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Disturbances to the power system may lead to relative swing between
synchronous generator rotors, causing low-frequency oscillation problems in
the absence of damping. In this article, based on the single-machine infinity
system containing flexible distribution transformer and synchronous generator,
the linearized state equations of the system is deduced by the small-signal
modeling. The mechanism of flexible distribution transformer on the rotor
speed of synchronous generator is analyzed. The influence factors of flexible
distribution transformer on the rotor speed of synchronous generator are
analyzed. The equation of the additional damping provided by the flexible
distribution transformer to this system is constructed. It was concluded that
by controlling the output voltage of the regulating converter in the flexible
distribution transformer, the rotor speed of the synchronous generator can be
varied to increase the systemdamping. An additional damping control strategy for
flexible distribution transformer is proposed. The simulation verifies that the
proposed control strategy can effectively suppress the oscillation amplitude of
each electrical quantity and shorten the oscillation duration when the system is
subjected to large and small perturbations. The proposed additional damping
control strategy of flexible distribution transformer can effectively improve the
damping of the system and alleviate the problem of low frequency oscillation.
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1 Introduction

With the increasing proportion of new energy such as wind power and photovoltaic in
the power grid, the structure and operational characteristics of the power system have
changed significantly. A large number of power electronic power sources replace the
original synchronous generator, resulting in the gradual reduction of rotary mechanical
inertia and frequency damping effect provided by the rotor, and the new power system
presents low inertia characteristics. Furthermore, the system with low inertia is prone to
continuous oscillation after being disturbed, which leads to low frequency oscillation, and
seriously affects the safe and stable operation of power system (Zhang et al., 2019; Wang
et al., 2022; Wang et al., 2023).

Combined with high reliability of traditional distribution transformers and flexible
regulation of voltage source converters, flexible distribution transformer (FDT) can realize
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voltage regulation, reactive power compensation, harmonic
suppression and other functions with smaller capacity voltage
source converters in order to meet many regulation requirements
in different scenarios of power systems (Tang et al., 2021; Tang et al.,
2022a; Tang et al., 2022b; Tang et al., 2024). The power electronic
converter in the hybrid power transformer can be selected as AC/DC
converter, AC/AC converter, AC/DC/AC back-to-back converter,
etc. In the case of high voltage occasions, cascaded or modular
converter structure can be selected, and when it comes to high
current occasions, based on the current level of development of the
power electronics, the power can be enhanced by the parallel
connection of multiple sets of converter units to enhance the
power and transmission capacity of the output current (Liang
et al., 2019; Yang et al., 2022; Zheng et al., 2022).

In order to guarantee the operational reliability and stability of FDT,
scholars at home and abroad have conducted in-depth research on its
topology and control strategy. The topology of the voltage source
converter in the FDT can be selected depending on the application
and functional requirements. The scientific reference (Li et al., 2021)
suggests a diode-clamped three-level power electronic hybrid
transformer topology for power management in medium and high
voltage distribution networks, which has advantages in voltage
withstanding level and harmonic elimination compared to the
conventional two-level inverter. In the reference (Deng et al., 2019),
two-stagematrix converters are used in flexible power transformers and
predictive control strategies are proposed for this topology, which allows
the flexible power transformer to compensate for voltage amplitude
peaks and troughs as well as voltage phase angle variations during
transmission of power. Reference (Firouzi et al., 2010) proposes a
topology that combines a bridge fault current limiter and a power
converter. Although this device also improves power quality, unlike
FDTs, this topology employs a diode bridge circuit and has less
regulation flexibility than FDTs. The control method of the voltage
source converter also affects the performance of the system and the
regulation function of FDTs. Reference (Zhang et al., 2010; Harnefors
et al., 2022; Xiao et al., 2024) describes a constructive network type
control strategy for voltage source converters, which simulates the
internal synchronisation mechanism of the AC system and avoids the
control instability problem caused by the conventional phase-locked
loops in weak grids. In the reference (Li et al., 2019), a combination of a
fuzzy controller and a traditional PI controller is proposed as a robust
fuzzy control strategy for FDT, but the fuzzy control is prone to cause
small-scale oscillations near the operating point. Aiming at the
problems of voltage swell/sag and frequency fluctuation in the
power system. Reference (Zhang et al., 2022) proposes a hybrid
distribution transformer with local and remote cooperative control
that can solve the problem of voltage fluctuation and load distortion.
Comprehensive analysis of the above, the existing FDT control
strategies mostly focus on power system voltage oscillation,
frequency fluctuation, harmonic control and improving the
robustness of the controller. However, few studies have been carried
out on FDT damping control strategy for the problem of low-frequency
oscillations in power systems. As a consequence, it is urgent to carry out
relevant research to provide an effective control scheme for the safe and
stable operation of power system.

Aiming at the problem of low frequency oscillation in the new
power system with high power electronization, a lot of researches
have been carried out on the suppression measures of low frequency

oscillation. Reference (Wang et al., 2023) analyzes the damping
mechanism of distributed power flow controller on the system,
proposes the damping control strategy of distributed power flow
controller, and uses artificial fish swarm algorithm to solve the
optimal parameters of the damping controller. In Reference (Li et al.,
2022), considering the grid-connected and isolated operation modes
respectively, a new phase feedforward damping controller is used to
replace the traditional frequency deviation feedback path, and a new
phase feedforward damping virtual synchronous generator control
method is proposed. In reference (Li et al., 2022), a feedback control
loop with time delay is established, a new DC voltage feedback active
damping control method is proposed, and an oversampling method
is proposed to reduce the digital control delay time and improve the
damping current accuracy. In the reference (Guo et al., 2023), in
order to suppress the low-frequency oscillations of a modular
multilevel converter-based high-voltage direct current
transmission system (MMC) under low-inertia conditions, a
detailed small-signal model considering the dynamics of both the
MMC and the synchronous generator is developed, a
complementary damping control method is proposed, and the
parameters of the method are tuned by using a pole assignment
method. However, the above control strategies are more complex,
need to adjust more parameters, and there are weak robustness
problems. Therefore, an FDT damping control strategy is proposed
in this paper, which can always provide fixed damping to the power
system with fewer parameters to be adjusted. Moreover, when FDT
is applied to suppress the low-frequency oscillation instability of the
system, it can not only improve the system damping and solve the
low-frequency oscillation problem through the proposed control
strategy, but also realize various flexible control functions to
improve the power quality of the system (Perez et al., 2021; Xiao
et al., 2023).

In this paper, small signal model method is used to analyze the
damping characteristics of FDT in order to study the mechanism of
FDT suppressing low frequency oscillation in medium and high
voltage distribution system. The additional torque and constraint
regulation provided by the flexible distribution transformer to the
single-machine infinite bus system are derived, and the additional
damping control strategy of FDT is proposed. Through the
regulation function of the FDT damping controller, the system
damping can be effectively improved and the low-frequency
oscillation caused by the disturbance can be suppressed.

2 Damping characterisation of FDT

The FDT is composed of three components: the main
transformer, the energy taking converter, and the regulating
converter. And the topology is demonstrated in Figure 1.

The primary transformer is a traditional three-phase, three-
winding distribution transformer responsible for the transmission of
power and voltage level conversion. The voltages of primary side
windings W1a, W1b, W1c of the main transformer are U1a, U1b, and
U1c, and the secondary side windings W2a, W2b, W2c are U2a, U2b

and U2c. A third winding W3a, W3b, W3c is set up inside the main
transformer for providing power support to the energy taking
converter and the regulating converter. Therefore, the third
winding of the main transformer is named as the energy taking
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winding, and U3a, U3b and U3c are the voltage of the energy taking
winding. The energy taking converter is primarily utilised for
sustaining the stability of DC capacitor voltage, and its structure
is a three-phase bridge voltage source converter which is connected
in parallel with the energy taking winding of the primary
transformer via an L-type filter. In Figure 1, Lsh represents the
filter inductance on the AC side of the energy taking converter while
Rsh denotes the equivalent energy dissipation resistance on the same
side. The regulating converter comprises three single-phase full-
bridge voltage source converters, connected in series to the neutral
point side of the secondary winding of the main transformer via the
isolation transformer. Through manipulation of output voltageUsea,
Useb, and Usec of the regulating converter, the FDT can achieve a
variety of control functions. The isolation transformer is mainly
responsible for electrical isolation and a small part of power
transmission. Its structure is a three-phase two-winding
transformer, with windings W4a, W4b, and W4c on the primary
side and windings W5a, W5b and W5c on the secondary side. In
addition, the active power is exchanged between the energy taking
converter and the regulating converter through a DC capacitor
connection.

In order to analyze the damping characteristics of the FDT, a
single-machine infinite-bus system with a FDT and a synchronous

generator is constructed as shown in Figure 2. The system consists of
synchronous generators, step-up transformers, transmission lines,
FDT, and an infinite power supply. Consider the main transformer
and the isolation transformer as ideal transformers, without regard
for the power electronic switching losses in the energy taking
converter and regulating converter. In Figure 2, UG represents
the terminal voltage of the synchronous generator, U1 represents
the voltage at the primary side of the FDT, Us represents the voltage
at the infinite power bus, IL is the current in the transmission line,
XTG is the leakage reactance of the step-up transformer, and XL is
the impedance of the transmission line.

A third order classical model is used for the synchronous
generator in a single machine infinity system as shown in
Figure 2. In order to simplify the order of the differential
equations of the synchronous generator, assuming that the
excitation potential and mechanical power of the synchronous
generator remain constant, and ignoring the stator winding
resistance of the synchronous generator, the rotor motion
equation of the synchronous generator in the d-q rotor rotating
coordinate system is

dδ
dt

� ω − 1( )ω0

dω
dt

� 1
2H

Pm − Pe −D ω − 1( )[ ]
de′q
dt

� 1
Td0
′ −e′q − xd − x′

d( )id + Efd[ ]

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩
(1)

where δ represents the rotor swing angle, which is expressed as the
angle of the synchronous generator d-q rotor rotation coordinate
system relative to the d0-q0 synchronous rotation coordinate
system. ω is the angular velocity of rotor. ω0 is the synchronised
electrical angular velocity. H is the inertia time constant of the

FIGURE 1
The FDT topology.

FIGURE 2
Single machine infinity system with FDT and
synchronous generator.
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synchronous generator. Pm is the mechanical power input to the
synchronous generator. Pe is the electromagnetic power output from
the synchronous generator. D is the mechanical damping factor for
synchronous generators. e′q is the q-axis transient potential of the
synchronous generator. Td0

′ is the d-axis open-circuit transient time
constant of the synchronous generator. xd is the d-axis synchronous
reactance of the synchronous generator; xd is the d-axis transient
reactance of the synchronous generator. x′

d is the d-axis transient
reactance of the synchronous generator. id is the d-axis component
of the synchronous generator output current. Efd is the excitation
potential of the synchronous generator.

In the d-q rotor rotating coordinate system, the electrical circuit
equation of the synchronous generator is

ud � −rid + xqiq
uq � −riq − x′

did + e′q
Pe � e′qiq + xq − x′

d( )idiq
⎧⎪⎪⎨⎪⎪⎩ (2)

where ud is the d-axis component of the terminal voltage of
synchronous generator. r is the stator winding resistance. xq is
the q-axis synchronous reactance of synchronous generator. iq is the
q-axis component of the output current of synchronous generator.
uq is the q-axis component of the synchronous generator
terminal voltage.

The d0-q0 synchronous rotating coordinate system is
established using Us as the reference voltage. As depicted in
Figure 2, the following circuit equations can be derived

UGd

UGq
[ ] � Used

Useq
[ ] + XTG +XL +XT1 +XT2( ) −ILq

ILd
[ ] + Usd

0
[ ]

(3)

where UGd and UGq are the d-axis and q-axis components of UG in
the d0-q0 synchronous rotating coordinate system respectively. Used

and Useq are the d-axis and q-axis components of Use in the d0-q0
synchronous rotating coordinate system respectively. ILd and ILq are
the d-axis and q-axis components of IL in the d0-q0 synchronous
rotating coordinate system respectively.Usd is the d-axis component
of Us in d0-q0 synchronous rotating coordinate system. XT1 and
XT2 are the primary and secondary winding leakage reactance of
FDT respectively.

The electrical quantity of the d0-q0 synchronous rotating
coordinate system is converted to the d-q rotor rotating
coordinate system by using the coordinate transformation matrix.
The coordinate transformation matrix is shown as (Eq. 4)

P � sin δ −cos δ
cos δ sin δ

[ ] (4)

By left-multiplying (Eq. 4) by (Eq. 3) and combining (Eq. 2), the
expression of the output current of the synchronous generator in the
d-q rotor rotating coordinate system is obtained as follows:

id �
− Usd + Used( ) cos δ − Useq sin δ + e′q

xdΣ′

iq � Usd + Used( ) sin δ − Useq cos δ
xqΣ

⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩
(5)

where xdΣ′ � XTG +XL +XT1 +XT2 + x′
d and xqΣ � XTG +XL +

XT1 +XT2 + xq.
From (Eqs. 1, 2, 5), it can be seen that the state equation of single

machine infinite bus system with FDT is a nonlinear equation. In order
to linearize the state equation of the system, the perturbationmethodwill
be used to solve the small signalmodel of the state equation of the system.

Assuming that the internal state variable of the single machine
infinite bus system with FDT is x and the input variable is u, then
there is

xT � δ ω e′q[ ]
uT � Used Useq[ ] (6)

From (Eq. 6), the output voltage of the regulating converter is 0
in steady state, then there is

xT0 � δ0 1 eq0′[ ]
uT
0 � 0 0[ ] (7)

where the subscript 0 denotes the value of each variable in the steady
state, same as below.

Substituting (Eq. 7) into Eqs 1, 5, the following equations can
be obtained

−eq0′ − xd − x′
d( )id0 + Efd0 � 0

Pm0 − eq0′ iq0 − xq − x′
d( )id0iq0 � 0

id0 � 1
xdΣ′

−Usd0 cos δ0 + eq0
′( )

iq0 � 1
xqΣ

Usd0 sin δ0

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩
(8)

Assuming that the small perturbations of the state variable and
the input variable are x̂ and û respectively, then x̂ and û can be
expressed as follows

x̂T � δ̂ ω̂ ê′q[ ]
ûT � Ûsed Ûseq[ ] (9)

From (Eq. 7) and (Eq. 9), it can be obtained that the state
variables and input variables are as shown in (Eq. 10) when
considering the presence of small perturbations

xT � xT0 + x̂T

uT � uT
0 + ûT (10)

The equation of the output current of the synchronous generator
in the presence of small disturbances can be deduced as following

id
iq

[ ] � id0
iq0

[ ] + îd
îq

[ ] (11)

Substituting (Eq. 8) into (Eq. 11), the small disturbance îd and îq of
the output current of the synchronous generator are expressed as follows

îd
îq

[ ] �
Usd0 sin δ0

xdΣ′
0

1
xdΣ′

Usd0 cos δ0
xqΣ

0 0

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦x̂ +

−cos δ0
xdΣ′

−sin δ0
xdΣ′

sin δ0
xqΣ

−cos δ0
xqΣ

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦û (12)

Substituting (Eqs. 10, 11) into (Eq. 1), the expression of the state
equation in the presence of small disturbances is acquired:
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d
dt
x̂ �

0 ω0 0

0
−D
2H

−iq0
2H

0 0
−1
Tdo
′

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
x̂ +

0 0

− xq − x′
d( )iq0

2H

− xq − x′
d( )id0 − eq0′

2H

− xd − x′
d( )

Tdo
′ 0

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
îd
îq

[ ]

(13)
By combining (Eqs. 12, 13), the small signal model of the state

equation of the single machine infinite bus system with FDT can be
deduced as:

d
dt
x̂ � Ax̂ + Bû (14)

where A is the system matrix of the state equation, B is the input
matrix of the state equation.

In (Eq. 14), A and B as shown as follows

A �

0 ω0 0

U2
sd0 cos 2δ0 − Usd0eq0′ cos δ0

2HxdΣ′
− U2

sd0 cos 2δ0
2HxqΣ

− D

2H
−Usd0 sin δ0

2HxdΣ′

− xd − x′
d( )Usd0 sin δ0
xdΣ′ Tdo

′ 0
−xd + x′

d − xdΣ
′

Tdo
′ xdΣ′

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

B �

0 0

Usd0 sin 2δ0 − eq0′ sin δ0
2HxdΣ′

− Usd0 sin 2δ0
2HxqΣ

−Usd0 cos 2δ0 + eq0′ cos δ0
2HxdΣ′

+ Usd0 cos 2δ0
2HxqΣ

xd − x′
d( ) cos δ0

Tdo
′ xdΣ′

xd − x′
d( ) sin δ0

Tdo
′ xdΣ′

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
(15)

Based on the above analysis, by controlling the output voltage
1 and 2 of the regulating converter in the FDT, 4,5 and 6 of the state
variables of the synchronous generator can be changed, so that the
FDT has a certain damping effect on the power system.

3 Additional damping control strategy
of FDT

Based on the analysis of the damping characteristics of FDT in
Section 1, this paper proposes an additional damping control
strategy for FDT. The energy taking converter and regulating
converter perform a regulatory function in the FDT, and the two
devices have distinct roles within the additional damping control
strategy. The energy taking converter draws active power from the
system to sustain the stability of the DC capacitor voltage.
Additionally, the regulating converter serves as the primary
controlling device for the additional damping control. Through
controlling the output voltage, the regulating converter offers
supplementary damping for the power system, enhancing the
system’s transient stability, and affecting the rotor speed of the
synchronous generator.

The following specific analysis of the additional damping
control effect of the regulating converter in the FDT on the
power system. The motion equation of synchronous generator
rotor speed ω can be approximately expressed as

2H
d
dt
ω̂ � a1δ̂ −Dω̂ + a2ê′q( ) + b1Ûsed + b2Ûseq( )

a1 � U2
sd0 cos 2δ0 − Usd0eq0′ cos δ0

xdΣ′
− U2

sd0 cos 2δ0
xqΣ

a2 � −Usd0 sin δ0
xdΣ′

b1 � Usd0 sin 2δ0 − eq0′ sin δ0
xdΣ′

− Usd0 sin 2δ0
xqΣ

b2 � −Usd0 cos 2δ0 + eq0′ cos δ0
xdΣ′

+ Usd0 cos 2δ0
xqΣ

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(16)

In Equation 16, (a1δ̂ −Dω̂ + a2ê′q) represents the inherent
damping of a single-machine infinite-bus system with FDT and
synchronous generators. When subjected to small disturbances, a
stable system can maintain stable operation through its own
inherent damping. Additionally, (b1Ûsed + b2Ûseq) represents the
additional damping supplied by the FDT in the single-machine
infinite-bus system. What’s more, the additional damping enhances
the system damping based on the inherent damping of the system,
thereby boosting the power system’s capacity to suppress low-
frequency oscillation during disturbances.

From the above analysis, the extra torque provided by the FDT
to the single machine infinite bus system can be defined as follows

Tsub � xq − x′
d

xdΣ′ xqΣ
Usd0 Ûsed sin 2δ0 − Ûseq cos 2δ0( )

− eq0′

xdΣ′
sin δ0Ûsed − Ûseq cos δ0( ) (17)

To ensure that the extra torque supplied by the FDT to this
single machine infinity system always maintains a positive damping
effect on the rotor speed of the synchronous generator, the
additional torque of the FDT should satisfy the following constraints

Tsub � −Dsubω̂
Dsub > 0{ (18)

whereDsub indicates the additional damping provided by the FDT to
the single machine infinite bus system.

Assuming that the transfer functions of the d-axis component
Used and the q-axis component Useq of the output voltage of the
regulating converter with respect to the rotor speed variation of the
synchronous generator are h1(s) and h2(s) respectively, then
there are

Used � h1 s( ) cos δ0( )ω̂
Useq � h1 s( ) sin δ0( )ω̂

h1 s( ) � −h2 s( )
sin δ0

⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩
(19)

Substituting (Eq. 19) into (Eq. 17), the equation for the
additional damping provided by the FDT to this single infinity
system is obtained as

Dsub � xq − x′
d

xdΣ′ xqΣ
Usd0h2 s( ) (20)
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From (Eq. 20), it is only necessary to ensure that transfer
function h2(s) is always positive, so that the additional damping
provided by the FDT to this single infinity system is always
positive. Considering the use of a single proportional sector for
the transfer function h2(s), the d-axis and q-axis components of
the output voltage of the regulating converter are obtained
as follows.

Used � kh 1 − ω( ) cot δ0
Useq � kh 1 − ω( ){ (21)

where kh is the gain of the proportional sector.
Therefore, the damping control strategy of FDT is obtained

as follows

Dsub � xq − x′
d

xdΣ′ xqΣ
Usd0kh (22)

From Equation 22, it can be seen that the additional damping is
affected by the gain kh. And by choosing a suitable value for the gain
kh, the system damping can be increased, thus improving the
stability of the system operation.

Combining the above analyses, the additional damping
control strategy of the FDT proposed in this paper is as
follows: (i) The rotor electrical angle θGen of the synchronous
generator is calculated from ω, and the phase angle θs of the
secondary side bus voltage of the FDT is obtained through a
phase-locked loop. Then, the difference between θGen and θs
yields the rotor swing angle; (ii) calculate Used and Useq by
substituting ω and δ0 into Equation 21; (iii) taking θs as a
reference, Used and Useq are converted to sinusoidal modulated
waveforms by Park inverter, and the trigger signal of the
regulating converter is obtained by SPWM. Therefore, the
control block diagram of the additional damping control
strategy for the FDT is shown in Figure 3.

The control strategy of the energy taking converter is analysed
below. From Figure 1, the loop equations of the energy taking
converter in the d0-q0 synchronous rotation coordinate system can
be obtained as follows

Urshd � Ushd − Lsh
dIshd
dt

− RshIshd + ωfLshIshq

Urshq � Ushq − Lsh
dIshq
dt

− RshIshq − ωfLshIshd

⎧⎪⎪⎪⎨⎪⎪⎪⎩ (23)

whereUrshd andUrshq are the d-axis component and q-axis component
of the modulation voltage output by the energy taking converter in the
d0-q0 synchronous rotating coordinate system respectively. Ushd and
Ushq are the d-axis and q-axis components of the energy-takingwinding
voltage in the d0-q0 synchronous rotating coordinate system
respectively. Ishd and Ishq are the d-axis component and q-axis
component of the output current of the energy taking converter in
the d0-q0 synchronous rotating coordinate system, respectively. ωf is
the industrial angular frequency.

The Laplace transform of (Eq. 23) yields the transfer functions of
Urshd, Urshq, Ishdand Ishq as

Urshd � − Rsh + sLsh( )Ishd + ωfLshIshq + Ushd

Urshq � − Rsh + sLsh( )Ishq − ωfLshIshd + Ushq
{ (24)

From (Eq. 24), it can be seen that there is a coupling relationship
between the d-axis component and the q-axis component of the
output current, so the feed-forward decoupling control method is
used. If the controller is a PI controller, the current inner-loop
control strategy of the energy taking converter is

Urshd � − kp1 + ki1
s

( ) · Ishd* − Ishd( ) + ωfLshIshq + Ushd

Urshq � − kp2 + ki2
s

( ) · Ishq* − Ishq( ) − ωfLshIshd + Ushq

⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩
(25)

where Ishd* and Ishq* are the command values for the d-axis component
and q-axis component of the output current of the energy taking
converter respectively. kp1 and ki1 are the proportional and integral
coefficients of the d-axis control loop PI controller respectively. kp2
and ki2 are the proportional and integral coefficients of the q-axis
control loop PI controller respectively.

In order to maintain the stability of the DC capacitor voltage, the
outer loop control strategy of the energy taking converter is shown
in Equation 26. When there is no additional control requirement,

FIGURE 3
Block diagram of additional damping control strategy for flexible distribution transformer.

Frontiers in Energy Research frontiersin.org06

Guo et al. 10.3389/fenrg.2024.1337649

http://www.baidu.com/link?url=1OKy0mcpPexsUNHqov_zeFE1JN9hcf5D_r6X5lgGFg2pdgIyNDTSjMwenK_83Ai6G-h93WqGn1OJ5GGqpLeROTVFK0i2s8cRY1x9jqZqvhq
http://www.baidu.com/link?url=1OKy0mcpPexsUNHqov_zeFE1JN9hcf5D_r6X5lgGFg2pdgIyNDTSjMwenK_83Ai6G-h93WqGn1OJ5GGqpLeROTVFK0i2s8cRY1x9jqZqvhq
https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2024.1337649


the q-axis component of the output current of the energy taking
converter is usually set to 0, so there is

Ishd* � kp3 + ki3
s

( ) Udc
* − Udc( )

Ishq* � 0

⎧⎪⎪⎨⎪⎪⎩ (26)

where Udc and Udc
* are the actual value and the command value of

the DC capacitor voltage respectively. kp3 and ki3 are the
proportional coefficient and integral coefficient of the d-axis
control loop PI controller respectively.

In summary, (Eqs. 25, 26) are used as the inner-loop and outer-
loop control strategies of the energy taking converter respectively, to
form a block diagram of the control strategy of the energy taking
converter of the FDT as shown in Figure 4. In Eq. 25, the modulation
voltage of SVPWM is obtained by three-phase Park inverse
transformation of Urshd and Urshq, and then the trigger pulse is
output to the power electronic switch of the energy taking converter,
so that the energy taking converter outputs Ish.

4 Simulation analysis

In order to verify the effectiveness of the proposed additional
damping control strategy for FDT, the simulation test system shown
in Figure 2 is constructed in the PSCAD/EMTDC software, and the
proposed additional damping control strategy for FDT is verified through
the three-phase short-circuit fault condition and load surge condition.
The main parameters of the simulation test system are shown in Table 1.

(1) Three-phase short-circuit fault condition

The proposed control strategy is verified by simulation under the
condition of three-phase short-circuit fault. The simulation settings
are as follows: the total duration of the simulation is 10 s. At the
moment of 0.3 s the synchronous generator changes from a constant

speed operation mode to a rotor free running mode. At the moment
of 0.5 s the FDT energy taking converter is put into operation, and at
the moment of 0.8 s the FDT regulating converter is put into
operation. A three-phase short-circuit ground fault occurs in the
line between the primary side of the FDT and the secondary side of
the step-up transformer at the moment of 1s, with a fault duration
of 0.05 s.

The waveforms of synchronous generator electromagnetic
torque, synchronous generator frequency, line active power, and
line reactive power after the occurrence of three-phase short-
circuit ground fault are shown in Figure 5. It can be seen from
the simulation waveform that if there is no additional damping
controller for the FDT, the electromagnetic torque of the
synchronous generator, the frequency of the synchronous
generator and the line power flow will oscillate rapidly after the
three-phase short-circuit ground fault occurs. The electromagnetic
torque of the synchronous generator is still 1.02 (pu) at 10 s, and
the maximum amplitude of the frequency oscillation of the
synchronous generator is 50.37 Hz, and the frequency
amplitude is still 50.03 Hz at 10 s. If the additional damping
controller of the FDT is put into operation, the electromagnetic
torque of the synchronous generator, the frequency of the
synchronous generator and the oscillation amplitude of the line
power flow can be quickly attenuated, and the oscillation duration
is about 4.5 s to restore stable operation.

The waveforms of the capacitive voltage on the DC side of the
FDT and the output voltage of the regulating converter after the
occurrence of a three-phase short-circuit ground fault are shown in
Figure 6. It can be seen from the simulation waveform that the
energy taking converter of the FDT completes the uncontrolled
rectification and controllable inverter process during 0.5–1.0 s, so
that the DC capacitor voltage is stabilized at the command value of
20 kV. The three-phase short-circuit grounding fault occurs at 1.5 s,
and the DC voltage fluctuates about 2.7 s to restore the command
value operation. In the additional damping control of the FDT,
regulating the output voltage of the regulating converterr can invert
the corresponding voltage to provide additional damping for the
system during the oscillation process of the system and suppress the
low-frequency oscillation of the system.

The above analyses show that when a large disturbance such as a
short-circuit fault occurs in the system, the electrical quantity of the
system rises abruptly at the instant of the fault. Under the additional
damping control of the FDT, the regulating converter can invert the
corresponding output voltage for the change of rotor swing angle to
provide additional damping for the system, so that the
electromagnetic torque, frequency, and line current amplitude of
the synchronous generator can be significantly suppressed to
significantly shorten the duration of the oscillation of the system
after a large disturbance, and the system electrical quantities can be
quickly restored to a stable value. Therefore, the proposed additional
damping control strategy for FDT has the function of improving the
damping of the power system, and can effectively suppress the low-
frequency oscillations generated by the system after being perturbed.

(2) Load surge condition

Through the load input system to simulate the occurrence of small
disturbances in the system, the simulation settings are as follows: the

FIGURE 4
Block diagram of control strategy for FDT energy
taking converter.
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simulation length of 10 s, 0.2 s time synchronous generator from the
constant speed mode of operation into the rotor free operation mode,
0.5 s time flexible distribution transformer energy converter into
operation, 0.8 s time FPT control converter into operation, 1.5 s
time 150MW load into the system.

After the load is put into the system, the synchronous generator
electromagnetic torque, frequency, output active power, output
reactive power waveforms are shown in Figure 7. From the
simulation waveforms, it can be seen that if the FPT does not
carry out additional damping control, the synchronous generator

TABLE 1 Main parameter settings of the simulation test system.

Parameter name Numerical value

Synchronous generator rated capacity/MVA 120

Synchronous generator rated phase voltage/kV 7.967

Synchronous generator rated frequency/Hz 50

Step-up transformer capacity/MVA 120

Step-up transformer voltage ratio/(kV/kV) 13.8/110

Line impedance/Ω 0.5 + j1.256

FDT rated capacity/MVA 63

FDT voltage ratio/(kV/kV/kV) 110/35/3

The sum of leakage reactance of primary and secondary windings of FDT/pu 0.01928

DC-side capacitance/μF 5000

DC-side capacitor voltage/kV 8

Infinite power line voltage/kV 35.5∠ − 3.0°

FIGURE 5
Electromagnetic torque, frequency and line power waveforms of synchronous generator when system disturbance occurs.
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electromagnetic torque, frequency and power rapidly generate
oscillations after the load is put into the system. Among them,
the oscillation amplitude of electromagnetic torque is 1.42 (pu) at
the moment of 3.2 s, and the oscillation amplitude is still 1.12 (pu) at

the moment of 10s. The synchronous generator frequency
oscillation amplitude is 50.56 Hz after the load is put into
operation, and the oscillation amplitude is still 50.11 Hz at 10 s.
If the FPT additional damping controller is put into operation, the

FIGURE 6
DC voltage of FDT and output voltage waveform of regulating converter when large disturbance occurs in the system.

FIGURE 7
Synchronous generator electromagnetic torque, frequency, line active power and reactive power waveforms after load input occurs.
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electromagnetic torque oscillation amplitude is 1.11 (pu) at 3.2 s,
and the duration of the oscillation is about 3 s and then returns to
stability. The synchronous generator frequency oscillation
amplitude is 50.26 Hz at maximum, and the frequency amplitude
remains at 50.01 Hz after the oscillation duration of about 3.5 s.

Comprehensive analysis of the above can be seen, in the
flexible distribution transformer additional damping control
strategy, the control converter can provide the corresponding
additional damping for the system, the synchronous generator
electromagnetic torque, frequency, line active power, line
reactive power and line voltage oscillation amplitude to the
obvious suppression of the oscillation duration is
significantly reduced, so the proposed additional damping
control strategy of the flexible distribution transformer can
effectively improve the system Therefore, the proposed
flexible distribution transformer additional damping control
strategy can effectively improve the system damping and
reduce the low-frequency oscillations generated after the
system is subjected to small disturbances.

5 Conclusion

In this paper, aiming at the problem of low frequency oscillation
caused by disturbance, the damping characteristics of FDT are
analyzed, and an additional damping control strategy of FDT is
proposed. The control strategy is verified by simulation, and the
following conclusions are obtained:

(1) In this paper, the linearised equation of state of a single
machine infinity system containing a FDT and a
synchronous generator is derived based on the small-
signal modelling method, and based on this linear
equation of state, the influence path of the FDT on the
rotor speed of the synchronous generator is analysed. The
additional damping provided by the FDT is affected by the
gain kh, and as the gain kh increases, the damping of the
system gradually increases, and the suppression ability of the
FDT on the low-frequency oscillations of the system
increases. Therefore, the attenuation of low-frequency
oscillations and the stability of operation can be
improved by choosing a suitable value of gain kh after the
system has been perturbed;

(2) In this paper, a FDT additional damping control strategy is
proposed, and the simulation results show that, under the
effect of additional damping control, the synchronous
generator electromagnetic torque and frequency return to
stable operation after the system has a three-phase short-
circuit ground fault with an oscillation duration of about 4.5 s.
After a load surge occurs in the system, the synchronous
generator electromagnetic torque and frequency return to
stability after about 3 s of oscillation. Therefore, the proposed
additional damping control strategy of FDT can invert the
corresponding output voltage to the system according to the
change of rotor swing angle, provide additional damping for
the system on the basis of the inherent damping, effectively
reduce the amplitude of the oscillation of various electrical
quantities of the system after being disturbed, and reduce the

duration of the system oscillation, and improve the transient
stability of the power system.
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