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ABSTRACT The responses of an inverter-based distributed generator (IBDG) to abnormal voltage and
frequency are different from those of a conventional generator owing to the difference in the operating
modes. In particular, the momentary cessation (MC) mode deteriorates the transient stability of normal
power systems by ceasing to provide active and reactive power to the grid. However, in a high-generation
area, where a significant amount of generation is concentrated and where transient instability exists under
a contingency, MC operation is conducive to the transient stability because the electrical output of critical
generators increases to cover the local loads under this condition. This effect can cause frequency instability
if a sizeable portion of the IBDG output is lost owing to the operating modes. To ensure transient and
frequency stability, this study analyzed the effects of operating modes and generator tripping on the high-
generation area. A method for determining the capacity limit of the IBDGs in the high-generation area was
then developed to ensure power system stability. The effectiveness and feasibility of the proposed method
were verified by conducting a case study on the Korean power system.

INDEX TERMS Frequency nadir, inverter-based distributed generator, momentary cessation, power system
frequency stability, power system transient stability, single-machine equivalent.

I. INTRODUCTION
Renewable energy generators are increasingly preferred over
coal-fired power plants owing to environmental concerns
such as the rising levels of greenhouse gases and pollu-
tion. Unlike large-scale conventional generators, individual
photovoltaic (PV) and wind turbine generators are generally
integrated into the distribution system because they have a rel-
atively small capacity. The power generation characteristics
of inverter-based distributed generators (IBDGs) such as PV
and wind turbine systems differ from those of conventional
generators owing to uncertain electricity generation and use
of power conversion systems. These characteristics affect the
power system stability [1]–[3].

The associate editor coordinating the review of this manuscript and

approving it for publication was Ning Kang .

The overall system inertia is reduced if the number of
IBDGs is increased because an IBDG has very low or no
rotational inertia. Various studies have been conducted to
investigate the influence of IBDGs on the power system
stability. The effects of distributed generators that are not
connected through power electronics in a power system on the
stability of transient and small signals have been analyzed [4].
This study was focused on the effects of power system stabi-
lizers and exciters. The effects of high PV penetration on the
steady-state and transient stability have been investigated [5].
The correlation between the bus voltage magnitude and PV
penetration level was studied to investigate the steady-state
stability. Additionally, the positive and negative influences
of PV penetration on the transient stability were examined.
In [6], the effects of synchronous, asynchronous, and IBDG
units on the voltage and transient stability were analyzed
based on a time-domain simulation. The IBDGs were found
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to negatively affect the rotor angle stability. The rotor speed
deviation of a conventional generator was analyzed to assess
the transient stability [7]. This work considered various lev-
els of IBDG penetration under varying contingency and
demonstrated the importance of branch representation in the
distribution system. The concept of a virtual synchronous
generator has been proposed to improve the frequency sta-
bility in a power system with high IBDG penetration [8].
In [9], a key performance indicator was proposed to measure
the frequency stability limit in a system with high pene-
tration of power-electronic-interfaced generators. This study
improved the frequency nadir (NADIR) using the fast fre-
quency response ofwind turbine generators. The effects of the
penetration level of micro-grids, including IBDGs, on the fre-
quency stability were investigated to determine the maximum
allowable penetration of micro-grids in large-scale power
systems [10]. In addition, the influence of variable generation
of a PV system on the frequency stability was analyzed by
long-term dynamic simulations [11]. However, none of these
studies considered the effect of inverter operating modes on
the power system stability.

The Canyon 2 Fire, Blue Cut Fire, Angeles Forest distur-
bance, and Palmdale Roost disturbance are some representa-
tive cases that show the negative effects of inverter operating
modes on the power system stability [12]–[14]. The first two
fire events caused transmission system failures in Southern
California. The events resulted in the loss of a significant
amount of PV generation because of the inverter operating
modes, particularly the momentary cessation (MC) mode.
Similarly, the Angeles Forest disturbance and Palmdale Roost
disturbance led to the loss of a significant amount of PV
output in Southern California in 2018. These effects were also
induced by the MC of the PV systems. MC is a temporary
cessation applied to energize an electric power system (EPS),
while connected to the area EPS, in response to a disturbance
in the applied voltage or system frequency, with the capability
of immediately restoring the output when the applied volt-
age and system frequency return to the defined ranges [15].
According to [15], an IBDG will enter the MC mode if its
terminal voltage drops below theMCvoltage, which is 0.5 pu.
In addition, IBDGs will trip if they remain in the MC mode
for more than 1 s. The actual setting value can be different
from the value specified in [15], because the value is flexible.

Recently, some studies have been performed on the effect
of MC. A model of an IBDG with operating modes was
introduced for reliability studies [16]–[19]. In [20], the influ-
ence of MC capability on the New England power system
was investigated by a time-domain simulation. It involved
composite load models with IBDGs and a system protection
model. This work reported the sensitivity to voltage tripping
and system response under different MC voltage levels. The
effect of the MC mode of IBDGs on the power system
transient stability was analyzed [21]. In addition, the MC
influence index based on the critical MC operating point was
proposed to evaluate the severity of transient effects. How-
ever, few studies have investigated the effect of MC on power

system stability in high-generation areas. A high-generation
area represents the sending end, where a significant amount
of generation is concentrated, resulting in transient instability
under transmission system contingency. This area includes
critical generators in terms of transient stability. Therefore,
special protection schemes (SPSs), such as tripping of gen-
erators and shedding of loads, are usually implemented in
the high-generation area to ensure power system stability
[22]–[24].

The remainder of this paper is organized as follows:
Section II investigates the effects of generator tripping and
MC of IBDGs on the transient stability of the power system
in the high-generation area using the single-machine equiva-
lent (SIME) method, as described in [25]–[29]. Section III
analyzes the effects of generator tripping and MC on the
frequency stability of the power system by comparing the
NADIRs. In Section IV, a method to determine the capacity
limit of IBDGs considering both transient and frequency
stability is introduced to ensure power system stability.
Section V presents a case study conducted to verify the fea-
sibility and effectiveness of the proposed method. Section VI
concludes the paper.

II. EFFECTS OF GENERATOR TRIPPING AND MC OF IBDGS
ON TRANSIENT STABILITY IN HIGH-GENERATION AREAS
This section analyzes the effects of generator tripping and
MC of IBDGs on the transient stability of the power sys-
tem based on the SIME method, which is a hybrid-direct
method for transient stability assessment considering accu-
racy and flexibility [25]–[29]. To assess the transient stability,
the generators in a system are divided into critical and non-
critical groups in accordance with the SIME rules [27], [29].
In actual large-scale power systems, the critical generators
are fewer than non-critical generators because only the gen-
erators located near the fault area are generally considered as
critical. Furthermore, theMC capability affects a critical gen-
erator more than a non-critical generator because the IBDGs
located near the critical groupwill enter theMCmode. There-
fore, the one-machine infinite bus (OMIB) system reflecting
the effect of MC is more strongly affected by the critical
generators. The elements of the OMIB system in SIME are
as follows.

δ , δC − δN (1)

Pm = M
(
M−1C

∑
i∈C

Pmi −M
−1
N

∑
j∈N

Pmj
)

(2)

Pe = M
(
M−1C

∑
i∈C

Pei −M
−1
N

∑
j∈N

Pej
)

(3)

M = MCMN / (MC +MN ) (4)

Here, δ is the center of angle (COA) of the OMIB system;
δC and δN are the COAs of the critical and non-critical
groups, respectively; Pm and Pe are the mechanical power
and electrical power of the OMIB system, respectively; M
is the inertia coefficient of the OMIB system; MC and MN
are the inertia coefficients of the critical and non-critical
groups, respectively; Pmi and Pmj are the mechanical power
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of machines i and j, respectively; Pei and Pej are the electrical
powers of machines i and j, respectively.
The transient stability can be assessed by comparing the

maximum deceleration area Adec and the acceleration area
Aacc of the OMIB system [25]. The areas represent the release
of stored and accumulated kinetic energies, respectively.
If Aacc is greater than Adec, the system will be unstable;
otherwise, the system can return to a stable condition after
the contingency.

A. EFFECT OF CRITICAL GENERATOR TRIPPING ON SIME
The tripping of generators realized by the SPS is usually for
restoring the system stability after a contingency. The OMIB
system in SIME is affected more strongly by the tripping of
the critical generator than by the tripping of the non-critical
generator because the number of critical generators is lower
than the number of non-critical generators in a large-scale
power system. When the critical generators are tripped for
ensuring transient stability, the elements of the OMIB system
are changed as follows:

P′m = M ′
(
M ′−1C

∑
k∈C

Pmk −M
−1
N

∑
j∈N

Pmj
)

(5)

P′e = M ′
(
M ′−1C

∑
k∈C

Pek −M
−1
N

∑
j∈N

Pej
)

(6)

M ′ = (MCMN −MTMN )/ (MC −MT +MN ) (7)

Here, P′m and P′e are the mechanical and electrical powers of
the OMIB system after the tripping of the critical generator,
respectively; k is the number of critical machines excepting
the tripped generators; M ′ is the inertia coefficient of the
OMIB system after the tripping of the critical generator; MT
is the inertia coefficient of the tripped generator.

The above equations can be used to construct the P–δ curve
of the OMIB system considering critical generator tripping,
as shown in Fig. 1. The generator tripping realized by the SPS
operation is activated to ensure transient stability of the power
system after the fault is cleared. Thus, the acceleration area is

FIGURE 1. P–δ curves of OMIB system with and without SPS.

not affected by the tripped generators. However, the mechan-
ical power of the OMIB system is reduced in the post-
fault period owing to the tripped critical generators, and the
maximum deceleration area increases in the transient state.
The direction and length of the red line in Fig. 1 depend on
how the tripped critical generators affect the OMIB system.
Therefore, the deceleration area can also change because of
this effect.

B. EFFECT OF MC OF IBDG ON SIME IN
HIGH-GENERATION AREA
Because the MC is activated when the terminal voltage
of the IBDG drops severely owing to a large disturbance,
most IBDGs located near the fault area will enter the MC
mode [12]–[15]. In the MC mode, the IBDGs temporarily
cease to energize the power grid, and they may get tripped if
they remain in theMCmode for more than 1 s [15]. The high-
generation area is the generation side with large power gener-
ation; this area is susceptible to the transient stability problem
under a transmission system fault. An SPS operation, such
as generator tripping, is generally applied in such cases to
prevent transient instability. Fig. 2 schematically illustrates
the condition where the IBDGs in the high-generation area
enter the MC mode or are tripped by the transmission system
fault. The power transfer capability of transmission systems
from a sending-end bus to a receiving-end bus decreaseswhen
the transmission line (TL) is tripped by a fault. Thereafter,
the power system stability is affected by this decrease as well
as by the fault.

The electrical output of a critical generator in the high-
generation area is significantly affected by the MC operation
and IBDG tripping, as shown in Fig. 3. If the IBDGs enter the
MC mode or trip owing to severe voltage drop, the amount of

FIGURE 2. IBDG operation in the high-generation area under a
contingency.

FIGURE 3. Electrical power of a critical generator in the high-generation
area reflecting the MC capability.
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FIGURE 4. P–δ curves of a critical generator reflecting MC and IBDG
tripping.

electricity generated by the IBDGs in the area is lost. The
critical generators supply more electric power to cover the
local loads under this condition.

Here, P′′e is the electrical output of a critical generator
when the IBDGs enter the MC mode or trip; Ptrans is the
active power transferred through the transmission systems
to the remaining area; Pload,IBDGs represents the local loads
considering the generation of IBDGs.

Note that Pload,IBDGs is positive in the direction of delivery
from the critical generator to the local loads with IBDGs in
the high-generation area. According to (8), the electrical out-
put of a critical generator increases as Pload,IBDGs increases
when the IBDGs enter the MCmode or trip. This implies that
MC operation and IBDG tripping in the high-generation area
will increase the electrical output of the critical generators,
thereby improving the transient stability, as shown in Fig. 4.

P′′e = Ptrans + Pload,IBDGs (8)

Unlike the SPS, the effect of MC on the transient stabil-
ity appears at the same time as the occurrence of a fault
because the operating modes of the DG depend on the ter-
minal voltage. More specifically, in the during-fault period,
the dominant factor affecting the power system stability is
the fault, and the output of the IBDG decreases to almost
zero, regardless of the MC function because of the maximum
converter current limit. Thus, the MC capability significantly
affects the transient stability in the post-fault period.

Consequently, if the IBDGs are in the high-generation area,
the deceleration area increases because of MC and IBDG
tripping, leading to a positive effect of theMC function on the
transient stability. The MC voltage is 0.5 pu, which is defined
in [15]. In this case, the IBDGs should inject active and
reactive current into the power grid unless the voltage falls
below 0.5 pu due to the contingency. Because the operating
mode is determined by the transient voltage level, the number
of IBDGs that enter the MC mode or trip is closely related to
the MC voltage. When the MC voltage increases from 0.5 to

0.9 pu, which is the continuous operating point, more IBDGs
enter the MC mode even if the same fault occurs. In the
high-generation area, the MC capability has a positive effect
on the transient stability. Therefore, setting the MC voltage
to 0.9 pu rather than 0.5 pu is advantageous for ensuring
transient stability.

III. EFFECTS OF GENERATOR TRIPPING AND MC OF
IBDGS ON FREQUENCY STABILITY
This section describes the negative effect of critical generator
tripping and MC of IBDGs on the frequency stability of the
power system.

A. EFFECT OF GENERATOR AND IBDG TRIPPING ON
FREQUENCY STABILITY
The NADIR and rate of change of frequency (ROCOF) are
generally used as metrics for evaluating the frequency sta-
bility [9], [30], [31]. The ROCOF of a generator and system
inertia can be obtained as follows:

Hsys =

∑N
i=1 SniHi
Sn,sys

(9)

Sn,sys =
∑N

i=1
Sni (10)

dfi
dt
=

f 2n
2 · Sni · Hi · fi

(Pmi − Pei) (11)

Here, Hsys and Sn,sys are the inertia constant and rated appar-
ent power of the power system, respectively; fi is the fre-
quency of generator i, and fn is the normal frequency; Sni
and Hi are the rated apparent power and inertia constant of
generator i, respectively; Pmi and Pei are the mechanical and
electrical powers of generator i, respectively.

The ROCOF of a system can be calculated according to
(9), (10), and (11), as follows [9]:

ROCOF(t) =
1Psys(t)

2(Ekin,sys − Ekin,lost )
fn (12)

Here, 1Psys(t) is the change in the system active power;
Ekin,sys and Ekin,lost are the kinetic energy before generator
tripping and the kinetic energy lost because of generator
tripping of the system, respectively.

Under severe contingency, the critical generators will be
tripped by the SPS operation; the IBDGs can also trip owing
to a large voltage drop. In this case, the system frequency is
affected, which changes the NADIR and ROCOF, as shown
in Fig. 5. To avoid load shedding, the criterion of the NADIR
limit can be determined as expressed in (13). The load shed-
ding frequency is generally defined in the grid codes.

fNADIR > fUFLS (13)

Here, fNADIR is the minimum value of the frequency in the
time-domain, and fUFLS is the load shedding frequency to
balance the power generation and load.

Because the NADIR depends on the number of critical
generators and IBDGs that are tripped following the con-
tingency, the installed capacity of the IBDGs significantly
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FIGURE 5. Change in NADIR and ROCOF because of generator tripping.

FIGURE 6. Fluctuation in the frequency due to repetitive MC operation.

affects the frequency stability. If several IBDGs are tripped
due to a large disturbance, the under-frequency relay (UFR)
will be operated because the NADIR decreases significantly.
In addition, if the MC voltage changes from 0.5 to 0.9 pu,
the frequency stability deteriorates because more IBDGs are
tripped under the same contingency. Therefore, the capacity
limit of the IBDGs should be determined considering the
frequency stability owing to the negative effect of IBDG
tripping on the frequency stability.

B. EFFECT OF REPETITIVE MC ON FREQUENCY STABILITY
Because the MC depends on the transient voltage, the IBDG
can enter the MC mode repeatedly so that the active and
reactive current outputs can vary continuously between zero
and a maximum value. The variation in the IBDG output
affects the total electrical power provided by the generators.
Thus, the fluctuation in the IBDG output affects the system
frequency, as shown in Fig. 6. When the MC voltage is set
close to the continuous operating voltage and the IBDGs
are not tripped by the MC, this effect is intensified because
several IBDGs enter the MC mode repeatedly owing to the
voltage disturbance.

FIGURE 7. Flowchart for determining the capacity limit of IBDGs.

IV. DETERMINING THE CAPACITY LIMIT OF IBDGS
CONSIDERING BOTH TRANSIENT AND FREQUENCY
STABILITY
As discussed in Sections II and III, in the high-generation
area, IBDGs have both positive and negative effects on the
power system stability. More specifically, the IBDGs in the
high-generation area positively affect the transient stability
owing to MC and IBDG tripping. They negatively affect
the frequency stability because IBDG tripping decreases the
NADIR, and the repetitive MC affects the system frequency.
Therefore, to ensure power system stability, a method to
determine the IBDG capacity limit in the high-generation
area is introduced in this section. Fig. 7 shows a flowchart
for calculating the IBDG capacity limit. Here, SIBDG is the
installed capacity of the IBDGs, and VMC is the MC voltage.
To accommodate as many IBDGs as possible in the

high-generation area, it is preferable to set VMC close to
0.9 pu instead of 0.5 pu. Because more IBDGs in the high-
generation area enter the MC mode in the transient state, the
transient stability is improved under the same contingency.
The transient stability can be assessed in a few seconds
because it is determined by the first swing, whereas assessing
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FIGURE 8. Power system configuration of the study area.

the frequency stability requires more time because of the time
taken to identify the NADIR. Even SIBDG, which ensures tran-
sient stability, cannot ensure frequency stability if too many
IBDGs are tripped. Therefore, a frequency stability analysis
must be performed after transient stability analysis to confirm
the NADIR. If fNADIR is lower than fUFLS , the power system
should not accommodate SIBDG because load shedding will
be initiated to prevent the power system from collapse. SIBDG
is determined by following the proposed method until fNADIR
is greater than fUFLS .

V. CASE STUDY OF KOREAN POWER SYSTEM
The analysis of the effect of MC and generator tripping was
performed in the Gangwon area (eastern provinces of Korea),
which is the high-generation area of the Korean power sys-
tem. At peak demand, the total load consumption in Gangwon
is estimated to be approximately 3.9 GW in 2024. In addi-
tion, there exist thirty-seven generators, including large-scale
thermal and nuclear power plants. In 2024, the total installed
capacity of generators in service is expected to be approx-
imately 21.7 GVA, and the amount of generation at peak
demand is estimated to be approximately 18.1 GW. Because
the generation is much greater than the load, a significant
portion of the generated power is transferred from Gang-
won to the Metropolitan area through high-voltage trans-
mission systems, such as the Gangneunganin–Singapyeong
TLs and high-voltage DC transmission systems. A large-scale
blackout can occur if the Gangneunganin–Singapyeong TLs,
which are the tie lines between Gangwon and the metropoli-
tan, are tripped following a contingency. Therefore, the crit-
ical generators are tripped using the SPS to ensure power
system stability under this contingency. The total amount of
the tripped generation is approximately 2.5 GW. Fig. 8 shows
the configuration of the study area.

A simulation was performed using PSS/E (Version 34.5.0).
Aggregated IBDG models were connected to the distributed
systems in Gangwon, which is a generation side. Eco-
nomic dispatch was utilized to balance the supply and
demand considering the increased IBDG capacity. In addi-
tion, the IBDGs were set to the voltage control mode
and operated at unity power factor. The distributed energy

FIGURE 9. Simulation scenario in the time-domain.

FIGURE 10. Angles of OMIB system corresponding to each MC voltage.

resource generator/converter model provided by PSS/E was
used to consider theMC and tripping of the IBDG in the time-
domain simulation. The parameters can be referred from [19].

The transient and frequency stabilities were evaluated
under Gangneunganin–Singapyeong TLs contingency, which
is a severe event in the study area. Fig. 9 shows the procedure
of the time-domain simulation. A three-phase fault occurs
at the sending-end bus of the Gangneunganin–Singapyeong
TLs; this is normally cleared within five cycles. Thereafter,
the Hanul and Sinhanul NPs are tripped through the SPS to
ensure transient stability.

A. EFFECT OF IBDG IN HIGH-GENERATION AREA ON
TRANSIENT STABILITY
In the time-domain simulation, the generators in Gangwon
are classified as a critical group during the Gangneunganin–
Singapyeong TLs contingency. Fig. 10 shows the angles of
the OMIB system corresponding to each MC voltage under
the contingency. In this case, the total installed capacity of the
IBDGs in the high-generation area is 2.0 GVA, and the SPS is
applied to ensure transient stability. When the MC voltage is
set close to 0.5 pu, the transient stability deteriorates because
many IBDGs remain in the high-generation area even when
the critical tie lines are tripped. Therefore, in this case, if the
MC voltage is set to less than 0.6 pu, the power system will
become unstable even if the critical generators are tripped for
transient stability.

To connect as many IBDGs as possible in the high-
generation area, the MC voltage is set to 0.9 pu, and the
capacity limit of the IBDGs in terms of transient stability is
determined. Fig. 11 shows the angles of the OMIB system
corresponding to each installed capacity of the IBDGs in the
high-generation area under the contingency. Because the non-
critical generators are turned off owing to the increased IBDG

34076 VOLUME 8, 2020



H. Shin et al.: Determining the Capacity Limit of IBDGs in High-Generation Areas Considering Transient and Frequency Stability

FIGURE 11. Angles of OMIB system corresponding to each installed
capacity of IBDGs (VMC = 0.9 pu).

FIGURE 12. System frequencies corresponding to each installed capacity
of IBDGs.

TABLE 1. Simulation results of frequencies under each IBDG capacity.

capacity, the elements in the OMIB system are changed for
balancing the supply and demand. Thus, the initial angles of
the OMIB system differ from each other. When the installed
capacity of the IBDGs increases in the high-generation area,
the transient stability deteriorates because the surplus amount
of electricity generated by the IBDG remains on the gener-
ation side when the power transfer capability of the trans-
mission system is decreased because of the fault. Based on
the simulation results, the capacity limit of the IBDGs in the
high-generation area was determined to be 3.3 GVA through
the transient stability assessment.

B. EFFECT OF GENERATOR AND IBDG TRIPPING ON
FREQUENCY STABILITY
Time-domain simulations were conducted on each IBDG
capacity in terms of the frequency stability to determine
the capacity limit of the IBDGs in the high-generation

FIGURE 13. System frequencies corresponding to each case specified
in Table 2.

TABLE 2. Simulation results of each scenario.

area by following the method established in Section IV.
Fig. 12 presents the system frequencies corresponding to
the installed capacity of each IBDG. Table 1 lists the sim-
ulation results for NADIRs corresponding to each IBDG
capacity. Despite being subjected to the same SPS operation,
the NADIR decreases as the IBDG capacity increases. This
is because the amount of total generation loss is affected by
the tripping of the IBDGs. If the total installed capacity of the
IBDGs in the critical area is 3.3 GVA, as determined by the
transient stability assessment, the NADIR should be greater
than the load shedding frequency. Therefore, the capacity
limit of the IBDGs in the high-generation area considering
transient and frequency stability is determined to be 3.3 GVA.

C. DISCUSSION
Tripping several critical generators to increase the capacity of
the IBDGs in the high-generation area may ensure transient
stability but not frequency stability, as shown Fig. 13 and
Table 2. In all the cases, transient stability is ensured under
the contingency. However, in case 4, the frequency drops
below the UFR operating point, because of which the system
cannot accommodate the IBDGs. In this case, the frequency
will drop continuously if a stronger SPS is not applied to
the system. The ROCOFs in each case are different owing to
the disposal of non-critical generators to increase the IBDG
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capacity. Case 4 has the highest installed capacity of the
IBDGs and large tripped generation; therefore, the ROCOF
value is the highest.

VI. CONCLUSION
This study analyzed the effects of critical generator tripping
and operatingmodes of IBDGs on the transient and frequency
stability of a power system in a high-generation area. Overall,
the MC capability negatively affected the transient stability,
whereas the MC of the IBDGs located in the high-generation
area was found to have a positive effect, similar to the case of
critical generator tripping by SPS. In contrast to the positive
effects on transient stability, the MC had a negative effect on
the frequency stability, as indicated by NADIR and ROCOF.
This is because several IBDGs and critical generators were
lost due to MC operation and SPS scheme. Therefore, this
study proposed a method to determine the capacity limit of
the IBDGs in the high-generation area considering both the
positive and negative effects.

The feasibility and effectiveness of the proposed method
were validated through a case study conducted on the Korean
power system. The capacity limit of the IBDGs in Gangwon,
where a large number of generation sources are concentrated
and where transient instability exists under TL contingency,
was determined using the proposed method. Finally, we con-
firmed the effects of MC and generator tripping on the stabil-
ity of the Korean power system.
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