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With the rapid development of renewable generators such as distributed photovoltaic and profound changes of the power
structure, this paper analyzes the frequency characteristics of the power system with high penetration of renewable generations in
the process of low-frequency load shedding and discusses the influence of the distributed renewable generator frequency en-
durance capabilities on the implementation effect of low-frequency load shedding in detail. Finally, the influences of the dis-
tributed renewable generator frequency endurance capability and the capacities of the distributed renewable generator on
frequency response characteristics of an actual Hunan power grid are simulated. +e simulation results show that more dis-
tributed photovoltaic capacity without frequency endurance capability leads to deeper frequency drops after the disturbance and
requires more basic rounds of load shedding. When the penetration rate of distributed photovoltaic is too high, it may cause load
shedding, resulting in power grid load losses and, at the same time, leading to an overshoot phenomenon in the process of
frequency recovery. +erefore, the influence of distributed photovoltaic on the control of low-frequency load shedding should be
considered when designing low-frequency load shedding schemes for the power grid with high penetration of
distributed photovoltaic.

1. Introduction

+e frequency of the power system reflects the balance
between the active power generated by the system and the
active power required by the load [1, 2]. When there is a
large active power shortage due to the fault, the frequency
of the system will drop, and, in serious cases, it may cause
the frequency collapse, resulting in a larger power outage.
Low-frequency load shedding is an important part of the
“third line of defense” [2], which is an effective measure to
prevent frequency collapse and is widely used in power
systems [3, 4]. However, as an important indicator to
measure the safe and stable operation of the power system,
the dynamic frequency characteristics of the power system
become more complicated with the change of power grid
structure [5–9].

At present, the low-frequency load shedding methods can
be roughly put into four categories: the traditional load
shedding method according to the turns, the adaptive low-
frequency load shedding method [10], the load shedding
method using node information to constitute the index
[4, 11, 12], and the low-frequency load shedding method
guided by artificial intelligencemethod [13]. How to reasonably
arrange the low-frequency load shedding scheme while en-
suring the security of the power grid with the minimum cost is
a key problem. In [14], considering the load capacity con-
straints, total system load limits, and system steady-state fre-
quency constraints, an optimization model of low-frequency
load shedding limit was proposed.+e experiments conducted
showed that a large number of refrigerators can deliver fre-
quency reserves approximately equal to their average power
consumption. Electric space heaters can also provide frequency
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reserves of over 90% of their maximum power consumption in
certain weather conditions. In [15], considering the importance
of load and the sensitivity of load shedding to system frequency
recovery, a new low-frequency load shedding optimization
model was formulated.+e frequency restoration is designed to
use demand response as the first option to intercept frequency
decline when a large disturbance occurs. +en, the scheduled
spinning reserve is used to restore frequency back to the
predisturbance level. Test results showed that the proposed
spinning reserve and demand response deployment scheme
could effectively restore frequency under various contingency
conditions. In addition, based on the security of transient
frequency offset, the study in [16] analyzed the influence of
voltage, corrected the frequency offset, and optimized the load
shedding amount of each turn in the traditional low-frequency
load shedding scheme. Although the above-mentioned
methods are effective, the actual production cost is high, and
the engineering practicability is poor.

At present, most of the low-frequency load shedding
schemes in the actual power grid adopt the traditional load
sheddingmethod according to the turn. In the process of power
system frequency reduction caused by an accident, the load is
cut off according to the sequence of different frequency setting
values. With the changes of different energy proportion
structures of the power grid, the adaptability of the traditional
low-frequency load shedding parameter setting method has
become worse [17, 18].When the proportion of hydropower in
flood season is high, the overshedding phenomenon may
appear in the load shedding device. According to the char-
acteristics of different proportions of thermal power in different
operation modes of the power grid in flood season and dry
season and combined with the influence of hydropower on
power grid frequency, this paper improves the traditional low-
frequency load shedding scheme to increase its adaptability.
+ismethod can also provide a reference for frequency stability
control in areas with a high proportion of hydropower.

+e contributions of this paper are summarized as
follows: (1) this paper analyzes the frequency endurance
capacity of the distributed photovoltaic generation in Hunan
Province and its influences on the frequency response
characteristic of the power system; (2) this paper analyzes
the influence of the frequency endurance capability of the
distributed photovoltaic generation on the low-frequency
load shedding in Hunan power grid; and (3) this paper
improves the traditional low-frequency load shedding
scheme to increase its adaptability, which can provide a
reference for frequency stability control in areas with a high
proportion of hydropower.

2. Introduction of the Distributed Photovoltaic
Generation in Hunan Power Grid

In recent years, with the progress of photovoltaic generation
technology, the decrease of cost, and the support of relevant
national policies, the distributed photovoltaic generation in
Hunan province presents a high-speed development trend of
“multiple points, wide range, and local high-density grid
integration.” By May 2020, there are 506 distributed pho-
tovoltaic generation systems with a capacity of 2.16MW in

Hunan Province, of which 148 systems with a capacity of
1.36MW are connected with 10 kV or higher voltage level
power grids. In terms of regional distribution, the distrib-
uted photovoltaic generations in Hunan mainly locate in
Changde, Yueyang, Hengyang, Changsha, and Yongzhou
with a capacity of 1.54MW, accounting for 71% of the
provincial power grid capacity. +e distributed photovoltaic
distribution in Hunan Province is shown in Figure 1.

3. Influence of Frequency Endurance of the
Distributed Photovoltaic Generation on Load
Shedding Control

3.1. Requirements for Frequency Endurance of the Distributed
Photovoltaic Generation. At present, relevant requirements
on the frequency tolerance of the distributed photovoltaic
generation are put forward in many national standards,
among which the frequency operation range of the dis-
tributed photovoltaic generation is given in “technical re-
quirements for grid integration of distributed generation”
(GB/t33593-2017) [19] and “guidelines for security and
stability of power system” (GB/38755-2019) [20].

“Technical requirements for grid integration of dis-
tributed generation” require that the distributed generation
directly connected to the 10 kV voltage level and 35 kV
voltage level power grids should have a certain ability to
withstand system frequency abnormality and should be able
to operate within the power grid frequency range according
to regulations shown in Table 1.

+e new version of “guidelines for security and stability
of power system” has more stringent requirements on the
frequency endurance capacity of the distributed photovol-
taic generation. In principle, the frequency endurance ca-
pacity of distributed generation is consistent with that of
synchronous generators. +e frequency endurance capacity
of the distributed generation shall meet the following re-
quirements when it continuously operates in the range of
48.5∼50.5Hz, as shown in Table 2.

3.2. Investigation and Analysis on Frequency Endurance
Capability of the Distributed Photovoltaic Generation in
Hunan Power Grid. +e research is conducted on 174
distributed photovoltaic systems in Changde, Yueyang,
Hengyang, Changsha, and Yongzhou. 29 of them are 35 kV
distributed generation systems with a capacity of
684000 kW, and 145 of them are 10 kV or below systems
with a capacity of 301700 kW.

According to the statistical analysis, the frequency en-
durance capacities of 41 distributed photovoltaic units do
not meet the frequency tolerance requirements stipulated in
“technical requirements for grid integration of distributed
generation” and the new version of “guidelines for security
and stability of power system.” +e grid integration capacity
is 51100 kW, accounting for 5% of the photovoltaic capacity,
including 5 35kV-photovoltaic units with a capacity of
18400 kW and 36 10 kV-photovoltaic units and 380V-
photovoltaic units with a total capacity of 32700 kW. +e
details are shown in Table 3.
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Table 1: Frequency response time requirements of distributed generation.

Frequency
range Requirements

f＜ 48Hz +e type of converter is determined by the distributed generation according to the minimum allowable frequency of
the converter or the requirements of the grid dispatching organization

48Hz≤ f＜49.5Hz It is required to operate for at least 10min each time when it is lower than 49.5Hz.
49.5Hz≤ f＜50.2Hz Continuous operation

50.2Hz＜f≤ 50.5Hz

When the frequency is higher than 50.2Hz, the distributed generation should have the ability to
reduce the active power output, and the actual operation can be decided by the power grid dispatching

organization; at this time, the distributed generation in the outage state is not allowed to be integrated into the
power grid

f＞ 50.5Hz +e power transmission to the grid line will be terminated immediately, and the grid integration of distributed
generation in the shutdown state is not allowed

Table 2: Allowable operation time of abnormal frequency.

Frequency range Hz Cumulative allowable running time min Allowable running time per time sec
51.0∼51.5 ＞30 ＞30
50.5∼51.0 ＞180 ＞180
48.5∼50.5 Continuous operation
48.5∼48.0 ＞300 ＞300
48.0∼47.5 ＞60 ＞60
47.5∼47.0 ＞10 ＞20
47.0∼46.5 ＞2 ＞5

Table 3: Statistical analysis results of frequency endurance capability.

+e type of distributed
photovoltaics Amount

Grid
integration
capacity

Amount of frequency
resistant capacity not

up to standard

Frequency endurance
capacity not up to

standard

+e proportion of capacity
with frequency endurance

not up to standard
35 kV grid integration of the
distributed photovoltaic
generation

29 68.4 5 1.84 2.69

10 kV and below grid
integration of the distributed
photovoltaic generation

145 30.17 36 3.27 10.84

Total 174 98.57 41 5.11 5.18
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Figure 1: Distribution of the distributed photovoltaic generation in Hunan Province.
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4. Influence of Frequency Endurance
Capacity of the Distributed Photovoltaic
Generation on Load Shedding Control in
Hunan Province

4.1. Frequency Characteristics in the Process of Low-Frequency
Load Shedding. In order to simplify the theoretical analysis
of low-frequency load shedding, the traditional equivalent
single machine with load frequency response model block
diagram shown in Figure 2 is used for theoretical analysis.
+e forward link in Figure 2 represents the rotor rotation
equation of the equivalent generator, and two feedback links
represent the load and frequency characteristics of the
generator.

According to Figure 2, the state equation of the system
can be listed as

TS

dΔf
dt

� −ΔPOL,

TG

dΔPG

dt
+ ΔPG � −KGΔf,

ΔPD � KDΔf,

ΔPOL � ΔPD − ΔPG + ΔPOLO,

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(1)

where ΔPL is the frequency regulation effect of the load, ΔPG

is the primary frequency regulation measure for generating
units. TS is the inertia time constant of the equivalent
machine; ΔPOL is the power shortage after the joint action of
the unit and the load; TG is the comprehensive time constant
of the governor and prime mover of the generator; KG is the
static characteristic power-frequency coefficient of the
generator; ΔPD is the power of the frequency regulation
effect of the load; KD is the frequency regulation effect
coefficient of the system load; and ΔPOLO is the power deficit
caused by the disturbance.

It can be seen from equation (1) that when the frequency
dynamic process of the equivalent single machine system
shown in Figure 3 is an attenuated oscillation curve, the
descending speed of frequency is directly proportional to the
power shortage, and the slope of frequency decline can be
expressed as

dΔf
dt

� −
ΔPOLO

TS

. (2)

Due to the influence of the governor and the load fre-
quency factor, the power deficit ∆POLO of the system de-
creases with the decrease of frequency in the process of the
disturbance. +e frequency of the power system is a curve
with the slope decreasing over time after the disturbance.
After the action of low-frequency load shedding, the power
vacancy ΔPOLO decreases and the frequency decrease speed
slows down. Under the joint action of the governor and the
low-frequency load shedding device, the system frequency
can be restored.

As shown in Figure 3, in case of a disturbance in the
power system, 6% of the total system load before the fault is
cut off at 2.59 s and 3.2 s, respectively, and the slope of system
frequency changes every time the load is cut off. Under the
joint action of the low-frequency load shedding device and
the unit governor, the frequency finally returns to a new
balance point.

In the dynamic frequency response process, the unit
regulation coefficient of load and the unit regulation coef-
ficient and inertia constant of the generator are the key
indexes. For the multimachine system, the unit value of the
equivalent regulation coefficient is

K

G

∗ �


n
i�1 KGi · PGiN

PGN

, (3)

where PGiN is the rated power of the i-th generation unit and
PGN � 

n
i�1 PGiN is the sum of the rated power of N gen-

eration units in the whole system. +e unit value of the
equivalent regulation coefficient of the loads is

K

L

∗ �


n
i�1 KLi · PLiN

PLN

. (4)

+e unit value of the regulation coefficient of the power
system is

KD

–∆POL

∆PD

∆f

–∆PG

POLO 1/sTs

KG/1 + sTG

–

–

Figure 2: Block diagram of frequency response model of an
equivalent single machine with load.
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Figure 3: Frequency characteristic curve after low-frequency load
shedding.
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KS∗ � ρK

G

∗ + K

L

∗ .
(5)

In the calculation of KG, if the j-th generation unit has
been in full operation, KGj � 0 when the load increases. ρ �

PGN/PDN is the reserve coefficient of the power system, and
it is also the ratio of the rated capacity of the generation units
to the total active power of loads.

Inertia constant TJ  of the generation unit is an im-
portant parameter reflecting the mechanical inertia of the
generator rotor. If several generators are combined into one
equivalent generator, the total generation of the whole
system is SB; then, the unit value of inertia constant of the
generator unit is

T
J 

�


n
i�1 TJNiSNi

SB

. (6)

It is approximately considered that the inertia constant
TJ  of the generator unit is the inertia constant MS of the
power system.

4.2. Influence of Frequency Endurance Capability of the Dis-
tributedPhotovoltaicGenerationonFrequencyCharacteristics
of Power System. +e frequency of the power system reflects
the balance between the active power generation and active
power consumption.When the larger active power vacancies
occur due to faults, the frequency will decrease, which may
cause frequency collapse of the system and cause large-scale
blackouts. Low-frequency load shedding is an important
part of the “third line of defense” and an effective measure to
prevent system frequency collapse. However, as an impor-
tant index to measure the safe and stable operation of the
power system, the dynamic frequency characteristics of the
power system becomemore complicated with the large-scale
distributed photovoltaic and other new energy sources.

+e frequency endurance capability of the distributed
photovoltaic refers to the ability to maintain continuous
operation when the system frequency exceeds the normal
range. Stipulated in “technical requirements for grid inte-
gration of distributed generation,” when the frequency
fluctuates in the range of 49.5Hz–50.2Hz, the distributed
photovoltaic generation should keep continuous operation;
when the frequency fluctuates from 48Hz to 49.5Hz, the
distributed photovoltaic should operate for at least 10
minutes. When the frequency drops to 49.45Hz due to
power shortage, if the distributed photovoltaic does not have
the low-frequency endurance ability, the distributed pho-
tovoltaic will be offline, resulting in large-scale power
shortage and eventually deteriorating the frequency re-
sponse characteristics of the power system.

Most of the low-frequency load shedding methods in the
actual power grid adopt traditional load shedding according
to the turn. During power system frequency reduction
caused by an accident, the load is cut off according to the
sequence of different frequency setting values. Table 4 shows
the low-frequency load shedding scheme of the Hunan
power grid.

+e basic turn is composed of five basic turns, the basic
turn level difference is 0.25Hz, the exit delay is 0.15 seconds,
the action frequency of the five basic turns is 49Hz,
48.75Hz, 48.5Hz, 48.25Hz, and 48Hz respectively, and the
load shedding amount of the first turn is 6.6%. +e load
shedding of the second and fourth rounds was 6.57%. +e
action frequency of special turns I–III is 49.25Hz, and the
exit delay is 10 seconds, 15 seconds, and 20 seconds,
respectively.

In the regional power system with high penetration of
distributed photovoltaic generations, if a large-scale off-grid
accident occurs due to poor frequency endurance capacity of
distributed photovoltaic, the power shortage will be further
extended. Since the traditional low-frequency load shedding
scheme does not consider the influence of distributed
photovoltaic frequency endurance capacity, the load shed-
ding amount designed in the scheme is less than the actual
power deficit, resulting in the undercutting phenomenon of
low-frequency load shedding load. As a result, the total
power deficit ∆POLO of the power system increases.
According to (2), the decrease speed of the frequency will be
accelerated, which will cause the lowest point of the fre-
quency to decrease in the process of the disturbance.

5. Case Study

In order to analyze the influence of the distributed photo-
voltaic frequency endurance capability on the imple-
mentation effect of low-frequency load shedding in detail, a
real-time hardware in the loop (HIL) system from Mod-
elingTech [21] is built as shown in Figure 4, which includes a
StarSim software, a real-time simulator (NI FPGA board
7868R), and a rapid control prototype (PXIe 8821 con-
troller). +e simulation data is obtained from operations of
the second half of 2020 issued by the national dispatching
center of China. +e total load is 18.16GW, the capacity of
the distributed photovoltaic generation is 2.16GW, the
integration capacity of direct current power transmission in
Qishao is 800MW, the capacity of Hubei–Hunan con-
necting line is 2.87GW, 14 thermal power units are in
operation, and 18% rotating reserve capacity is reserved. In
the simulation process, the distributed photovoltaic gener-
ation is switched off according to the frequency change
caused by the lack of frequency endurance.

5.1. Influence of Frequency Endurance Capability of the Dis-
tributed Photovoltaic Generation on Load Shedding Control of
HunanPowerGrid. According to the statistics in the second
section, the grid integration capacity of the distributed
photovoltaic generation in Hunan Province, which does not
meet the frequency endurance requirements of “technical
requirements for grid integration of distributed generation”
and the new version of “guidelines for security and stability
of power system”, accounts for 5.18% of the total capacity.
+erefore, the two following cases are conducted:

A1: all distributed photovoltaic systems are frequency
tolerant.
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B1: 5% of the distributed photovoltaic generation ca-
pacity does not have frequency endurance ability.

In the above two cases, the Er-Xaing tie line (Gegang line
and LianL-double circuit line) experiences line fault trip-
ping. +e frequency control is carried out according to the
low-frequency load shedding scheme shown in Table 4. +e
frequency dynamic response characteristic curve is shown in
Figure 5. +e blue curve is the frequency response char-
acteristic in A1, and the green curve is the frequency re-
sponse characteristic in B1.

It can be seen from Figure 4 that, at a penetration rate of
12% for the distributed photovoltaic generation, the power
system can return to the new steady-state operation point
after two rounds of load shedding. During the first round of
load shedding, 1.2167GW of the load is cut off, while only
11000 kW of the distributed photovoltaic generation is off-
grid under the B1 case, which is smaller compared with the
first round of load shedding. According to (2), the system
frequency decline rate has a small change. Moreover, the
system frequency drops rapidly, and the time duration to
start the second round of load shedding is short, so the
minimum frequency difference between the two modes is
not significant. After the second round of load shedding, the
frequency recovery speed in B1 is slower than that in A1,
which is mainly because the frequency rise rate in B1 is
smaller than that in A1 after two rounds of load shedding.

5.2. Influence of the Distributed Photovoltaic Generation with
Different Capacities without Frequency Endurance on Load
Shedding Control of Hunan Power Grid. In order to further
compare the influence of frequency endurance capability of

the distributed photovoltaic generation on the load shedding
control of the Hunan power grid, the following two cases are
considered:

C1: considering that 25% of the capacity of the dis-
tributed photovoltaic generation does not have the
frequency endurance capability.
D1: considering that 50% of the capacity of the dis-
tributed photovoltaic generation does not have the
ability of frequency endurance.

Using the disturbance and low-frequency load shedding
scheme mentioned above, the dynamic frequency response
characteristic curves in four cases are shown in Figure 5, in
which the red curve is the frequency response characteristic
in C1 and the cyan curve is the frequency response char-
acteristic in D1. +e frequency characteristic indexes are
shown in Table 5.

It can be seen from Figure 6 that the power system
only needs two basic rounds of load shedding in B1 and
C1, and the frequency can be recovered to the new
balanced point. However, the system needs three load
shedding basic rounds in D1. +e main reason is that the
higher proportion of the off-grid distributed photovoltaic
generation leads to a greater power shortage of the
system.+us, more loads are cut off to maintain the active
power balance in the power system. At the same time, if
more distributed photovoltaic generations do not have
frequency tolerance capabilities, the frequency drops
faster and the minimum frequency is smaller. As can be
seen from Figure 4, the minimum frequencies are
48.72 Hz, 48.64 Hz, and 48.52 Hz, respectively, in B1, C1,
and D1, as shown in Table 5.

Table 4: Statistical analysis results of frequency endurance capability.

Round of actions
Foundation turn Special turn

I II III IV V I II III
Action frequency (Hz) 49 48.75 48.5 48.25 48 49.25 49.25 49.25
Action delay (s) 0.15 0.15 0.15 0.15 0.15 10 15 20
Load reduction ratio at each level (%) 6.6 6.57 6.57 6.57 6.57 2.39 2.39 2.39

Oscilloscope

Host PC

RCP

junction box
Real-time
simulator

Figure 4: RCP and HIP simulation platform.
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5.3. Influences ofDifferent PenetrationRates of theDistributed
Photovoltaic Generation on Load Shedding Control Quantity
of Hunan Power Grid. In order to analyze the influence of
the distributed photovoltaic penetration rate on the load
shedding control quantity in the Hunan power grid, three
operation scenarios with penetration rates of 10%, 20%, and
30% are conducted. Under different penetration scenarios,
the power shortage is simulated by tripping the

Hubei–Hunan tie line. Figures 7 and 8, respectively, show
frequency dynamic response characteristic curves under two
scenarios when all the distributed photovoltaic generations
with the frequency endurance capabilities and 15% of them
without the the frequency endurance capabilities.

It can be seen from Figure 7 that when the penetration
rate is 30%, even if all the distributed photovoltaic gener-
ations have the frequency endurance capabilities according
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Figure 6: Frequency response of power system when the distributed photovoltaic generation without frequency endurance capability in
different proportions: (a) +e dynamic diagram of the whole process and (b) the partial enlarged drawing.
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Figure 5: Influence of frequency endurance capability of the distributed photovoltaic generation on low-frequency load shedding control
effect.

Table 5: Low-frequency load shedding scheme of Hunan power grid.

Proportion of the distributed photovoltaic generation without
frequency endurance capability (%)

Rounds of load that is
cut off

Minimum
frequency

Percentage of load
cutoff

0 2 48.72 13.17
5 2 48.72 13.17
25 2 48.64 13.17
50 3 48.52 19.74
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to the traditional low-frequency load shedding control
scheme, the frequency will overshoot in the recovery process
due to the second round of overcutting. +e traditional low-
frequency load shedding scheme does not consider the
permeability of the distributed photovoltaic generation.
When the permeability is high, the obtained load shedding
amount may be greater than the actual required load
shedding amount, resulting in the economic loss of the
power system.

It can be seen from Figure 8 that when 15% of the
distributed photovoltaic generations do not have the fre-
quency endurance capabilities, the larger penetration ratio of
the distributed photovoltaic generation leads to slower
frequency recovery speed in the traditional low-frequency

load shedding control scheme, which may trigger the special
turn of low-frequency load shedding, consequently resulting
in further load shedding. +erefore, the influence of the
distributed photovoltaic generation on the control quantity
of low-frequency load shedding needs to be considered when
designing the low-frequency load shedding scheme for
power systems with the high penetration of the distributed
photovoltaic generation.

6. Conclusion

+is paper analyzes the frequency endurance capacity of
the distributed photovoltaic generation in Hunan Province
and its influences on the frequency response characteristic
of the power system. Finally, this paper analyzes the in-
fluence of the frequency endurance capability of the dis-
tributed photovoltaic generation on the low-frequency load
shedding in the Hunan power grid. +e conclusions are as
follows:

(1) +e lack of frequency endurance capability of the
distributed photovoltaic generation will worsen
power shortage during the disturbance, which will
cause the low-frequency load shedding device to be
prone to under load shedding, thus resulting in
frequency decline rate increase during the distur-
bance and further reduction of the minimum
frequency.

(2) During the frequency rising period, the distributed
photovoltaic generation without the frequency en-
durance capability will slow down the frequency
recovery speed.

(3) +e simulation results show that the more the dis-
tributed photovoltaic generation without the heat
resistance capability is, the deeper the frequency
drops after the disturbance and the more basic
rounds of load shedding are required. When the
penetration rate of the distributed photovoltaic
generation is too high, it may cause load shedding
resulting in load loss and at the same time the
overshoot phenomenon in the process of frequency
recovery.

Nomenclature

ΔPL: Frequency regulation effect of the load
ΔPG: Primary frequency regulation measure of

generating unit
ΔPOL: Power shortage after the joint action of the unit and

load
ΔPD: Power of the frequency regulation effect of the load
ΔPOLO: Power deficit caused by the disturbance
ΔTG: Comprehensive time constant of the governor and

prime mover
KG: Static characteristic power-frequency coefficient of

the generator
KD: Frequency regulation effect coefficient of the system
PGiN: Rated power of the i-th generation unit
PGN: Sum of the rated power of N generation
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10% PV penetration rate & with frequency endurance
20% PV penetration rate & with frequency endurance
30% PV penetration rate & with frequency endurance
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Figure 7: Frequency response under different penetration rates
when all the distributed photovoltaic generations have frequency
endurance capabilities.
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Figure 8: Frequency response of the power system with 15% the
distributed photovoltaic generation with frequency endurance
capability under different permeability.
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K
L
∗ : Unit value of the equivalent regulation coefficient of

the loads
KS
∗ : Unit value of the regulation coefficient of power

system
TJ : Inertia constant of the generation unit
SB: Total generation of the whole system
ρ: Reserve coefficient of power system
KLi: Regulation coefficient of i-th load
PLiN: +e power of i-th load.
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