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Abstract: The interline power flow controller (IPFC) presents a promising solution for managing the
directional and quantitative interaction of power between different lines, facilitating a significant
improvement in power system stability. Based on such a background, this paper proposes a dynamic
droop control strategy to improve frequency stability through the use of IPFC equipment. To enhance
the active power support ability of the IPFC, additional frequency control for the IPFC’s active power
control loop is designed with droop control, where each IPFC’s power flow control limitations are
also considered to make sure the original power of each line is controllable. Besides the addition of
such basic control, the proposed droop strategy is designed in a dynamic style. The droop coefficients
of each IPFC can be varied according to each line’s power transmission margin, such that the power
fluctuations can be shared more reasonably based on such a dynamic droop coordination strategy.
The proposed methods are verified through PSCAD simulations. The results show that the dynamic
droop control cannot only suppress the frequency disturbance, but also make power dispatch
more efficient.

Keywords: IPFC; droop control; frequency stability; dynamic control

1. Introduction

With economic development, the geographical gap between power supply and load
has increased. Additionally, the influx of new energy has resulted in power system de-
velopment aimed toward long-distance, large-capacity and cross-regional networking
transmission modes. Consequently, the structure of transmission networks has become
increasingly complex, while operation modes have diversified. This scenario has led to
the intertwining of several issues, such as power oscillations and the uneven distribution
of network power flows. Furthermore, the advancement of novel energy sources and the
increased utilization of power electronic components has posed significant power quality
challenges for the power grid, including issues such as voltage dips and swells, flickers
and an imbalanced voltage [1,2]. These problems pose new challenges to the power grid’s
safe and reliable operation [3–5]. Nonetheless, flexible AC transmission system (FACTS)
technology can effectively address these challenges. FACTS technology is a new technology
that leverages power electronics technology and control technology to a flexibly control
AC transmission. Without altering the grid structure, the FACTS can swiftly adjust the
transmission line parameters and accurately regulate the system power flow in real-time
to enhance the power grid’s security. As such, FACTS technology has a wide application
prospect in an increasingly complex power system.

Third-generation flexible AC transmission system (FACTS) devices, namely, the in-
terline power flow controller (IPFC) and the unified power flow controller (UPFC), have
gained significant attention in recent times [6]. The UPFC, owing to its exceptional line
power flow control capability, has been utilized in practical engineering, leading to an
improvement in power flow distribution and the voltage stability of power systems [7,8].
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On the other hand, unlike the UPFC, the IPFC has the ability to control the power flow of
multiple lines at the same time, apart from regulating the power flow on installed lines, so
as to reduce the risk of the power flow exceeding the limit on heavy-load lines [9]. This
unique characteristic makes the IPFC a more powerful and versatile power flow control
device. Current research on the IPFC has focused on low-frequency oscillation suppression,
a location and constant volume strategy and power flow optimization, among other aspects.
However, despite the growing interest in the IPFC, there is a lack of information about its
participation in frequency regulation and the improvement of the system’s stability.

In a voltage-source-converter (VSC)-based multiterminal flexible direct current trans-
mission (VSC-MTDC) system, droop control serves as a coordinated control method be-
tween converter stations that can achieve both fast power distribution and DC voltage
control. In the event of an AC system failure, a frequency adjustment is reliant on the fre-
quency modulation capability of the fault AC system itself [10]. To overcome this limitation,
reference [11] proposed introducing a frequency outer loop output into the droop control
power reference value of converter stations, enabling the converter stations to participate in
system frequency adjustments. Additionally, reference [12] adjusted the frequency through
interstation communication by utilizing the frequency difference between different AC sys-
tems. References [13,14] further enhanced this approach by combining additional frequency
control with virtual synchronous control technology to control frequency deviations and
frequency change rates, thereby providing frequency adjustments to multiterminal flexible
DC transmission systems. By incorporating frequency control into the control strategy, the
VSC-MTDC system can assist the AC/DC hybrid system in maintaining frequency stability,
providing a reference for AC systems with IPFCs to enhance system stability by absorbing
unbalanced power through the IPFC.

According to the above description, it could be seen that IPFC studies usually focus
on its power flow control strategies. However, the additional frequency control of the IPFC
is lacks in research. To solve such a problem, this paper proposes a dynamic droop control
for the IPFC. The novelty of the proposed method can be described as follow:

(1) An additional frequency control is introduced into the IPFC control loop, such that the
IPFC cannot only control the steady-state power flow on its line, but can also increase
the frequency stability of the AC system in transient disturbances.

(2) Droop control is used when designing the IPFC’s additional frequency control. Hence,
the frequency controllability of the IPFC can be efficiently adjusted, and the control
characteristic of the IPFC is clear and similar to AC generators.

(3) To make sure the controlled lines operate in transmission limitations, dynamic droop
coefficients are also proposed to adjust the additional frequency controllability.

The model established in PSCAD/EMTDC software verifies the effectiveness of the
proposed dynamic droop control in different conditions, including line power changes,
load variations and wind power fluctuation conditions.

2. The Mechanism of the IPFC

The diagram presented in Figure 1 depicts the fundamental configuration of the IIPFC
for N lines. This system comprises various voltage source converters (VSCs), which are
arranged in a back-to-back configuration and are linked through a shared DC bus. Each
converter is connected to a particular line via a series transformers. To regulate the power
flow, the converter injects a voltage component with a controllable amplitude and phase
angle into the line, with the initial voltage of the line, altering the line’s parameters and,
consequently, changing the power flow distribution in the line. Thus, the line that contains
the IPFC can be considered a high-impedance power supply, capable of acquiring or
injecting active and reactive power to other areas of the power system. This approach
effectively balances the power flow of each transmission line and enhances the transmission
capacity of the system.
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Figure 1. A simplified structure diagram of an IPFC.

In line with other FACTS devices, the IPFC has no exchange of power with the external
power system. Instead, it utilizes the shared DC bus of each converter as the focal point
for active power exchange to maintain a dynamic balance of power exchange between
converters [15–17]. Typically, an auxiliary control line converter has control over only active
power or reactive power due to it being primarily accountable for regulating the capacitor
voltage of the DC bus, although having full control over both is achievable with a primarily
control line converter. Thus, one or more overloaded lines are designated as the primary
control lines typically, while the remaining lines are selected as auxiliary control lines.

The depiction of a simplified IPFC equivalent circuit, comprised of two converters, is
presented in Figure 2, elucidating the operational characteristics of the IPFC. The voltage
amplitude and phase angle of each node are represented by Vi, Vj, Vk, Vm, Vn and θi, θj, θk,
θm, θn respectively. Other symbols in the Figure 2 that represent the parameters of the line
can be viewed in Table 1.
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Figure 2. An equivalent circuit diagram of the IPFC.

Table 1. The representation meaning of symbols in Figure 2.

Control Lines Output Voltage of the Series
Transformer

Reactance of the
Series Transformer

Equivalent Conductance and
Susceptance of the Line Current

primarily
control line (ij) Vseim∠θseim Xseim gij, bij Iim∠θim

auxiliary
control line (ik) Vsein∠θsein Xsein gik, bik Iin∠θin

To demonstrate its control characteristics, it was assumed that the two lines were
independent of one another while sharing identical parameters. As depicted in Figure 3,
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the voltage vector diagram of the primary control line and the voltage compensation line’s
schematic diagram are presented. The equivalent injection voltage vector was located
at the terminus of the

.
Vi voltage vector at the line’s outset, which could be rotated in a

circular motion with a radius equivalent to the maximum injection voltage. The dotted
circle denotes the range of the IPFC compensation power. In the diagram, the sending
voltage

.
Vi was employed as the reference vector, while δ represents the phase difference

between the initial voltage and the line’s terminal voltage.
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To ensure the stable operation of the IPFC, the exchanged active power between
the two lines through the DC bus, which was determined through the use of a formula
presented in reference [18] in scenarios where the voltage amplitude at the beginning and
end of the line was equal, had to satisfy conservation.

Pex =
2Vi sin

(
δ
2

)
XL

Vseimcos
(

δ

2
+ θseim

)
(1)

An analysis of this formula revealed that the active power exchange between the
two lines was proportional to Vseimcos

(
δ
2 + θseim

)
, which corresponded to the AB section

depicted in Figure 3. Consequently, a voltage compensation line could be defined running
parallel to the voltage vector difference between the head and end of the line. If the end of
the injected voltage moved along this voltage compensation line, the active power exchange
between the two lines would remain unchanged.

The voltage phase difference primarily affects the active power of the line, while
voltage amplitude primarily affects its reactive power. By referencing the voltage

.
V j at the

line end, the injected voltage can be divided into component Vseimd in phase with
.

V j and

component Vseimq perpendicular to
.

V j. This equivalence indicates that the active power of
the line is influenced by Vseimq, while its reactive power is linked to Vseimd. As a result, the
reactive power compensation line and the active power compensation line can be obtained.
The reactive power compensation line is parallel to the voltage vector

.
V j, and when the

working point is on the reactive power compensation line, the active power obtained at the
power-receiving end remains constant, while the reactive power can be adjusted within a
specific range. The active power compensation line reaches a similar outcome.

Figure 4 displays the working vector diagram of the IPFC. The IPFC’s equivalent
injection voltage operating point on the primary control line is obtained through the
intersection of the reactive power compensation line and the active power compensation
line. The operating point is confined to a specific voltage compensation line, which is
determined by the amount of active power that needs to be exchanged between the lines.
Hence, an alteration in the required quantity of the exchanged active power results in a
corresponding adjustment of the operating point, shifting from one voltage compensation
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line to another. This, in turn, leads to a modification in the active and reactive power of
the line, so as to meet the desired power flow. The solid portion of the reactive power
compensation line and the active power compensation line in the figure indicates an
increase in the corresponding power at the receiving end, while the dotted portion indicates
a reduction in the corresponding power at the receiving end.
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The IPFC-dynamic-integrated power flow control strategy involves the introduction of
a deviation between the active power and reactive power of a line and the target value into
the feedback. Upon passing through the controller, typically, the PI controller, mathematical
calculation and coordinate transformation, the amplitude and phase angle of the equivalent
injection voltage vector

.
Vseim can be obtained. The amplitude and phase angle of the

equivalent injected voltage vector can, subsequently, be introduced into the system to
modify the voltage of the power sending end, ultimately achieving the regulation of the
line power flow.

In the context of static stability, there is no exchange of power between the IPFC and
the external power system, and the active power between each converter is conserved, as
demonstrated by the following equation:

Re
( .

Vseim

( .
Iim

)∗)
+ Re

( .
Vsein

( .
Iin

)∗)
= 0 (2)

However, under dynamic control, it becomes necessary to consider the charging
and discharging process of the capacitor on the DC bus, which must adhere to the
ensuing formula:

Re
( .

Vseim

( .
Iim

)∗)
+ Re

( .
Vsein

( .
Iin

)∗)
= C

dVdc
dt

(3)

In the above formula, the line current has the following relationship with the
node voltage: {

Iim∠θim = (Vi∠θi+Vseim∠θseim−Vm∠θm)
jXseim

Iin∠θin = (Vi∠θi+Vsein∠θsein−Vn∠θn)
jXsein

(4)

3. The Dynamic Droop Control for the IPFC
3.1. Additional Frequency Droop Control Based on the IPFC

IPFC technology allows for the injection of an adjustable voltage vector with a con-
trollable amplitude and phase angle into the power transmission line. As a result, the line
flows through the specified active and reactive powers. When the system reaches a steady-
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state operation and generates unbalanced power due to disturbances, the IPFC ceases to
dynamically control the power flow as the active power flow of the line already achieves
the target value. Consequently, the line becomes incapable of responding to frequency
fluctuations. In such cases, frequency modulation can solely rely on the capabilities of the
uninstalled IPFC line.

To enable IPFC lines to participate in the frequency regulation of the system, an
additional frequency control mechanism is introduced based on the IPFC’s steady-state
operation. The proposed approach involves incorporating the frequency deviation of the
system into the target value of the line power flow control. This ensures that the target
value of the line power flow can respond to changes in the system frequency. Consequently,
the line power flow control quantity changes dynamically following system disturbances,
leading to the absorption of unbalanced power in the system and an improvement in
system stability. By setting the frequency droop coefficient, the IPFC control target value can
follow the system frequency change, thereby facilitating the implementation of additional
frequency control based on the IPFC. The mathematical expression for this is formulated
as follows:

Pre f
∗ = Pre f 0 + K( f ∗ − f ) (5)

where Pre f
∗ represents the target value of the IPFC to control the active power of the line.

Pre f 0 represents the initial target value of line active power, K represents the frequency
droop coefficient and f ∗ and f represent the system frequency reference value and the
system frequency actual value, respectively.

The degree of line power flow control variation in response to system frequency
fluctuations is determined by the droop coefficient of the IPFC. A large frequency droop
coefficient results in significant variation in the control of the IPFC on the line power
flow, enabling the line to absorb more unbalanced power. Conversely, a small variation
in the control of the IPFC on the line power flow results in a reduced ability of the line to
absorb unbalanced power. However, fixing the frequency droop coefficient may lead to
problems, especially when integrating large-scale renewable energy into the power grid.
The unpredictable nature of renewable energy may cause sudden increases or decreases
in power generation; in the former case, the IPFC responds to frequency fluctuations via
a fixed-frequency droop coefficient, resulting in the target value of the IPFC control line
power flow to increase. This may lead to an increased risk of the power flow exceeding the
limit when some lines in the system are close to experiencing heavy load.

3.2. Dynamic Droop Control Considering the Line Power Margin

To prevent the occurrence of the power flow exceeding the limit, a dynamic droop
control method has been proposed. The proposed method aims to adjust the frequency
droop coefficient in a dynamic manner based on the addition of frequency droop control
using the IPFC. This method increases the proportion of unbalanced power consumption
for lines with large power margins, while ensuring the safety of the lines’ operation.

In order to achieve real-time power margin considerations of lines with IPFCs, adap-
tive rules based on Equation (5) needed to be introduced. When there was a surplus
of power in the system and the system frequency increased, the active power flow of
each line needed to be increased to maintain a power balance. The power margin of the
line with the IPFC corresponded to the difference between the initial active power target
value and the maximum allowable active power. Conversely, when the system frequency
decreased and the system load suddenly increased, the IPFC-containing lines needed to
temporarily reduce the allowable active power to balance the power shortage. The power
margin at this point would be the initial active power target value. Finally, the frequency
droop control coefficient considering the IPFC power margin was determined using the
following equation:

K∗ =


αK(Pre f max−Pre f 0)

Pre f max
, f > f ∗

αKPre f 0
Pre f max

, f < f ∗
(6)
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The frequency droop coefficient, K, was computed using Formula (5) in the aforemen-
tioned equation. To account for varying requirements, an adjustment coefficient of α = 50
was employed in this study to directly modify the impact of K∗ on the line power.

The value of K∗ was determined with the power margin of the IPFC line when α was
established. Larger power margins resulted in larger K∗ values and, thus, greater capacity
for the lines to absorb unbalanced power. Conversely, smaller power margins indicated a
lower capacity for the lines to absorb unbalanced power, necessitating the prioritization of
safe line operations. The control block diagram of an IPFC with dynamic droop control can
be viewed in Figure 5. And the symbol ′∗′ in the figure represents multiplication.
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4. Results of Simulation Verification

To assess the efficacy of the suggested additional frequency control method, this study
designed three distinct operational scenarios for the simulation analysis: the power target
value of the line with the IPFC increased, the load at the sending end of the system was
cut off due to a fault and variations in the wind power generation. Table 2 lists the droop
controller parameters shown in Figure 5 and the studied system parameters.

Table 2. The parameters of the controller and studied system.

Parameters Value Unit

Bus-rated voltage 380 kV
Frequency 50 Hz

DC bus-rated voltage 400 kV
K 120 -
α 50 -

Pre f max 800 MW
Dead zone ±0.02 Hz

4.1. Simulation Results in Active Power References Increases Scenario

This example aimed to verify the effectiveness of the suggested additional frequency
droop control method based on the IPFC, which allowed for the IPFC-installed lines to
participate in system frequency regulation and enhance system stability. The experiment
involved using line one as the auxiliary control line, and line two, line three and line four
as the primarily control lines to regulate the active power at 300 MW, 300 MW and 500 MW,
respectively. The IPFC installed on line four was subjected to additional frequency droop
control, while no additional frequency droop control was applied to the IPFCs installed on
line two and line three.

At 5.5 s, the IPFC increased the active power control value of line three from 300 MW
to 700 MW. Figure 6 depicts the response of each electrical quantity in the system. Notably,
line two data were not included, as it did not change its active power control value and
remained at 300 MW. The system frequency and frequency variation are represented by f
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and ∆ f , respectively. The active power of the lines and their variations are denoted as P1,
P2, P3 and P4 and ∆P1, ∆P2, ∆P3 and ∆P4, respectively.

Based on the information presented in Figure 6, it was evident that an increase in the
IPFC’s control power on line three from 300 MW to 700 MW resulted in a decrease in -
system frequency, with a maximum of ∆ f 0.042 Hz. During the new steady-state conditions,
the active power was exchanged between the primarily and auxiliary control lines, with
line one experiencing a flow of over 400 MW. In case of a disturbance, ∆P4 amounted to
5.6 MW. It is worth noting that without the use of additional frequency droop control
by the IPFC, the system’s stability greatly depended on its frequency adjustment ability
alone, with line four exhibiting minimal response to any changes in the system’s frequency.
When the IPFC implemented additional frequency droop control measures, the maximum
∆P4 was 105 MW, and the maximum ∆ f was restricted to 0.029 Hz. In this scenario, line
four was observed to promptly respond to fluctuations in the system frequency so as to
mitigate the frequency deviation through absorbing a portion of the unbalanced power
and enhancing the overall stability of the system. Empirical evidence indicated that the
introduction of additional frequency droop control measured in the IPFC enabled the line
with the IPFC to actively engage in frequency regulation by absorbing unbalanced power,
leading to a marked improvement in the stability of the system.

4.2. Simulation Results in Load Variation Scenario

In the initial system state, the primary control and auxiliary control lines were selected
as previously described. The active power of line two, line three and line four was controlled
at levels of 300 MW, 300 MW and 500 MW respectively, through the IPFC. The IPFC
installed on line three and line four applied additional frequency droop control with a
fixed-frequency droop coefficient. Meanwhile, the power-sending end, which was directly
connected to line three and line four, was connected to a 400 MW load. At 5.5 s, the load
at the power-sending end was removed due to a fault, and the response of each electrical
quantity of the system can be observed in Figure 7.

Based on the information presented in Figure 7, it was evident that a fault resulting
in the removal of a 400 MW load at the power-sending end led to an increase in system
frequency, with a maximum ∆ f of 0.066 Hz. Without additional frequency droop control,
each line’s active power target value remained stable, and the power flow through the
line remained nearly constant. As can be seen, the maximum ∆P3 and ∆P4 were 4.6 MW
and 4.2 MW, respectively. In such a scenario, line three and line four could not absorb the
system’s unbalanced power and did not contribute to the system’s frequency regulation.
However, with additional frequency droop control, the IPFC on both lines increased the
active power target value proportionally to the fixed-frequency droop coefficient as the
frequency increased. This dynamic control of the line power flow by the IPFC enabled
it to absorb the unbalanced power in the system by following the frequency’s changes.
Given that the frequency droop coefficients were consistent across both lines, the active
power increments on the lines were comparable. The maximum active power increments
for line three and line four were 122.7 MW and 102.8 MW, respectively. Consequently, the
maximum system frequency variation was 0.045 Hz, thereby enhancing its stability. With a
reduction in unbalanced power, the generator rotor’s unbalanced torque also decreased.
Furthermore, Figure 7a demonstrates a decrease in the range of the generator speed change.
Therefore, based on the results, the IPFC-based frequency droop control was an effective
strategy for addressing fault conditions in the system.
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4.3. Simulation Results in Wind Power Fluctuation Scenario

To evaluate the effectiveness of dynamic droop control considering power margins, a
comparison was determined with a fixed coefficient additional frequency droop control
through this example. The primary and auxiliary control lines were selected as described
earlier. Line two, line three and line four controlled the active power at 300 MW, 650 MW
and 300 MW, respectively. No additional frequency droop control was applied to the IPFCs
installed on line two, while the IPFCs installed on line three and line four utilized dynamic
droop control, taking into account the power margin, with a maximum power allowance of
800 MW per line. The initial state saw the wind power connected to the system generating
50 MW, which increased to 550 MW at 5.5 s. The response of each electrical quantity of the
system can be viewed in Figure 8.

In its initial state, line three carried 650 MW of power, assigned to the heavy-load
line, whereas line four was categorized under the light-load line. It was desirable for
line three to not exceed its power flow limit during frequency regulation. According to
Figure 8, the system frequency increased with the rise in wind power generation at 5.5 s,
with a maximum ∆ f of 0.083 Hz. Due to there was no additional frequency droop control
applied to the IPFC installed on line two, it did not change its active power control value
and remained at 300 MW whole time. Additional frequency droop control with a fixed-
frequency droop coefficient could be employed to raise the line power flow target value via
the IPFC when the frequency increased. As can be seen, the active power was transmitted
through line three and line four, with a maximum ∆P3 of 180.1 MW and a maximum
∆P4 of 180.9 MW, respectively. By consuming unbalanced power within the system, the
frequency variation ∆ f was reduced to 0.049 Hz, which was lower than the frequency
variation observed in the absence of additional frequency droop control. However, due to
the IPFC’s power flow control, line three’s power transmission exceeded 800 MW, resulting
in an overload that could hinder the line’s safe functioning.
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With the implementation of dynamic droop control that took into account the power
margin, when there was an increase in system frequency caused by an increase in wind
power generation, the power margin was defined as the difference between the initial active
power target value and the maximum allowable active power Pre f max− Pre f 0, corresponding
to f > f ∗. In this case, line four exhibited a greater power margin than line three, leading to
line four bearing the majority of the unbalanced power in the system. The maximum ∆P3
and ∆P4 were 58.9 MW and 140.6 MW, respectively. Additionally, the system frequency
variation ∆ f was 0.061 Hz, which was lower than the variation observed without additional
frequency control. These results indicated that the dynamic droop control considering the
power margin ensured that the lines with larger power margins bore a greater share of the
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unbalanced power during times of system imbalance, thereby maintaining the safety of the
heavy-load lines and enhancing system stability.

The initial state of the system remained the same as described earlier. When the wind
power generation suddenly dropped from 550 MW to 50 MW at 5.5 s, Figure 9 showcases
the response of each electrical component under varying control modes.

According to the information presented in Figure 9, the drop in wind power generation
led to a decrease in system frequency, with a maximum ∆ f of 0.08 Hz. Additional frequency
droop control with a fixed-frequency droop coefficient employed in the IPFC caused the
power flow target value of line three and line four to decrease when the system frequency
decreased. Through the dynamic integrated power flow control strategy of the IPFC, the
active power flow of line three and line four changed. The maximum ∆P3 and ∆P4 were
195.4 MW and 194.3 MW, respectively. By consuming unbalanced power within the system,
the frequency variation ∆ f was reduced to 0.045 Hz, which was lower than the variation
observed without additional frequency droop control. Notably, line two data were similar
to the Figure 8b, as there was no additional frequency droop control applied to it, which
led to the active power of line two remain at 300 MW whole time.

Energies 2023, 16, 5400  14  of  17 
 

 

three,  leading to  line four bearing the majority of the unbalanced power in the system. 

The maximum  ∆𝑃ଷ   and  ∆𝑃ସ  were 58.9 MW and 140.6 MW,  respectively. Additionally, 

the system frequency variation  ∆𝑓 was 0.061 Hz, which was lower than the variation ob-

served without additional  frequency  control. These  results  indicated  that  the dynamic 

droop  control  considering  the power margin ensured  that  the  lines with  larger power 

margins bore a greater share of the unbalanced power during times of system imbalance, 

thereby maintaining the safety of the heavy-load lines and enhancing system stability. 

The initial state of the system remained the same as described earlier. When the wind 

power generation suddenly dropped from 550 MW to 50 MW at 5.5 s, Figure 9 showcases 

the response of each electrical component under varying control modes. 

According to the information presented in Figure 9, the drop in wind power genera-

tion led to a decrease in system frequency, with a maximum  ∆𝑓  of 0.08 Hz. Additional 

frequency droop control with a fixed-frequency droop coefficient employed in the IPFC 

caused the power flow target value of line three and line four to decrease when the system 

frequency decreased. Through the dynamic integrated power flow control strategy of the 

IPFC, the active power flow of line three and line four changed. The maximum  ∆𝑃ଷ  and 

∆𝑃ସ  were 195.4 MW and 194.3 MW, respectively. By consuming unbalanced power within 

the system, the frequency variation  ∆𝑓 was reduced to 0.045 Hz, which was lower than 

the variation observed without additional frequency droop control. Notably, line two data 

were similar to the Figure 8b, as there was no additional frequency droop control applied 

to it, which led to the active power of line two remain at 300MW whole time. 

 

 

Figure 9. Cont.



Energies 2023, 16, 5400 14 of 16Energies 2023, 16, 5400  15  of  17 
 

 

 

 

 

Figure 9. System response when wind power generation decreased; (a) active power of line 1; (b) 

active power of line 3; (c) active power of line 4; (d) active power of line 4; (e) system frequency. 

With the implementation of dynamic droop control that took into account the power 

margin, when there was a decrease in the system frequency, the initial active power target 

value Pref0 represented the power margin of the IPFC line. In this case, line three’s power 

margin was greater than that of line four, leading to line three shouldering the majority of 

Figure 9. System response when wind power generation decreased; (a) active power of line 1;
(b) active power of line 3; (c) active power of line 4; (d) active power of line 4; (e) system frequency.



Energies 2023, 16, 5400 15 of 16

With the implementation of dynamic droop control that took into account the power
margin, when there was a decrease in the system frequency, the initial active power target
value Pref0 represented the power margin of the IPFC line. In this case, line three’s power
margin was greater than that of line four, leading to line three shouldering the majority of
the unbalanced power in the system. A comparison of the power variation between the
two lines revealed that line three experienced a maximum power variation of 147.7 MW,
while line four experienced a maximum power variation of 72.6 MW. The system frequency
variation ∆ f was recorded as 0.058 Hz. The findings demonstrated that the dynamic droop
control, which considered the power margin, could effectively enhance the ability of the
line to absorb unbalanced power based on the line power margin.

4.4. Comparative Study

An evaluation of the performance of the used control strategies, the IPFC-based power
flow control strategy, the IPFC-based additional frequency droop control and the IPFC-
based dynamic droop control, was given. Table 3 shows a comparison of the system
response under the three control strategies mentioned above when the wind power genera-
tion increased, so as to evaluate their control characteristics. These data showed that the
IPFC power flow control strategy could retain the power of the installed line as the target
value even when there was a significant disturbance, which benefited the improvement of
the transmission capacity of the system. The proposed IPFC-based additional frequency
droop control strategy resulted in the IPFC lines participating in the frequency regulation of
the system. Furthermore, the proposed IPFC-based dynamic droop control could enhance
the stability of the system while preventing the line power flow from exceeding the limit.

Table 3. Comparative analysis of the three control strategies.

Parameters IPFC-Based Power Flow
Control Strategy

IPFC-Based Additional Frequency
Droop Control Strategy (Proposed)

IPFC-Based Dynamic Droop
Control Strategy (Proposed)

The active power variation
of line 3 0 MW 180.1 MW (overload) 58.9 MW

The active power variation
of line 4 0 MW 180.9 MW 140.6 MW

Frequency variation 0.083 Hz 0.049 Hz 0.061 Hz
The percentage decrease
in frequency fluctuation - 40.96% 26.5%

5. Conclusions

Based on the above theoretical analysis and simulation results, the following main
conclusions could be drawn:

(1) By utilizing the IPFC-based additional frequency droop control, a system frequency
deviation was introduced into the active power flow control of the line through the
IPFC. This allowed the line equipped with the IPFC to absorb the unbalanced power
in the system, participate in frequency regulation and effectively reduce the system’s
frequency deviation.

(2) The dynamic droop control of the IPFC incorporated the power margin of the line into
the frequency droop coefficient and adjusted it in real-time based on the operational
status of the line. This process ensured that the IPFC line with the larger power margin
bore a greater proportion of the unbalanced power, thereby preventing the line power
flow from exceeding the limit and improving the overall system stability.

(3) The proposed strategies could be effective in various system operation scenarios.
The different simulation results all demonstrated that through the implementation of
dynamic droop control, power lines with significant power margins were able to ac-
commodate more unbalanced power, resulting in a reduction in frequency fluctuations
caused by disturbances and an enhancement in system stability.
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