

= NA
/

....... - Case
=-===Casell
—Case Il

voltage at bus 6 (p.u.)
o
=)

0.2] _J

0 0 0.2 0.4

y (26) 0.8 1 1.2
me (s
Fig. 4. Change in the voltage at Bus 6 under fault A.
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Fig. 5. Power and current outputs of the PV system under fault A.
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Fig. 6. Discussion in the P-V plane under fault A.

consumption is larger than that in Case Il. Therefore, the re-
acceleration of the IM load after fault clearing in Case Il is
larger than that in Case Il, which shows how the proposed
DVS capability further improves the short-term voltage
stability.

C. Results for Fault Scenario B

In fault scenario B, a 3LG fault located far from the load
center in the EHV network is simulated by setting the voltage
of Bus 1 to 0.6 p.u. The PV system does not stop operating
under this scenario.

The CCTs for fault scenario B are listed in Table Ill. The
comparison shows that the proposed DVS capability can
improve the short-term voltage stability for a shallow voltage
sag as well as in fault scenario A. A voltage collapse does not
occur in Case Il at any of the fault duration time, and the
reason is discussed below.

Fig. 7 shows the comparison of the voltage at Bus 6 among
the three cases when ty = 0.4 s. A voltage collapse occurs in
Case | due to stalling of the IM load. On the other hand, the
voltage recovers after fault clearing in Cases Il and Ill. The
results show that the application of the proposed DVS
capability is the most effective for the voltage increase even
during a 3LG fault.

In Case Il, the PV system with the conventional DVS
capability injects reactive power after the fault, whereas it
decreases the active power down to zero, as shown in Fig. 8(a).
On the other hand, in Case Ill, the PV system decreases the

TABLE Il
CCTs FOR FAULT SCENARIO B
Casel Casell Caselll
0.370  0.702 0

o
o

—Case Il

voltage (p.u.)
(=]
o
o

<
S

0 0.2 0.4 0.6 0.8 1 1.2
time (s)

Fig. 7. Change in the voltage at Bus 6 under fault B.
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Fig. 8. Power and current outputs of the PV system under fault B.
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active power output to 1, /+/2 and injects the same amount

of reactive power, as shown in Fig. 8(b), by applying the
proposed current allocation logic.

Fig. 9 shows the change in the operating point of the load in
the P-V plane for Cases Il and Il when t = 0.4 s. In addition
to the operating point, we describe the change in the transient
P-V curve during the fault. We also show the stability
boundary line [8] for the IM load. Assuming that the rotor
speed that achieves maximum value of the conductance is
defined as w, the operating range of the load in the P-V plane
is above the load characteristic curve at o = w; [8]. The
stability boundary divides the region above the load
characteristic curve into two regions in which the IM load
accelerates and decelerates. The overview of the analytical
method is explained in [8].

In Case Il, the transient P-V curve expands fromt=0+sto
t = 0.06 s and settles after t = 0.2 s, as shown in Fig. 9(a).
Fromt=0.2 stot= 0.4 —s, the load operating point moves
downward along the transient P-V curve because the transient
P-V curve exists in the deceleration region. After fault
clearing, the operating point jumps to the upper right and
moves upward because the operating point lies in the
acceleration region.

In Case Ill, the transient P—V curve expands fromt=0 +s
to t = 0.2 s and settles after t = 0.2 s, as shown in Fig. 9(b).
From the comparison of the transient P-V curves fromt = 0.2
stot =04 - s between Cases Il and Ill, the simultaneous
active- and reactive-power injection in Case I further
enhances the transient P-V curve compared with the reactive

Stability boundary
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Fig. 9. Discussion in the P—V plane under fault B.

power injection in Case Il. Because a stable equilibrium point
(SEP) exists at the intersection of the stability boundary of the
transient P-V curve fromt = 0.2 sto t = 0.4 — s, the operating
point settles at the SEP during the 3LG fault. Therefore, a
voltage collapse does not occur in Case Il in any of the fault
duration time.

V. NUMERICAL EXAMPLES OF A MULTIMACHINE POWER
SYSTEM

A. Test System and Comparative Cases

The effectiveness of the proposed DVS capability is
verified for a modified 10-machine New England power
system shown in Fig. 10. In Fig. 10, we show the active power
output of the generators and the active power consumption of
the loads according to the per unit values on a 100-MVA base.
The total demand is set to 4262 MW. The reference frequency
is 60 Hz. The generators are modeled using a classical model,
and the governor of the first-order model is incorporated into
each generator. Generator G1 at bus 39 is modeled as a swing
generator.

The modified test system contains 18 load centers. To focus
on the short-term voltage stability, we model every load
except L18 at bus 39 as the dynamic load used in the previous
section, and we consider a feeder equivalent [10] using an
aggregated subtransmission system (whose configuration is
the same as that shown in Fig. 3), as shown in the example in
Fig. 10. The impedance shown in Fig. 3 is converted for each
subtransmission  system by considering the power
consumption of each load center. The load center at bus 39 is
modeled by a constant impedance.

The PV systems are connected to the load centers, except
L5 and L18. All PV systems operate at a unity factor, and the
active power output of each PV system is 30% of each load
center. The rated current capacity of each PV system is set to
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Fig. 10. Modified 10-machine New England power system.
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Fig. 11. Changes in the voltages at the load buses (t; = 0.10 s).
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Fig. 12. Changes in the rotor angles with respect to the center of inertia (COI) (t; = 0.10 s).

TABLE IV
CCTs UNDER 3LG FAULTS IN THE MODIFIED 39-BUS SYSTEM
Fault Location Casel(s) Casell(s) Caselll(s)

2-3 0.093 0.129 0.152

3-18 0.075 0.097 0.120
15-16 0.079 0.107 0.124
17-18 0.069 0.084 0.098
18-17 0.083 0.108 0.128
24-16 0.077 0.096 0.112

1.1 times the active power output at the per unit value.

We assume that the FRT capability does not work well for
50% of the PV systems installed at each load center. These PV
systems are modeled by setting Viver t0 0.4 p.u. and Terr to
s. Therefore, the PV systems stop operating if the terminal
voltage falls below 0.4 p.u. and never restart during the
simulation. For the other 50% of the PV systems at each load
center, we assume the following three types. In Case I, the
systems have only the FRT capability. In Cases Il and 111, they
have the conventional and proposed DVS capabilities,
respectively.

B. Improvement of Short-Term Voltage Stability

Table IV lists the comparison of the CCTs under 3LG faults
at various locations. The CCT is used as an index for the
short-term voltage stability because a voltage collapse occurs
when the power system is unstable. The notation “n-m”
represents a 3LG fault that occurs near bus n and is cleared by
opening one circuit in the line n—m. As listed in Table 1V, the
CCTs improve because of the application of the DVS
capability. Moreover, we confirm from the comparison
between Cases Il and I11 that the proposed DVS capability is
more effective than the conventional one to improve the short-
term voltage stability.

TABLE V
LOAD CENTERS WHERE THE PV SYSTEMS ARE SHUT OFF DURING FAULT
“15-16”FORO0.1s

Load center where 100% of the
PV systems are shut off

Load centers where 50% of
the PV systems are shut off

Case | L6, L7 L1, L2 18, L10, L12, L15
Case Il L6, L7 L2, 18,110, L12
Case Il L6 L2,L7 18, 110, L12

Figs. 12 and 13 show the comparison of the results between
the cases under fault “15-16” when the fault duration time is
set to 0.1 s. In Case I, a voltage collapse occurs around L6,
which is near the fault location, as shown in Fig. 11(a). The
voltage collapse causes the stepping out of the generators, as
shown in Fig. 12(a). In Case IlI, the application of the
conventional DVS capability to some of the PV systems
prevents a large-scale voltage collapse. However, a local
voltage collapse occurs at L6. The voltage instability
phenomenon is stabilized when we apply the proposed DVS
capability in Case IlI.

Table V lists the summary of the load centers where the PV
systems are shut off during fault “15-16” when the fault
duration time is set to 0.1 s. From the results, all PV systems
at L7 are shut off in Cases | and Il because the terminal
voltage falls below 0.2 p.u. during the fault. On the other hand,
half of the PV systems at L7 continue operating in Case IlI
owing to the better voltage support of the proposed DVS
capability. Around the fault location, the terminal voltage falls
below 0.4 p.u., and 50% of the PV systems where the FRT
capability does not work well are shut off and never restarted.

We note that we have not investigated the effect of the
proposed DVS capability on the transient stability in this work.
In the numerical examples with high 1M load ratio, we clearly
show that the higher ability of the PV systems to support the
voltage contributes to the improvement in transient stability.
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TABLE VI
LOAD CENTERS WHERE THE PV SYSTEMS ARE SHUT OFF DURING FAULT
“15-16"FOrR 0.09 s

Load centers where 50% of
the PV systems are shut off

Load center where 100% of
the PV systems are shut off

Case Il L6 L2,L7,18,110,L12

Case Il L6 L7, 110, L12

However, further study would be required to investigate its
effect on the transient stability under other load-modeling
conditions, e.g., when the ratio of the IM load to the total load
is low.

C. Effect on the Frequency Stability

The application of the proposed DVS capability also
positively affects the short-term frequency stability. Fig. 13
shows the comparison of the changes in the frequencies
between Cases Il and 111 under fault “15-16.” Here, we set the
fault duration time to 0.09 s to observe the stable cases in
terms of the short-term voltage and transient stability.

Fig. 13 shows that the frequencies of the synchronous
generators decrease in both cases. We also observe that the
application of the proposed DVS capability in Case IlI
alleviates the frequency decrease compared with the results in
Case Il because the number of PV systems that are shut off
after the fault is different between Cases Il and Ill, as listed in
Table VI. The PV systems at L2 and L8 continue operating in
Case 11, whereas they stop in Case II.

Fig. 14 shows the comparison of the voltages at the load
buses listed in Table VI. The voltages at L2 and L8 fall below
0.4 p.u. in Case Il, whereas the voltages are supported above
0.4 p.u. in Case Il because the effect of the proposed DVS

capability on the voltage increase is higher than that of the
conventional one.

VI. CONCLUSION

In this paper, we have proposed a novel DVS capability of
PV systems to improve the short-term voltage stability. The
proposed DVS capability injects active and reactive power in
a coordinated manner as a function of the terminal voltage.
The numerical examples have demonstrated the greater
effectiveness of the proposed method for improving the short-
term voltage stability compared with the conventional DVS
capability. We have also shown that the application of the
proposed method can help alleviate the frequency drop after a
fault because better voltage support can reduce the number of
PV systems that are shut off due to a voltage sag.

In our future works, the applicability of the proposed
method will be verified by field tests that consider other
important conditions such as unbalanced faults and protection
systems. In addition, we will verify the effectiveness of the
proposed method for transient stability in a test system with a
lower IM load ratio because we assumed a high IM load ratio
in this study to focus on the short-term voltage stability.
Coordination with other controllable equipment such as
flexible alternating current transmission system and battery
energy storage devices is also an important issue for the
integration of RESs while maintaining power system stability.

APPENDIX

For an additional explanation on the different rate of active
current output to the entire current capacity of the PV system
described in Section I11-A, we derive the relationship between
o and the rate of active current injection of the PV system.

Assuming that the PV system injects active- and reactive-
current as

lg = Blwax: g =v1 B2 lax, (0<<1),

the objective function in (7) is calculated as

(15)

(16)

By defining o4 = K and aq = oK, the condition for fapp > fcon IS
calculated as

fapp =S Blmex + V1= | -

20
l+a

p<

Although « differs depending on the location of the PV system
and varies from moment to moment, the active- and reactive-
current injection in (15) increases the terminal voltage more
than the reactive current injection by the conventional DVS
capability if coefficient g satisfies (17).
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