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To systematically analyze the impact of the DC frequency limit controller (FLC)
configuration scheme on the frequency characteristics of asynchronous
interconnected power grids with renewable energy integration, a
comprehensive frequency analysis model for three-area asynchronous
interconnected power grids including the FLC is proposed. The model is
based on the SFR model considering renewable energy integration and
includes a simplified model of the DC FLC. A rigorous validation of the
rationality and stability of the model is achieved through detailed
mathematical calculations and pole-zero analysis. Taking the local power
grids as an example, the established model is used to study the difference
between single- and double-sided configuration of the DC FLC, the
relationship between the increase in the renewable energy penetration rate
and the frequency characteristics of each regional power grid, and the
influence of DC FLC configuration on the maximum acceptance ratio of
renewable energy. Through data comparison and theoretical analysis, the
influence of FLC configuration on the frequency characteristics of each region
of the asynchronous power grid under renewable energy integration is obtained.
The results show that the configuration of a bilateral FLC on the DC line has more
advantages in alleviating the complementary power disturbance at both ends and
obvious limitations on the non-complementary power disturbance at both ends.
Compared with the configuration of the bilateral FLC, the configuration of a
unilateral FLC on the weak grid has a larger proportion of renewable energy
acceptance.When theDC FLC power transmission capacity is sufficient, theweak
grid and the adjacent two asynchronous grid DC tie lines are configured with a
single-sided FLC, and the weak grid is theoretically connected to the renewable
energy penetration rate of up to 100%.
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1 Introduction

With the increasing demand for power system load, the scale of
the power grid is gradually expanding, and the renewable energy
industry is developing rapidly. The power supply structure is
changing from fossil energy power generation to large-scale
renewable energy power generation (Bedi et al., 2018). Large
short-circuit current and large-scale power flow transfer are
prone to occur when AC faults occur in large-scale synchronous
power grids (O’Sullivan et al., 2014). Decoupling the synchronous
power grid into a multi-area asynchronous power grid and
interconnection through DC lines can effectively isolate faults
(Xiao et al., 2024). The rapid controllability of the DC line also
enables the AC system to obtain power support in a timely manner
when faults occur, improving the reliability of the system operation
(Wang et al., 2019). However, after asynchronous interconnection,
the scale of synchronous generators in each regional power grid is
reduced, and the reduction in rotational inertia and load increases
the risk of frequency instability in each regional power grid. DC
block, commutation failure, and large-scale unit failure will cause
serious frequency fluctuations (Wang et al., 2023b). In addition,
the continuous expansion of the proportion of renewable energy
integration causes the asynchronous power grid to experience
more serious frequency stability problems (He et al., 2024; Xie
et al., 2024). Therefore, the development and improvement of the
rapid power regulation technology of DC lines is an important way
to maintain frequency stability in the current grids.

At present, the modulation methods of DC lines participating
in frequency control mainly include emergency DC power
support (EDCPS) and DC power additional control (Xiao
et al., 2022). EDCPS is triggered by events and adjusts the DC
transmission power according to different strategies, but it relies
on complex stability control systems and cannot continuously
adjust the frequency in real-time (Zhu et al., 2013). In addition,
some scholars have proposed the load frequency control (LFC)
based on deep learning (Yan and Xu, 2020). A frequency limit
controller (FLC) is widely used in DC power additional control.
The FLC can improve the transient frequency stability of weak
AC power grids (Sanpei et al., 1994). The principle is to use the
fast-response ability of power electronic devices in the controller
to quickly mobilize the frequency modulation resources in other
regions to suppress the power imbalance of weak AC power grids
(Zhang et al., 2022). Regarding power grid frequency modulation,
many scholars have done a significant amount of research on the
FLC. Scherer and Zolotarev (2015) analyzed the principle and
characteristics of the FLC and put forward the cooperation
measures between the FLC and other frequency modulation
measures. Yogarathinam et al. (2017) explained the regulation
characteristics of the FLC and the coordination relationship with
the primary frequency control and then proposed the optimal
FLC frequency modulation configuration scheme. Xia et al.
(2018) studied the characteristics of the FLC and generators
and proposed the variable-parameter FLC regulation strategy
based during the black start. You et al. (2019) explored the
control strategy scheme of power support through the FLC
between two power grids with the same intensity and pointed
out that the adjustment of the proportional coefficient and dead
zone can flexibly control the utilization of frequency modulation

resources in the one-sided power grid. On this basis, Wang et al.
(2023a) proposed the FLC control logic under different fault
scenarios, and the basic framework of FLC configuration for the
multi-area asynchronous interconnected power grid is designed.
The above research focuses on the principle and coordination of
the FLC. There are few studies on the problem of maintaining
the frequency stability of regional power grids through the FLC
in asynchronous power grids with renewable energy integration.

Based on the analysis of the frequency characteristics of the
multi-area asynchronous power grid under different renewable
energy penetration rates, this paper reasonably simplifies the
mathematical model of the FLC, establishes a multi-area
asynchronous interconnected system model including the
synchronous generator, FLC, and load frequency response, and
verifies the rationality of the model. Based on the model, the
influence of different renewable energy penetration rates on the
frequency response index of asynchronous power grids is studied. At
the same time, the configuration scheme of the FLC to maintain the
stability of the regional weak power grid is studied for the proportion
of renewable energy integration.

2 Working principle and mathematical
model of the DC FLC

2.1 Working principle of the DC FLC

The converter station of the DC transmission line generally
adopts constant active power or constant DC voltage control,
which does not have a power frequency characteristic, so it
cannot participate in frequency regulation. By equipping the
FLC to the power outer loop of the constant active power
control, the DC transmission lines can adjust the power and
realize the frequency modulation. At the same time, in order to
ensure the safe and stable operation of the DC line and avoid
frequent fluctuation, the DC FLCs generally add a dead zone link.
To improve the sensitivity of the response and sufficient power
transmission, the FLC adopts the PI control of isochronous
control and suppresses the large-scale fluctuation of the
system by power reset. The control logic of the DC FLC is
divided into two types: reverse frequency difference regression
model and integral negative feedback regression model.

The control block diagram of the reverse frequency difference
regression model is shown in Figure 1, and the integral negative
feedback regression model is shown in Figure 2.

FIGURE 1
Reverse frequency difference regression model control block.
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2.2 Reverse frequency difference
regression model

In Figure 1, Δf represents the system frequency deviation
detected by the DC FLC, which is the difference between the
current frequency f and the reference frequency fref of the system;
fH and fL represent the upper and lower critical values of the
frequency deviation dead zone, respectively; S represents the
Laplace operator; KP and KI represent the proportional
coefficient and integral coefficient of the PI controller,
respectively; xmax and xmin represent the upper and lower
limit of the integral state quantity, respectively; symbol x
represents the integral state quantity of the PI controller;
ΔPmax and ΔPmin represent the upper and lower limit of DC
power modulation, respectively; ΔP represents DC power
modulation; Pref represents the reference value of the DC
transmission power; PL

D represents the set value of the DC
transmission power; and Δf0 represents the frequency
deviation through the dead zone.

If the system frequency deviation Δf is in the dead zone, the
frequency state quantity Δf0 is 0, and the DC power modulation
amount is also 0, that is, the FLC does not act on the frequency
deviation within this range, and the DC line power is
transmitted according to the rated value. If the frequency
deviation Δf exceeds the upper limit of the dead zone fH,
and Δf0 is greater than 0, it is superimposed into the DC
modulation amount ΔP after the proportional link and the
integral link, and the DC FLC transmission power setting value
is added to the power reference value. After the DC
transmission power increases, the frequency slowly recovers
until the frequency deviation reaches the dead zone. This stage
is the FLC regression link. At this moment, the state quantity
Δf0 gradually becomes smaller, and the modulation quantity
still exists after passing the proportional integral module.
When the frequency deviation reaches the dead zone, the
integral state quantity x is reduced to 0, and the DC

modulation power is also reduced to 0 so that the DC
transmission power setting value is consistent with the
reference value. The response and regression speed of the
FLC depend on the proportional and the integral coefficient.
When the frequency deviation Δf is lower than the lower limit
fL, the frequency adjustment process and the regression process
are similar to the above analysis.

2.3 Integral negative feedback
regression model

In Figure 2, x1, x2, x3, and x4 represent the intermediate state
variables of the control process. K represents the regression
coefficient; t represents the integral time constant; other
symbols are the same as those shown in Figure 1. The
function of control logic 1 is that when |Δf0|≥0.005 Hz, a
delay of 100 ms makes the output state x1 to Δf0, and the FLC
is started; when |Δf0|<0.005 Hz, the forced output state x1 is 0.
The function of control logic 2 is that when x1 ≠ 0, the output
signal x3 selects x2; when x1 = 0, the output signal is selected as x4
after a 60-s delay.

According to the above logic and control, we can see that when
the frequency deviation is greater than the upper limit of the dead
zone, the DC FLC will delay the action by 100 ms, control logic
1 outputs the frequency state quantity Δf0 after passing through the
dead zone, control logic 2 selects the output x2, and the negative
feedback regression part stops. At this time, the DC modulation
amount ΔP increases continuously so that the DC FLC transmission
power setting value will also increase, thereby reducing the system
frequency deviation. This process is consistent with the modulation
process of the inverse frequency difference regression model. When
the frequency is restored to the dead zone of the FLC, the output of
control logic 1 is 0, the output of control logic 2 is x4, the FLC enters
the regression state, the output state quantity x of the integral
negative feedback link gradually decreases to 0, and the
transmission power set value PL

D is consistent with the reference
value Pref. When the frequency deviation is lower than the lower
limit of the dead zone, the frequency adjustment process is similar to
the above analysis.

The control logic of the integral negative feedback regressionmodel
is similar to the reverse frequency difference regression model. The
structural difference is mainly reflected in the integral negative feedback
link and two logic control parts. The functional difference is mainly
reflected in the regression process during frequency recovery.

FIGURE 2
Integral negative feedback regression model control block.

FIGURE 3
SFR model of the AC synchronous power grid.

FIGURE 4
Simplified bilateral DC frequency limit controller (FLC) model.
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3 Frequency response model of the
multi-area asynchronous
interconnected system

At present, the frequency analysis methods of the AC
synchronous power grid mainly include ASF and SFR models
and improvement methods (Chan et al., 1972). The essence is to
model the frequency response of the generator governor, turbine,
synchronizer inertia, and load frequency characteristics, and
construct the analysis model of frequency characteristics
(Kundur, 1994). After the asynchronous partition of the
synchronous power grid, the DC lines and its additional control
will become an important factor affecting the frequency regulation.

Based on the SFR model, this section constructs a multi-area
interconnected power grid frequency response model by the
asynchronous interconnection of multi-area power grids and
realizes power support and the frequency analysis of
asynchronous power grids.

3.1 SFR model of the AC synchronous grid

The SFR model is a simplified model in ASF. It is assumed that
the whole power system frequency is uniform, and the frequency

modulation control of all units is equivalent to a reheat link speed
control system, and the system is converted into a single machine
model. The model is shown in Figure 3.

In Figure 3, H represents the rotor inertia time constant; D
represents the damping coefficient of the load; T represents the
equivalent inertia time constant of the turbine; a represents the
characteristic coefficient of the turbine, where a = −2 for the
water turbine and 0<a<1 for the steam turbine; R represents the
adjustment coefficient of the governor; ΔE represents the
angular frequency adjustment; ΔPm represents the output
power of the generator (mechanical power); ΔPL represents
the disturbance power (load power); ΔPe represents the active
power difference (electromagnetic power); ωref denotes the
reference angular frequency; and Δωr represents the angular
frequency deviation of the generator. In the AC synchronous
system, the spatial distribution difference of frequency is very
small, and the output frequency of the generator can be
considered as the frequency of the whole system (Anderson
and Mirheydar, 1990).

For power systems with renewable energy integration, it is necessary
to introduce parameters that characterize the permeability of renewable
energy based on the SFR model (Dai et al., 2022). The renewable energy
integration method of the synchronous power grid is mainly realized by
replacing synchronous units with renewable energy units. However,

FIGURE 5
Frequency analysis model of the three-region asynchronous interconnection network.
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renewable energy generators generally do not have frequency
modulation capabilities (Ye et al., 2016). Therefore, the synchronous
machine per unit coefficientKG participating in frequencymodulation is
introduced in the turbine part and generator part. The renewable energy
permeability λ is expressed as 1-KG.

3.2 Simplified model of the DC FLC

According to the analysis in Section 2, the frequency regulation
process of the DC FLC is mainly based on the PI controller of
isochronous control, and some limiting links are ignored. The
simplified model of the bilateral DC FLC is obtained, as shown
in Figure 4.

In the figure, ωrec represents the frequency of the rectifier
side, ωinv represents the frequency of the inverter side, and ΔP
represents the power modulation amount. When the DC FLC is
configured on one side of the rectifier side, the FLC only monitors
the frequency deviation of the rectifier side. The DC power
modulation amount will be accessed through the additional
control of the power outer loop of the converter station. The
power adjustment amount only responds to the frequency
deviation of the rectifier side, adjusts the DC transmission
power, and affects the power distribution at both ends of the
transmission and reception.

3.3 Frequency analysis model of the three-
area asynchronous interconnected
power grid

For multi-area asynchronous interconnected power grids, the
power regulation of DC lines will be used as the main frequency
regulation measure, and the power regulation effect of the FLC is
equivalent to reducing power disturbance (Liu et al., 2023).
Therefore, the DC modulation power can be connected to the
disturbance power to offset the frequency deviation. According
to the characteristics of power generation and load type, each
synchronous power grid can be equivalent to an SFR model,
which comprises a single turbine, governor, and generator. The
interconnection of the three-area asynchronous interconnected
power grid can be equivalent to three DC lines and the FLC. By
adjusting the signal of FLC input control, one-sided
configuration and two-sided configuration of the DC FLC can
be selected.

The frequency analysis model of the three-area asynchronous
interconnected power grid is shown in Figure 5. In the figure, R1,
a1, T1,H1, andD1 represent the equivalent adjustment coefficient,
equivalent turbine characteristic coefficient, equivalent
turbine inertia time constant, equivalent rotor inertia time
constant, and equivalent load damping coefficient of
synchronous power grid 1, respectively. KP1 and KI1 represent
the proportion coefficient and integral coefficient of the FLC
between synchronous power grids 1 and 2. KG1 represents the
unit coefficient of the synchronous machine participating in the
frequency modulation of synchronous power grid 2. Other
parameters are similar.

3.4 Theoretical analysis

In order to verify the rationality and stability of the proposed
model, the theoretical analysis is carried out. Ignoring the dead zone
and amplitude limiter module, ωref is set to 0, and only the transfer
function relationship between ΔPL1, ΔPL2, and ΔPL3 and the
frequency of the three regions Δω1, Δω2, and Δω3 are considered.

Considering only ΔPL1, the whole transfer model shown in
Figure 5 is split and simplified to obtain the simplified transfer
function model shown in Figure 6.

In the Figure 6, G1(s) represents the forward path of the transfer
function in synchronous grid 1, H1(s) represents the negative
feedback path, and T1(s) represents the DC line transfer function
between grid 1 and grid 2. Other symbols are similar.

For the convenience of calculation, the transfer function is
expressed by symbols. Taking synchronous grid 1 as an example,
G1(s), H1(s), and T1(s) are expressed as follows:

G1 s( ) � 1
2H1KG1s +D1

, (1)

H1 s( ) � KG1 a1T1s + 1( )
R1 T1s + 1( ) , (2)

T1 s( ) � KP1 + KI1

s
. (3)

According to the simplified rules of the transfer function structure
diagram, the negative feedback module is simplified as follows:

G1 s( )
1 + G1 s( )H1 s( ) �

R1T1s + R1

2H1R1T1s2 + R1D1T1 + 2H1R1 + a1T1( )s + 1
.

(4)
G2(s), H2(s), T2(s), G3(s), H3(s), and T3(s) are similar. The

transfer function equations of synchronous power grids 1, 2, and
3 are listed as follows:

a( )

b( )

c( )

ΔPL1 − Δω1 s( ) − Δω3 s( )( )T3 s( ) − Δω1 s( ) − Δω2 s( )( )T1 s( )[ ]
G1 s( )

1 + G1 s( )H1 s( ) � Δω1 s( )
Δω1 s( ) − Δω2 s( )( )T1 s( ) + Δω3 s( ) − Δω2 s( )( )T2 s( )[ ]

G2 s( )
1 + G2 s( )H2 s( ) � Δω2 s( )

Δω1 s( ) − Δω3 s( )( )T3 s( ) − Δω3 s( ) − Δω2 s( )( )T2 s( )[ ]
G3 s( )

1 + G3 s( )H3 s( ) � Δω3 s( )

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

.

(5)
The transfer function relations between ΔPL1 and Δω1(s),

Δω2(s), and Δω3(s) are obtained by solving Eqs 1–5. Similarly,
the transfer function relations between ΔPL2, ΔPL3, and Δω1(s),
Δω2(s), and Δω3(s) are calculated. The transfer function matrix of
the frequency deviation of each region under different disturbance
inputs, as shown in Eq 6, is established by the calculation results. The
detailed calculation process is shown in Supplementary Material.

Δω1 s( )
Δω2 s( )
Δω3 s( )

⎡⎢⎢⎢⎢⎢⎣ ⎤⎥⎥⎥⎥⎥⎦ � A11 s( ) A12 s( ) A13 s( )
A21 s( ) A22 s( ) A23 s( )
A31 s( ) A32 s( ) A33 s( )

⎡⎢⎢⎢⎢⎢⎣ ⎤⎥⎥⎥⎥⎥⎦ ΔPL1

ΔPL2

ΔPL3

⎡⎢⎢⎢⎢⎢⎣ ⎤⎥⎥⎥⎥⎥⎦. (6)

For the above matrix expression, the poles of the first-column
parameters of the matrix are calculated under typical parameters, as
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shown in Figure 7. All poles appear in the negative half-plane.
According to the necessary and sufficient conditions for the stability
of the linear system (Xiao et al., 2023), the model has good stability
and can meet the frequency analysis requirements of multi-area
asynchronous interconnected power grids.

According to the frequency response model of the multi-area
asynchronous interconnected power grid proposed in this section,
the following will take a three-area asynchronous power grid as an
example: grid I is rich in hydropower resources and is a sending-end
power grid. Grid II is a receiving-end power grid, with a small scale of
power generation and load, low grid strength, and poor frequency anti-
disturbance ability. Grid III is the main receiving-end area, its power
generation and load scale are large, the power grid strength is high, and
the frequency stability is good. The following section studies two topics
by combining the permeability changes of renewable energy. On one
hand, the influence of renewable energy penetration on the lowest
frequency decrease is studied, and on the other hand, the relationship
between the FLC configuration scheme and the maximum acceptance
ratio of renewable energy is studied.

4 Influence of renewable energy
permeability on the frequency of the
asynchronous power grid

Based on the frequency response model of the multi-area
asynchronous interconnected power grid proposed in Section 3,
this section studies the influence of DC FLC single and bilateral
configurations and the renewable energy penetration rate on the
frequency response index of each region.

4.1 DC FLC single- and double-sided
configuration difference

Due to the influence of the single-sided and double-sided
configuration of the DC FLC on the frequency support capability
of each region, the fault type is analyzed by taking the blocking
loss of DC lines between synchronous grids I and II as 5,000 MW.
At this moment, the two ends belong to complementary power
disturbance, only the DC lines and FLC between synchronous

grids I and II are considered, and other power grids and lines are
not considered.

First, we analyze the maximum frequency deviation of the
sending and receiving power grids when the penetration rate of
grid II changes. The penetration rate is simulated to increase from
0% to 60% at a step size of 10%. The asynchronous grid connection
line is set on the grid-I side and the bilateral FLC. The maximum
frequency deviation and quasi-steady state frequency of the two
regions are extracted, and the simulation and theoretical analysis are
carried out.

The simulation results of one-sided FLC configuration are shown
in Figure 8. The frequency decrease of power grid II has reached the set
value of low-frequency load shedding, which seriously affects the stable
operation of the grid system. With the increase in renewable energy
permeability, the frequency of the power grid continues to decrease,
and the downward trend of the lowest point becomes larger. The quasi-
steady state frequency deviation decreases slowly, but it also continues
to increase. The frequency response index of grid I and the FLC
transmission power remain.

The increase in grid II permeability leads to a decrease in
frequency modulation capacity, and the frequency deviation
becomes larger. Since only the one-sided FLC is configured on
the grid-I side, the FLC transmission power is determined by the
frequency deviation of the one-sided power grid. The permeability
of the grid-I side remains, and the frequency response curve is
unchanged, so the FLC transmission power remains unchanged. The
deterioration in the frequency characteristics of the grid-II side is
mainly due to the reduction in frequency modulation resources.

The simulation results of the two-sided FLC configuration are
shown in Figure 9. With the increase in the permeability of grid II,
the frequency of grid II gradually decreases, the downward trend of
the lowest point gradually increases, and the quasi-steady state
deviation increases. The frequency deviation of grid I becomes
smaller, the trend of the deviation becomes approximately linear,
and the quasi-steady state deviation is basically stable. The FLC
transmission power increases gradually, and the peak power
increases accordingly.

Because the permeability of grid II becomes larger, its frequency
modulation resources decrease, and the frequency deviation
becomes larger. The power support of grid I obtained through
the bidirectional FLC increases, and the effect equivalent to the

FIGURE 6
Transfer function simplification model.
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disturbance power of grid I decreases, so the frequency deviation
becomes smaller.

Combined with the above analysis, we can see that the bilateral
FLC can adjust the transmission power of the DC line according to
the frequency decrease difference between the two sides, which has
more advantages in alleviating two-end complementary power
disturbances, and can restore the frequency deviation to the
range of non-triggering under-frequency load shedding. However,
the single-sided FLC can only respond to the permeability change on
the FLC configuration side, and the weakening of the frequency
modulation resources on the other side cannot be adjusted.

4.2 Study on different permeabilities under a
multi-region FLC interconnection

In order to study the influence of different configuration
schemes of the DC FLC on the penetration rate of renewable
energy, taking a three-area grid as an example, the fault type of
blocking 5,000 MW of DC lines between power grids I and II is also
set up, and the simulation is carried out considering different FLC
configurations. The influence of the permeability change of
synchronous grid III on the frequency response index of each

grid is analyzed, and the conclusion of DC FLC configuration
under the condition of renewable energy integration is summarized.

When the FLC is configured only on the grid-I side, the
simulation results are shown in Figure 10. After the fault occurs,
grids I and III have a positive frequency deviation, and grid II has a
negative frequency deviation. With the increase in the renewable
energy penetration rate of grid III, the maximum frequency
deviation of grid III increases, the quasi-steady state frequency
change is consistent with the maximum frequency deviation
trend, and the frequency characteristics of grids I and II do not
change. The adjustment of the FLC of each DC line
remains unchanged.

At this time, non-complementary power disturbances occur in
grids I and III. Since only the grid-I side is equipped with the FLC,
the DC transmission line only responds to the frequency deviation of
the grid-I side, and the change in the renewable energy penetration
rate in grid III will not affect the transmission power between grids I,
II, and III. The blocking fault of the transmission line leads to an
active power surplus of grid I, and the system frequency has a
positive deviation so that the power is transmitted to grids II and III
through the FLC to adjust the power and reduce the frequency
deviation. The active power shortage of grid II causes a negative
frequency deviation. The transmission power from grids I to II can

FIGURE 8
Simulation results of the DC FLC unilateral configuration.

FIGURE 9
Simulation results of the DC FLC two-sided configuration.

FIGURE 7
Partial transfer function pole diagram.
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reduce the frequency deviation of grid II, but it is not enough to
compensate for it completely. Grid III receives the power adjustment
transmitted by grid I, resulting in a power surplus and a positive
frequency deviation. At the same time, the increase in permeability
leads to the decrease in the frequency modulation capacity of power
grid III, the weakening of active power consumption capacity, and
the increase in the frequency deviation of grid III.

When grid I–II DC lines are configured with the one-sided FLC
and grid I–III lines are configured with the bilateral FLC, the
simulation results are shown in Figure 11. After the fault occurs,
grids I and III have a positive frequency deviation, and grid II has a
negative frequency deviation. With the increase in the renewable
energy penetration rate of grid III, the frequency positive deviation
of grids I and III becomes larger, but the frequency variation of grid I
is smaller, and the frequency negative deviation of grid II
becomes smaller.

Grid I will transmit the adjustment power to grids II and III
through the FLC. Due to the active power surplus caused by the
acceptance power of grid III, the frequency has a positive deviation.

The increase in the renewable energy penetration rate of grid III
leads to a decrease in frequency modulation capacity, the positive
frequency deviation becomes larger, and the frequency difference
between grids I and III decreases. According to the control
characteristics of the bidirectional FLC, the transmission power
of the grid I–III DC FLC is reduced; grid I gains more active surplus,
and the positive frequency deviation becomes larger. According to
the characteristics of the one-sided FLC, the transmission
adjustment power to grid II increases. More active power
compensates the power shortage of grid II, and the reverse
frequency deviation of grid II decreases.

When only grid I and III sides are configured with the FLC, the
results given in Figure 11 are completely consistent. When
configuring the FLC on the grid-III side of the grid II–III lines,
the frequency deviation range of grid III is in the dead zone of the
FLC due to the large frequency modulation capacity. The FLC
configured on the line does not respond, and the FLC
adjustment power is still zero, that is, the frequency response
index of each grid is consistent that given in Figure 11.

FIGURE 10
Simulation results of the FLC configuration of the DC line only on the I-side of the power grid.

FIGURE 11
Simulation results of I–II connection lines with the one-sided FLC and I–III connection lines with double-sided FLC.
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When only the I–II lines of the grid are configured with the
one-sided FLC, and the other lines are configured with the
bilateral FLC, the simulation results are shown in Figure 12.
After the fault occurs, grid I has a positive frequency deviation,
and grids II and III have a negative frequency deviation. With
the increase in the penetration rate of renewable energy in grid
III, the negative deviation of the frequency of grids II and III
becomes larger, and the positive deviation of grid I
frequency decreases.

Because only one-sided FLC is configured in the grid I–II
lines, the other lines are configured on both sides. After the fault
occurs, grid I surpluses a large amount of power and transmits
the power to power grids II and III, and grid II loses a large
amount of power and absorbs power from grid III through the
line. Because the frequency modulation capacity of grid II is
smaller than that of grid I, the frequency deviation is larger than
that of grid I. Through the bilateral FLC characteristics, power
grid III mainly undertakes the function of transmitting power to

power grid II, resulting in frequency reverse deviation. The
increase in the permeability of grid III leads to an increase in
the negative frequency deviation, and the frequency difference
between grids I and II becomes larger. Therefore, the
transmission power of grid I to grid III becomes larger, and
the power of grid III to absorb power from grid II through the
FLC becomes larger. The power disturbance of grid I decreases,
and the frequency deviation becomes smaller.

When all DC lines are configured with the bilateral FLC, the
simulation results are shown in Figure 13. There is a positive
frequency deviation in grid I and a negative frequency deviation
in grids II and III. With the increase in the permeability of grid III,
the frequency deviation of grids II and III becomes larger, the
frequency deviation of grid III becomes more obvious, and the
frequency deviation of grid I decreases slightly. After the renewable
energy penetration rate increases, the transmission power of grid
II–III lines decreases, and the transmission power of grid I–II and
I–III lines becomes larger.

FIGURE 12
Simulation results of I–II connection lines configured with the one-sided FLC and other connection lines configured with the bilateral FLC.

FIGURE 13
Simulation results of all lines configured with the bilateral FLC.
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Due to the configuration of the bilateral FLC on all lines,
after the fault occurs, grid I surpluses a large amount of power
and transmits the power to the power grids II and III through
the FLC. Grid II absorbs power from grids I and III through the
line FLC due to the loss of a large amount of power. Similarly,
because the frequency modulation capacity of grid II is smaller
than that of grid I, grid III mainly undertakes the function of
transmitting power to grid II, resulting in a negative frequency
deviation. The frequency modulation capacity of grid III is
reduced, the power support provided to grid I becomes larger,
and the power support provided to grid II becomes smaller, so
the positive frequency deviation of grid I becomes smaller, and
the negative frequency deviation of grid II becomes larger.
Because the frequency modulation capacity of grid II is small,
the frequency deviation of grid II decreases more, so the
frequency difference between the grid I and II is larger.
According to the characteristics of the bilateral FLC, the
FLC adjustment of the line between grids I and II is
slightly larger.

Combined with the above analysis and comparison, it can
be seen that the bilateral FLC has limitations in alleviating
the non-complementary power disturbance at both ends.
The fault side cannot make full use of the contralateral
frequency modulation resources, and the power regulation
effect of the DC FLC is not good. At the same time, when
the frequency modulation capacity at one end is small, the
configuration of the bilateral FLC will lead to excessive power
support on the opposite side. After the integration of renewable
energy, the frequency deviation on the support side increases
in reverse.

5 The impact of FLC configuration on
the maximum acceptance ratio of
renewable energy

The maximum acceptance ratio of renewable energy in the
synchronous power grid is mainly related to the available
frequency modulation capacity and system inertia. The stronger
the system inertia is, the stronger the renewable energy acceptance
ability of the strong power grid is. For the multi-area asynchronous
power grid, the DC line configured with the FLC can quickly transfer
the frequency modulation capacity of the adjacent regional grid,
which can improve the renewable energy acceptance capacity of the
weak power grid. Therefore, this section uses the model proposed to
study the impact of DC FLC configuration on the maximum
acceptance ratio of renewable energy.

Taking grid II with weak and poor renewable energy acceptance
ability as an example, the fault type is set to be locked in the 2,000-
MW generator set in grid II, and the maximum renewable energy
acceptance ratio of grid II under different FLC configuration
conditions is compared. The maximum frequency deviation limit
of a grid transient is ±0.4 Hz. The simulation results are shown
in Table 1.

The simulation analysis shows that when grid II and the external
line are not configured with the two-sided FLC, the system
frequency deviation exceeded the set transient maximum
frequency deviation limit after the large-scale generator off-grid
fault occurs in synchronous grid II with small frequency modulation
capacity, and it does not have the capacity to accept renewable
energy. When the grid-II DC line is configured with a single FLC
with II-side, the grid can have a certain renewable energy acceptance

TABLE 1 Relationship between frequency limit controller (FLC) configuration and renewable energy acceptance ratio.

Serial
number

Frequency limit controller (FLC) configuration scheme Maximum acceptance ratio of
renewable energy

1 FLC is not configured 0

2 I–II connection lines are configured on the I side. The II–III connection lines are not
configured. The I–III connection lines are configured on the I side

0

3 I–II connection lines are configured on two sides. The II–III connection lines are not
configured. The I–III connection lines are configured on the I side

26.5%

4 I–II connection lines are configured on the II side. The II–III connection lines are not
configured. The I–III connection lines are not configured

47.8%

5 I–II connection lines are configured on the II side. The II–III connection lines are not
configured. The I–III connection lines are configured on two sides

47.8%

6 I–II connection lines are configured on two sides. The II–III connection lines are configured
on the II side. The I–III connection lines are configured on the I side

100%

7 I–II connection lines are configured on two sides. The II–III connection lines are configured
on two sides. The I–III connection lines are configured on the I side

100%

8 I–II connection lines are configured on the I side. The II–III connection lines are configured
on two sides. The I–III connection lines are configured on the I side

77.9%

9 I–II connection lines are not configured. The II–III connection lines are configured on the II
side. The I–III connection lines are not configured

89.5%

10 I–II connection lines are not configured. The II–III connection lines are configured on the II
side. The I–III connection lines are configured on the III side

89.5%

11 I–II connection lines are configured on two sides. The II–III connection lines are configured
on two sides. The I–III connection lines are configured on two sides

100%

Frontiers in Energy Research frontiersin.org10

Liu et al. 10.3389/fenrg.2024.1392285

https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2024.1392285


capacity. By this time, the renewable energy acceptance ratio is
positively correlated with the strength of the opposite grid.
Combined with the analysis conclusions and simulation results
given in Section 4, only the double-sided configuration has a
stronger renewable energy acceptance capacity than the bilateral
configuration of grid II. By this time, the FLC configured on the
opposite power grid has little effect on the renewable energy
acceptance capacity of grid II. When the grid-II DC line is
configured with two double-sided FLCs, the grid can theoretically
accept 100% renewable energy, and the power regulation of the line
FLC is sufficient to support all power disturbances of the grid in
a short time.

6 Conclusion

This paper first analyzes the control process and working
principle of the FLC and then simplifies the FLC model. Based
on the SFR model with a synchronization coefficient, a frequency
analysis model of the three-area asynchronous interconnected
power grid is proposed. Detailed theoretical calculation is carried
out to verify the validation and effectiveness of the proposed model.
Building upon this model, the influence of the renewable energy
penetration rate on the frequency characteristics of the
asynchronous grid under different FLC configuration schemes is
studied, and the relationship between FLC configuration and
renewable energy acceptance capacity of the weak power grid is
analyzed. The main conclusions of this paper are as follows:

(1) The bilateral FLC demonstrates superior effectiveness in
mitigating two-end complementary power disturbances but
exhibits obvious limitations in the face of two-end non-
complementary power disturbances. The configuration of
the bilateral FLC may result in an excess of frequency
modulation capacity, leading to a greater frequency
deviation on the support side.

(2) In the cases where the weak grid lacks inherent capacity to
accept renewable energy, configuring the FLC on the DC line
enables the weak grid to assimilate some renewable energy.
Notably, the unilateral FLC on the weak grid side facilitates a
larger proportion of renewable energy acceptance than the
bilateral FLC.

(3) Under conditions of sufficient DC FLC power transmission
capacity, configuring the unilateral FLC on the weak grid and
its adjacent two asynchronous grid DC lines enables the grid
to theoretically accommodate 100% renewable energy.
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