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Impact of Dynamic Behavior of Photovoltaic Power
Generation Systems on Short-Term Voltage Stability

K. Kawabe, Member, IEEE, and K. Tanaka

Abstract—In this study, we investigate the impact of the dynamic
behavior of photovoltaic (PV) power generation systems on short-
term voltage stability of the transmission system. First, the impact
of the fault ride-through capability of a PV model is studied by set-
ting several recovery speeds of the active current output when the
operation of the PV system is interrupted because of a voltage sag.
The results are analyzed by using transient - curves and a sta-
bility boundary, which has been proposed in our previous research.
Further, we show that the installation of PVs severely impairs the
short-term voltage stability if the PVs shut off after a voltage sag,
and its recovery speed is low. Next, two countermeasures to con-
trol short-term voltage instability phenomena are tested. One is
the operation of the PV system at a leading power factor in the
normal state, and the other is the dynamic reactive power control
by the inverters of the PV system after a voltage sag. Numerical
examples are carried out for a one-load infinite-bus power system
and a five-machine five-load power system. The results show that
these countermeasures can play a substantial role in preventing
the voltage instability phenomena caused when a PV system is sud-
denly interrupted because of a fault.

Index Terms—Induction motors, photovoltaic system, power
system stability, reactive power control.

NOMENCLATURE

Voltage behind electric filter of PV.

Voltage at PV-connected bus.

Reactance of electric filter.

Active power output of PV.

Reactive power output of PV.

Reference value of active power output of PV.

Reference value of reactive power output of PV.

Current output of PV.

Current rating of PV inverter.

Gain constant in automatic power regulator.

Time constant in automatic power regulator.

Gain constant in automatic current regulator.
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Time constant in automatic current regulator.

before voltage sag.

before voltage sag.

Voltage at PV-connected bus before voltage sag.

Time.

Fault clearing time.

Reactive power injected by shunt capacitor.

I. INTRODUCTION

T HE rapid increase in the installed capacity of renewable
power generation systems is a key driving factor in the

move towards sustainable electric power systems. Photovoltaic
(PV) power generation is one of the promising power sources,
and a large number of PV systems are increasingly installed
as dispersed power generation systems in medium- and low-
voltage transmission networks.

This high penetration of PV systems is expected to have a
significant impact on power system stability. Several studies
have been conducted focusing on the impact of PVs on different
categories of stability such as transient stability [1], [2] and
small-signal stability [3]. Nevertheless, few papers have investi-
gated the impact of PVs on the short-term voltage stability. The
short-term voltage stability is one of the areas of concern during
the transient period after a large disturbance. Dispersed power
generation systems are installed in medium- and low-voltage
networks and are prone to stop their operation after voltage sags.
This can have an undesirable effect on the short-term voltage
stability of these networks. To ensure the short-term voltage sta-
bility even with a large installed capacity of PVs, it is essen-
tial to study the impact of the dynamic behavior of PV systems
and develop countermeasures for controlling voltage instability
phenomena.

Currently, Japanese grid codes require the PV systems to stay
connected to the grid when a fault occurs and to continue sup-
plying power to the grid as soon as possible even if the systems
temporarily stop their operation owing to the fault. The fault
ride-through (FRT) capability was originally proposed for pre-
venting a cascading frequency drop after a disturbance. The im-
pact of the FRT capability on other instability phenomena has
not been fully studied yet. Reactive power control by PV in-
verters is expected to gain traction to provide dynamic voltage
support (DVS). The favorable effects of the DVS capability on
steady-state voltage regulation have been confirmed in many pa-
pers. A dynamic analysis has also been carried out at the distri-
bution network level for improving the short-term voltage sta-
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Fig. 1. Equivalent circuit for the PV model.

bility using the DVS in several studies [4]–[7]. Further studies
need to be carried out regarding the impact of PVs on the short-
term voltage stability of the transmission system by consid-
ering components in both transmission and subtransmission net-
works. In particular, it is important to consider the effects of in-
duction motor (IM) loads as well as the impedance between an
extra-high voltage bus and a load center for the analysis of the
short-term voltage stability [8], [9].

This paper describes the impact of the dynamic behavior
of PVs on the short-term voltage stability of the transmission
system with numerical examples. In this study, we focus on PV
systems connected to load centers at medium- and low- voltage
levels and consider the components in both transmission and
subtransmission networks. Section II presents the PV model
used in this study. The model considers the control system
of the inverter and the FRT capability. In Section III, several
recovery speeds of active current output after the clearing of
a fault are modeled for PV systems connected to a one-load
infinite-bus power system. The effects of the recovery speed
on the short-term voltage stability are evaluated by an analyt-
ical method using a stability boundary [9] and transient -
curves. In Section IV, two countermeasures are applied to the
PV system in the one-load infinite-bus system, and we give a
physical explanation of how the two countermeasures improve
the short-term voltage stability. The first countermeasure is
to operate the PV system at a leading power factor in the
normal state, and the other countermeasure involves dynamic
reactive power control using the inverters of the PV system
after a voltage sag. Section V verifies the effectiveness of the
countermeasures for a five-machine five-load power system.

II. PV MODEL

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 the reactance of an electric filter. Here, is set at 0.07 p.u.
on machine base. In the model, we consider the control system
of the inverter to cover a simulation time frame of several sec-
onds in duration with integration time steps of 1 ms.

B. Control System of Inverter

The internal voltage is controlled by an automatic power
regulator (APR) and an automatic current regulator (ACR) in
the control system of the inverter. Fig. 2 shows the block dia-
gram of the APR and the ACR that is the general model of a
voltage-sourced converter.

The output of the PV model is assumed to be limited by .
The subscript represents the axis corresponding to the phase
angle of the bus voltage . The subscript represents the axis
lagging behind the axis by 90 . Table I lists the gain and time
constants of the control system that are tuned so that the system

Fig. 2. Control system of the PV inverter.

TABLE I
CONTROL PARAMETERS IN THE CONTROL SYSTEM OF PV INVERTER

is not unstable in the following numerical examples in terms of
the small-signal stability.

In the APR, we prioritize the reactive current in the current
limiting, although it can be selectable [10], depending on
whether the active or reactive current has the priority owing to
the types of PV systems.

C. Fault Ride-Through Capability

The FRT capability is a grid interconnection requirement of
the PV system to prevent a cascading frequency drop. Typically,
PV inverters shut off during voltage sags to protect themselves
from overcurrent. New FRT requirements have been proposed
in Japan through a Japanese governmental research project [11].
In general, the FRT capability is defined as the ability to “ride
through” voltage sags and frequency variations. In the case of
a voltage sag, PV inverters are not required to shut off. Even
if the operation of the PV system is interrupted, it is preferable
to recover the output of the PV system as soon as possible to
prevent variations in the power system frequency.

In this study, the FRT capability is indicated by setting a
threshold voltage for the voltage sag and a recovery
speed of the output after a fault is cleared. The operation
of the PV model stops if the terminal voltage is under



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

KAWABE AND TANAKA: IMPACT OF DYNAMIC BEHAVIOR OF PV POWER GENERATION SYSTEMS 3

Fig. 3. Change in following voltage sag.

Fig. 4. Test system with the load center and the PV model.

p.u. When the operation stops, the power output recovers by
changing in the APR in Fig. 2 according to (1):

(1)
The time constant is set to satisfy an assumed for the
voltage change shown in Fig. 3. Fig. 3 shows the change in
the active power output of the PVs that have two types of FRT
capability, where is 0.2 s and 1.0 s. These values have
been selected by referring to the technical targets recommended
in the newly proposed Japanese requirements for PVs before
and after 2016 [11]. As can be seen from Fig. 3, the power output
reaches up to 80% of the terminal voltage within .

III. IMPACT OF FRT CAPABILITY ON SHORT-TERM

VOLTAGE STABILITY

A. Numerical Example

Numerical simulations are carried out on the single-load in-
finite-bus system shown in Fig. 4 to focus on how the integra-
tion of the PV system affects the short-term voltage stability.
The extra-high-voltage (EHV) network is represented by the
infinite bus, and the dynamic characteristics of the generators
are neglected to focus on the short-term voltage stability. The
load center is modeled by a dynamic load [9] that is connected
through aggregated transmission and subtransmission lines. The
dynamic load consists of a first-order IM, which is modeled
using the IM equations derived in [12] and a constant impedance
(Z), as shown in Fig. 4. The ratio of the IM load to the total load
is set at 50%, although the composition of the loads varies with
the load center, season, and time of the day. The load center is
assumed to include both industrial and residential loads. The ag-
gregated PV system is connected to the load bus.

A 3LG fault in the EHV network is represented by speci-
fying the voltage of the infinite bus at 0.10 p.u. for 0.10 s. Fault
clearing is modeled by returning the specified voltage to that in

TABLE II
SIMULATION CASES

TABLE III
SHUNT CAPACITORS AT EACH NODE

Fig. 5. Voltage at bus 6 in cases A, B, C, and D.

the normal state. The simulation cases presented in Table II are
carried out for a 3LG fault. Several FRT capabilities are as-
sumed for studying the impact of the FRT capability on the
short-term voltage stability. As the initial power flow condi-
tions are different for the different simulation cases owing to
the installation of the PVs, the voltages at buses 2, 4, and 6 are
set at 1.01 in the normal state by adjusting the reactive power

by varying the shunt capacitors at these buses, as shown in
Table III.

Fig. 5 shows the change in the voltage at bus 6. The voltage
drops down to approximately 0.1 p.u. owing to the fault. There-
fore, the PV system stops in cases B, C, and D. It is observed
from the comparison between cases A and B that the installa-
tion of the PV system speeds up the voltage recovery if the PV
system rapidly returns its power output. On the other hand, the
installation of the PV system causes a voltage instability owing
to the stalling of the IM load in cases C and D.

Figs. 6 and 7 show the change in the current and the active
power output of the PV system, respectively, in cases B, C, and
D. The PV system increases its current output up to its rating
after fault clearing in cases B and C. It is also observed that the
PV system brings its active power back to the reference value in
case B, but the PV cannot do so because of the voltage instability
phenomena in case C. In case D, the PV does not restart.

The critical clearing time (CCT) for the IM stalling under
the 3LG fault is also investigated, and the results for cases
A–D are tabulated in Table IV. As seen from the comparison,
a large-capacity installation of the PV system improves the
short-term voltage stability when the output recovery speed
of the PV system is sufficiently fast. On the other hand, the
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Fig. 6. Current output of the PV system in cases B, C, and D.

Fig. 7. Active power output of the PV system in cases B, C, and D.

TABLE IV
CRITICAL CLEARING TIME

installation of the PV system adversely affects the stability
when its FRT capability is low.

B. Discussion on - Plane

Figs. 8–10 illustrate the change in the operating point of the
dynamic load in the - plane for cases A–C under the 3LG
fault for 0.10 s. Here, and represent the active power con-
sumption and the magnitude of the terminal voltage of the load,
respectively. The stability boundary, which we have proposed in
[9], divides the - plane into stable and unstable regions. In
the unstable region at the left side of the boundary, the IM load
decelerates and causes a voltage instability. The transient -
curves indicate the power transmission capability at a given
time. The overview of the analytical method is explained in the
Appendix. In this section, the previously proposed analytical
method is applied to investigate impact of the FRT capability
on the short-term voltage stability.

Fig. 8 shows the result for case A. The operating point lying
on the stability boundary at jumps to the lower left
owing to the 3LG fault at . The operating point during
the fault is in the unstable region at the left side of the stability
boundary. Therefore, the IM decelerates, and the operating point
further shifts downward. After clearing the fault at ,
the operating point jumps to the upper right. The operating point
moves upward along the - curve because it lies in the stable
region at the right side of the boundary.

Fig. 8. - plane for case A .

Fig. 9. - plane for case B .

Fig. 10. - plane for case C .

Fig. 9 shows the results for case B. In this case, the operating
point at the fault clearing time lies in the unstable
region because the PV system stops; therefore, the - curve
shrinks. Note that the - curve expands with the increase in
the PV system's current output, as shown in Fig. 6. As a result,
the operating point enters the stable region, implying that the
voltage returns to the normal operating range. It should also be
noted that the - curve at is wider than that in case
A, indicating that the transmission capability of the system im-
proves with the increase in the current output up to its rating.
This effectively improves the short-term voltage stability, as
demonstrated by the comparison of the CCT in Table IV.

Fig. 10 illustrates the results for case C. The trajectory of the
operating point until in case C is the same as
that in case B. Nevertheless, it can be seen that the expansion
of the - curve in case C is less than that in case B owing
to the slower current recovery, which is shown in Fig. 6. As a
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result, the operating point cannot shift out of the unstable region
and moves downward in case C because the IM load largely
decelerates, and its equivalent impedance becomes small.

The result of case D is close to that of case C. Although an an-
alytical result in the - plane is not shown here, the trajectory
of the operating point until in case D is the same
as that in case C. In case D, the transient - curve after the
fault remains unchanged because the PV system remains dis-
connected, and a voltage collapse occurs.

The analysis in the - plane reveals the following points.
• The integration of the PV system severely impairs the

short-term voltage stability when the PV system shuts off.
This is because the total capacity of the shunt capacitors
connected in the normal state is reduced by the PV system
at the load center, as summarized in Table III, and the shut
off of the PV system degrades the transmission capability
to the load center.

• The improvement in the recovery speed has a large impact
on short-term voltage stability. If the recovery speed is suf-
ficiently fast, the installation of the PV system improves
the voltage stability because the PV system enhances the
transmission capability by increasing current output of the
PV up to its rating.

IV. COUNTERMEASURES USING PV INVERTERS

A. Leading Power-Factor Operation and DVS Capability

As shown in the previous section, the installation of a PV
system can adversely affect the short-term voltage stability, es-
pecially in the case where the PV system remains disconnected
after a voltage sag. In this section, we test the two countermea-
sures using the inverters of the PV system with respect to the
voltage instability phenomena caused when the PV system is
suddenly interrupted because of a fault.

The capacity of the shunt capacitors connected in the normal
state is reduced by the installation of the PV system. This is one
of the reasons for the deterioration of short-term voltage sta-
bility, as shown in the previous section. The operation of the
PV system at a leading power factor can avoid the reduction
in the capacity of the shunt capacitors. This operation has been
proposed for ensuring steady-state voltage regulation in distri-
bution systems in Japan [13] as an economical countermeasure
because the operation requires less apparent power capacity of
the inverter than the absorbed reactive power. In this paper, we
verify its effect on the short-term stability improvement.

It is also shown in the previous section that the fast increase
in the active current output of the PV system improves the short-
term voltage stability because it enhances the transmission ca-
pability to the load. One possible method to further enhance
transmission capability is the injection of reactive current by
the PV inverters. This function is called the DVS. Although it
may not be feasible to equip all PV systems with FRT and DVS
capabilities because of the cost factor, equipping at least part of
the PV systems with these capabilities may significantly help in
maintaining the short-term voltage stability of the entire power

TABLE V
SIMULATION CASES

TABLE VI
SHUNT CAPACITORS AT EACH NODE

system. The DVS capability applied in this study is modeled by
changing in the APR shown in Fig. 2 according to (2):

(2)
The constant determines the rate of change in the reactive
power with respect to the change in the terminal voltage. In this
study, is set at 5 to output the maximum reactive current when
the voltage deviation is 0.2 p.u., i.e., is calculated by dividing
the rated current output of 1 p.u by the voltage deviation of
0.2 p.u.

B. Numerical Example

The effects of the two countermeasures are studied in the
power system shown in Fig. 4. A 3LG fault in the EHV net-
work is assumed by setting the voltage of bus 1 at 0.01 p.u. for
0.10 s. The simulation cases summarized in Table V are carried
out under the 3LG fault. Case I is the base case that is identical
to case D in Table II. In case II, the aggregated PV system op-
erates at a leading power factor of 0.96 in the normal state and
does not have the FRT capability. In case III, the aggregated PV
system operates at the leading power factor, and 50% of the PV
system, which is assumed to be a utility-scale PV system, has
FRT and DVS capabilities. The voltages at buses 2, 4, and 6 are
set at 1.01 in the normal state by adjusting the reactive power

with the shunt capacitors at those buses, as summarized in
Table VI.

Fig. 11 compares the change in the voltage at bus 6. A voltage
collapse occurs in cases I and II. The leading power-factor op-
eration does not seem to be effective from this comparison. On
the other hand, the voltage is restored to the value in the normal
state after the clearing of the fault owing to the DVS capability.

The change in the reactive power output from the PV system
is compared between cases II and III in Fig. 12. It is observed
that 50% of the PV system in case III achieves an increased
reactive power output after fault clearing, and the reactive power
output gradually converges to the leading power output.

The CCT for the IM stalling under the 3LG fault is also
investigated, and the results for cases I–III are tabulated in
Table VII. As seen from the comparison, the PV operation
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Fig. 11. Voltage at bus 6 in cases I, II, and III.

Fig. 12. Reactive power output of the PV system in cases II and III.

TABLE VII
CRITICAL CLEARING TIME

at a leading power factor and equipment with DVS improve
short-term voltage stability.

Note that the leading power factor operation in case II
slightly improves the short-term voltage stability, as summa-
rized in Table VII, although we cannot observe it in Fig. 11.
The stabilizing effect by leading power factor operation can
be physically explained by applying the proposed analytical
method in the - plane, as shown in the next subsection.

C. Discussion on - Plane

Figs. 13–15 are the analytical results in the - plane for
cases I–III under the 3LG fault for 0.10 s. The figures explain
the transition of the operating point of the load by using transient

- curves and the stability boundary.
The operating point in the normal state lies at the intersection

of the stability boundary with the transient - curve in the
normal state. The intersection is the stable equilibrium point
(SEP). The operating point jumps to the lower left owing to the
3LG fault at . The operating point moves downward
during the fault because the operating point is in the unstable
region at the left side of the stability boundary. The operating
point jumps to the upper right after fault clearing at
and moves in different directions in each case.

A comparison between Figs. 13 and 14 show the effect of the
leading power-factor operation in the normal state. The -
curves at in both cases shrink from those in the

Fig. 13. - plane for case I .

Fig. 14. - plane for case II .

Fig. 15. - plane for case III .

normal state owing to the shutoff of the PV system. Neverthe-
less, the - curve at in case II is wider than
that in case I. As a result, the operating point at in
case II is closer to the stable region than that in case I. Although
a voltage collapse occurs in both cases, this effect due to the
leading power-factor operation improves the short-term voltage
stability, as summarized in Table VII. It is also observed that the
SEP after fault clearing in case II lies at a higher position than
that in case I. This indicates that the leading power-factor op-
eration has a preferable effect on the steady-state voltage after
fault clearing for a stable case.

A comparison between cases II and III shows the effect of the
DVS capability with which 50% of the PV system is equipped.
By injecting reactive power after the restart of the operation,
as shown in Fig. 12, we observe that the - curve expands
in case III, as shown in Fig. 15. This improves the short-term
voltage stability by shifting the operating point of the load to
the stable region. The result shows that the DVS capability of
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the PV system can improve the short-term voltage stability, even
if only part of the PV system in the load center is equipped with
the DVS capability.

V. NUMERICAL EXAMPLES ON MULTI-MACHINE SYSTEM

A. Short-Term Voltage Stability Improvement by PV Inverters

Numerical examples are carried out for the five-machine five-
load power system shown in Fig. 16. The test system is created
by reference to a test system published in [14]. To analyze the
impact of PV on the short-term voltage stability, the impedance
between the transmission system and the load centers, which are
represented with the lighter color, is newly considered, unlike
conventional test systems used for a transient stability analysis.
The generators are modeled as a fifth-order model, and an auto-
matic voltage regulator and a governor of the first-order model
are incorporated in each generator. Each load center consists of
an IM and a constant impedance. The ratio of the IM to the total
load is set at 50% at L1, L2, L3, and L4 and 20% at L5.

At each load center, we assume the installation of PV sys-
tems of the same capacity and the same generating active power.
Table VIII tabulates the simulation cases and lists the generating
power and current rating of the PV system at each load center.
The total generating power of the PV system is 1.0 p.u. (0.2 p.u.

5), i.e., approximately 20% of the total load shown in Fig. 16.
The three simulation cases are carried out to verify the effect of
the two countermeasures using PV inverters. In case II, the PV
systems operate at the leading power factor. In case III, 50% of
each PV system is equipped with the DVS capability in addition
to the leading power-factor operation under the assumption that
the 50% of the PV systems at each load center are utility-scale
PV power plants, and the rest are the small-scale PV systems in
the residential area.

Table IX compares the CCT under 3LG faults at various lo-
cations. The CCT is used as an index for the short-term voltage
stability because a voltage collapse occurs within 3 s when the
system is unstable. The notation “ ” represents the 3LG
fault that occurs near bus and is cleared by opening one circuit
of the line . Here, we select fault locations where the CCT
in case I is less than 0.07 s—a value that is close to the general
fault clearing time in Japan. As summarized in Table IX, CCTs
are improved by the PV operation at the leading power factor
and by adding the DVS capability. In particular, the DVS capa-
bility significantly helps in maintaining the stability of the entire
power system.

Figs. 17–19 show the results in each comparative case under
the fault “11–15” for 0.07 s. In case I, a voltage collapse occurs
before 1 s owing to the interruption of all the PV systems. The
voltage collapse causes the step-out of generators. In case II, al-
though every PV system shuts off as it does in case I, voltage
collapses occur at limited load centers (L1, L2, and L3) near the
fault location owing to the effect of the leading-power-factor
operation. These voltage collapses lead to the large excursion
of the rotor angles, but the generators maintain synchronism in
case II. The abovementioned instability is avoided in case III
by the dynamic control of reactive power using the inverters.
Half of the PV system at L3, L4, and L5 triggers reactive power
injection right after the fault occurs because the voltage at the

Fig. 16. 5-machine 5-load power system.

TABLE VIII
SIMULATION CASES

TABLE IX
CRITICAL CLEARING TIME

Fig. 17. Simulation results in case I . (a) Bus voltages. (b) Rotor
angles.

load bus does not fall below 0.2 p.u. The rest of the PV systems
at these buses and the PV systems at L1 and L2 shut off during
the fault and start to control the reactive power after the voltage
recovers subsequent to fault clearing. Although hunting of the
PV systems is not observed in this study, coordination between
the PV systems should be considered for other instability phe-
nomena such as small-signal stability.



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

8 IEEE TRANSACTIONS ON POWER SYSTEMS

Fig. 18. Simulation results in case II . (a) Bus voltages. (b) Rotor
angles.

Fig. 19. Simulation results in case III . (a) Bus voltages.
(b) Rotor angles.

TABLE X
IMPACT OF LOCATION OF DVS ON CCT

B. Discussion on Location of DVS

To investigate the impact of the location of the PV system that
has the DVS capability on the effect of the stability improve-
ment, we compare several simulation cases for the five-machine
five-load power system, as summarized in Table X. Here, we
assume that 50% of the PV system at one of the load centers
has the DVS capability. The PV systems operate at the leading
power factor in every case; therefore, the base case in Table X is
identical to case II in Table IX.

As summarized in Table X, the effect of the DVS capability is
dependent upon the location of the PV power plant that has the
DVS capability. For the fault “11–15,” reactive power injection
at L1, L2, or L3 is effective between the comparative cases. This
is because reactive power injection at L1, L2, or L3 contributes
to the deceleration of the critical generators such as G1–G3 (see

Fig. 20. Stability boundary of dynamic load in the - plane. (a)
. (b) .

Figs. 17–19) in addition to its effect on the local voltage sup-
port. Because the short-term voltage stability is closely related
to the transient stability [15], reactive power injection by the PV
inverter tends to be effective for the short-term voltage stability
when the control action simultaneously improves the transient
stability.

VI. CONCLUSION

This study analyses the impact of PV installation on the short-
term voltage stability and tests the effect of two countermea-
sures using PV inverters on the short-term voltage stability. Nu-
merical examples show that the installation of PVs severely im-
pairs the short-term voltage stability of the power generation
system if the PV system shuts off after a voltage sag, and its FRT
capability to return to the specified power output is low. Under
such an unstable condition, operating the PV system at a leading
power factor and deploying PV equipment with the DVS capa-
bility can be effective ways of improving the short-term voltage
stability. The countermeasures are preferable in terms of cost
because they require less apparent power capacity of the inverter
than its controlled reactive power, though the control action can
be taken only at load centers and may not necessarily be effec-
tive for maintaining the stability of bulk power systems, such as
transient stability.

In our future works, other countermeasures such as emer-
gency control of a battery energy storage system will be studied
to facilitate the installation of a large amount of PV capacity
while simultaneously ensuring transient stability. Coordination
between PV systems that have the DVS capability and other
controllers should also be considered to avoid other instability
phenomena such as small-signal instability.
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APPENDIX

The transient - curve that has been proposed in [16] can
be depicted for a given time step during the transient period by
changing the slip of the IM load over the entire operating range.
When we depict the transient - curve for the test system
shown in Fig. 4, the internal voltage of the PV system is fixed
at the given time step. The transient - curve represents the
power transfer to the load at a given time while reflecting the
operating condition of the PV system.

On the other hand, the stability boundary that we have pro-
posed in [9] enables us to distinguish the sign of the time deriva-
tive of the IM speed in the - plane. Given that the con-
ductance of the induction motor load takes the maximum value
when the rotor speed is equal to , the stability boundary is
depicted for two operating ranges, as shown in Fig. 20. The sta-
bility boundary in Fig. 20(a) divides the region above the load
characteristic curve at into two areas. The left side of
the region represents the unstable region where the induction
motor decelerates, whereas the other side represents the stable
region. The stability boundary for the operating range of

also defines the stable and unstable regions, as shown in
Fig. 20(b). In this paper, the stability boundary for the operating
range of is shown in the numerical examples be-
cause the unstable equilibrium point (UEP) for a voltage insta-
bility phenomenon exists on the stability boundary for the op-
erating range of in the numerical examples.

The analytical method using the transient - curves and
stability boundary has been applied to a single-load infinite bus
system which neglects dynamic characteristics of synchronous
generators in [9]. The analytical method should be developed
for multi-machine systems to make it applicable to a practical
network analysis, evaluation, and control in our future works.
So far, a related fundamental study have been carried out in
[15] where the method to depict the transient - curves for
a multi-machine system is proposed.
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