
Received October 19, 2017, accepted December 4, 2017, date of publication December 18, 2017,
date of current version February 14, 2018.

Digital Object Identifier 10.1109/ACCESS.2017.2784846

Low-Voltage Ride-Through Control Strategy
for a Virtual Synchronous Generator
Based on Smooth Switching
KAI SHI1, WENTAO SONG 1, PEIFENG XU1, RONGKE LIU2, ZHIMING FANG1, AND YI JI1
1School of Electrical and Information Engineering, Jiangsu University, Zhenjiang 212000, China
2KTK Group, Changzhou 213102, China

Corresponding author: Peifeng Xu (xupeifeng2003@126.com)

This work was supported in part by the National Natural Science Foundation of China under Grant 51407085, in part by the China
Postdoctoral Science Foundation Funded Project under Grant 2015M571685, in part by the Project Funded by the Priority Academic
Program Development of Jiangsu Higher Education Institution, and in part by the Jiangsu University Senior Talents Special Project under
Award 13JDG111.

ABSTRACT The grid-connected inverter with virtual synchronous generator (VSG) control technology can
improve the friendliness of a distributed power supply to the power grid. However, its low-voltage ride-
through (LVRT) capability is insufficient, which results in difficulties in limiting the current and provide
reactive power support. A new LVRT control strategy based on the smooth switching is proposed in this
paper. In this strategy, the voltage source mode of VSG is transformed into current source mode to limit
the output current and provide reactive power support through the proportional resonance current control
algorithm under grid fault. Furthermore, the feedback tracking synchronization strategy of the phase angle
is employed to realize the smooth switching between two modes. When the grid fault recovers, it can directly
switch back to grid-connected operation mode through a delay module without an additional algorithm. The
simulation results verify the correctness and feasibility of the proposed control strategy.

INDEX TERMS Grid fault, low-voltage ride through, smooth switching, VSG.

I. INTRODUCTION
As the global energy crisis and environmental problems
become increasingly serious, the development of distributed
power supplies has attracted much attention [1], [2]. Because
of the high exploitation and utilization permeability of new
energy resources and a large number of new grid-connected
loads, the trend of power electronics in the traditional power
grid is gradually accelerating, and the alienation behaviour
characteristics of the power system has become increasingly
obvious [3]–[6].

In recent years, scholars have focused on the grid-
connected inverter based on the virtual synchronous gen-
erator (VSG) [7]–[9]. The basic idea is to simulate the
characteristics of the synchronous generator (SG) and pro-
vide inertial and damping support to the grid [10], [11].
A mathematical model of an inverter based on VSG control
was established, and the active and reactive power control
strategy of the VSG was designed in [12] and [13]. The
pre-synchronization control strategy and parallel operation of

VSG were proposed in [14]–[17]; this approach improves the
operation performance of the VSG. A constant power control
method of VSG was proposed in [18] to output a constant
active and reactive power to the grid when the amplitude and
frequency of the grid voltage change. The stability of a grid-
connected VSG was analysed, and a parameter optimization
method was proposed in [19].

However, the research on VSG technology is primarily
based on normal grid operation, and the distribution net-
work is susceptible to short circuit faults in actual operation.
Thus, the grid-connected inverter requires LVRT capability,
i.e., limiting the amplitude of the grid current and providing
reactive power support for the grid under grid fault [20]. The
current VSG technology cannot easily provide reactive power
support and can even damage electrical equipment via a high
output current. The research on the LVRT of the traditional
grid-connected inverter is relatively mature and possesses a
good reference value. In [21]–[23], the setting methods of
the current and power reference value under different control
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strategies were studied with the aim of controlling the current
peak. The current loop was employed in [24] to enhance
the inertia of VSG and the ability of LVRT through the
power angle. However, the parameters were too extreme for
engineering application. A relatively complete LVRT control
scheme was proposed in [25], including the method of fault
detection, the design of active and reactive current instruction,
and the control logic processing.

The above control strategies or algorithms are all com-
plicated and have a variety of parameters. Moreover, some
of these strategies are only verified preliminarily, without
the integrity test under grid fault; thus, they do not sat-
isfy the engineering requirements. In this paper, a smooth
switching based on the VSG control algorithm and the PR
current control algorithm is proposed to realize the LVRT
and simplify the control method. A feedback tracking syn-
chronization strategy of the phase angle is adopted to real-
ize smooth switching. The proposed new method can not
only accelerate the transient process under grid fault but
also limit the output current and provide reactive power
support. Therefore, both the operation of the VSG under grid
fault and the improvement of the transient performances are
realized.

II. BASIC PRINCIPLE
A. BASIC PRINCIPLE OF VSG TECHNOLOGY
The main circuit of VSG and the control block diagram is
shown in Fig. 1, in which the inverter bridge circuit is formed
with power device Q1-Q6 and inverter side inductance L1,
filter capacitor C and grid side inductance L2 commonly
constitute the LCL filter. As the main circuit of the grid-
connected inverter is equivalent to the electrical parts of
SG, the fundamental wave of the grid-connected inverter
bridge arm midpoint ea, eb, ec is considered the inner electric
potential of SG, the inverter side inductance L1 is considered
the synchronous reactance of SG, and the output inverter
voltage vao, vbo, vco is considered the terminal voltage of
SG [4].

FIGURE 1. VSG main circuit and control structure.

The basic idea of the VSG algorithm is to simulate
the operation characteristics of SG via active and reactive
power loops. To provide a PWM modulated wave signal to
grid-connected inverter, the active power loop outputs the
frequency and phase of inverter modulated wave, and the
reactive power loop outputs the amplitude of inverter mod-
ulated wave.

The specific mathematical model of the VSG control algo-
rithm in Fig. 1 can be described as follows [7]:

Pset + Dp(ωn − ω)− Pe = Jωn
dω
dt

Qset + Dq(Vn − V )− Qe = K
dEm
dt

θ =

∫
ωdt

(1)

where Pset and Qset are the given active and reactive
power, respectively, Dp and Dq are the droop coefficients of
P-f and Q-V, respectively, Pe and Qe are the actual output
active and reactive power, respectively, J andK are the inertia
coefficients of active and reactive power loops, respectively,
ωn and ω are the rated angular frequency and the actual rotor
angular frequency, respectively, Vn and V are the effective
value of rated voltage amplitude and the actual output voltage
amplitude, respectively, Em is the inner electric potential of
VSG, and θ is the actual rotor position angle.

B. BASIC PRINCIPLE OF POSITIVE AND
NEGATIVE SEQUENCE SEPARATION
Tracking the amplitude, frequency and phase of the grid
voltage is indispensable for an inverter grid connection.
Decoupled Double Synchronous Reference Frame PLL
(DDSRF-PLL) is employed in this paper to separate the
three-phase asymmetrical voltage into positive and nega-
tive sequence components and then track the frequency and
phase of the positive sequence component through SRF-PLL.
DDSRF-PLL completely decouples the positive and negative
sequence components to eliminate the role of the negative
sequence component without reducing the bandwidth [22].

FIGURE 2. Block diagram of DDSRF-PLL.

The entire structure diagram of DDSRF-PLL is shown
in Fig. 2. The voltage equation under the dq+1, dq−1

coordinate system from the three-phase stationary coordi-
nate system could be obtained through the Clark and Park
transformation. It is clear that the DC component under the
negative sequence reference coordinate system arouses the
AC component under positive sequence reference coordi-
nate system and vice versa; this behaviour is affected by
the rotation transformation matrix of angular frequency 2ω.
Thus, the feedback control is used to eliminate the coupling,
by which the coupling operation caused by frequency oscil-
lation 2ω under its own coordinate axis could be eliminated.
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As a result, the three-phase asymmetrical voltage could be
separated into positive and negative sequence components,
and the phase could be locked through PLL.

In Fig. 2, vabc and vαβ are the grid voltage amplitude under
three-phase and two-phase stationary coordinate systems,
respectively, v±1dq is the positive and negative sequence voltage
under double synchronous reference coordinate, V±1∗dq is the

estimated value of the output voltage, V
±1
dq is the feedback

DC voltage component, [Tαβ ] is the matrix of the Clark
transformation, [Tdq+1] and [Tdq−1] are the matrices of Park
transformation under dq+1 and dq−1 coordinate systems,
respectively, kp and ki are the PI coefficients of PLL, and the
low-pass filter (LPF) is

LPF(s) =
ωf

s+ ωf
(2)

where ωf is the cut-off frequency of the low-pass filter.
Considering the balance between the oscillation suppression
and the time response, the parameter ωf is set as ω/

√
2.

The specific arithmetic expression of the positive and
negative sequence voltage components can be described as
follows:[
V+1∗d

V+1∗q

]
≈

[
v+1d
v+1q

]
− V̄−1d

[
cos(2θ )
− sin(2θ)

]
− V̄−1q

[
sin(2θ)
cos(2θ )

]
(3)[

V−1∗d
V−1∗q

]
=

[
v−1d
v−1q

]
− V̄+1d

[
cos(2θ)
sin(2θ )

]
− V̄+1q

[
− sin(2θ)
cos(2θ )

]
(4)

C. BASIC PRINCIPLE OF THE PROPORTIONAL
RESONANCE (PR) CURRENT CONTROLLER
Double PI current regulators under the dq rotating coor-
dinate system can meet the control requirement when the
grid inverter works under normal conditions or disturbances,
but they are not suitable for asymmetrical faults. Therefore,
it is indispensable to possess a quick dynamic response
to track the changes of voltage and frequency to improve
the transient performance. A notch filter should be a com-
petent solution for the decomposed positive and negative
sequence current by the double PI regulator control strategy;
however, the delay caused by the notch filter would affect
the dynamical performance. It is well known that there are
two fixed-frequency closed-loop poles in the transfer func-
tion of PR current controller that increases the gain at that
frequency. Thus, it possesses a good frequency tracking
characteristic [10].

With a PR current regulator introduced into the control
strategy, the corresponding transfer function is given as
follows:

U∗gαβ = FPR(s)(I∗gαβ − Igαβ ) (5)

where U∗gαβ , I
∗
gαβ , and Igαβ are the reference grid voltage,

the reference grid current and the actual grid current,
respectively, FPR(s) is the PR current regulator transfer

function given by

FPR(s) = Kp + R(s) = Kp + Kr
s

s2 + ω2
1

(6)

where Kp is the proportional coefficient used to adjust the
dynamic performance of the system, Kr is the resonance
coefficient, and ω1 is the resonant angular frequency for the
signal at the resonant frequency of the maximum gain to
integrate.

The control block diagram is displayed in Fig. 3.

FIGURE 3. PR regulator control block diagram.

The Bode diagram of the resonant controller transfer func-
tion R(s) is shown in Fig. 4, where the resonance frequency
of R(s) is ω1.

FIGURE 4. Bode diagram of the resonant controller.

Under the αβ coordinate system, the positive and negative
sequence components of the grid voltage and current rotate
at the angular velocity of ω1 and −ω1, respectively, when a
grid voltage asymmetrical fault occurs. Therefore, a single
resonant current regulator is employed to separately control
the positive and negative sequence components of the inverter
output current. According to the simulation results shown in
the Bode diagram, the resonant regulator exclusively ampli-
fies the current gain at the frequency of 50 Hz and suppresses
the other frequency components. Thus, it is feasible for the
employed single resonant current regulator to meet the con-
trol requirements.

III. ANALYSIS OF THE LVRT RESPONSE
To simplify the analysis process, we only discuss the opera-
tion under asymmetrical fault here. Considering the simplic-
ity of the analysis, the LCL filter is replaced by Lg. Ignoring
the line impedance and on-state resistance of the IGBT, the
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equivalent circuit of the grid inverter under the three-phase
static coordinate system is obtained as shown in Fig. 5,
where eabc, iabc, Lg, and vg are the three-phase inverter output
voltage, three-phase inverter output current, filter inductance
and three-phase grid voltage, respectively.

FIGURE 5. Equivalent circuit of the grid connected inverter under a static
coordinate system.

When an asymmetrical fault occurs, the expression of the
output complex power is [23]

S = 1.5vgi∗abc
= 1.5(u+dqe

jωt
+ u−dqe

−jωt )(i+dqe
jωt
+ i−dqe

−jωt )∗ (7)

where i∗abc denotes the conjugate complex number of the
inverter output current, the subscripts d and q denote the
components under two-phase rotational coordinates, and the
superscripts + and − denote positive and negative sequence,
respectively.

According to S = P + jQ, the complex power is decom-
posed into active and reactive components. P and Q are
given by{

P = P0 + Pc2 cos(2ωt)+ Ps2 sin(2ωt)
Q = Q0 + Qc2 cos(2ωt)+ Qs2 sin(2ωt)

(8)

where P0 and Q0 are the average values of P and Q;
Pc2 and Ps2 are the double frequency fluctuation component
amplitudes of P; and Qc2 and Qs2 are double frequency
fluctuation component amplitudes of Q. These quantities are
defined as follows:

P0 =
3
2
(u+d i

+

d + u
+
q i
+
q + u

−

d i
−

d + u
−
q i
−
q )

Pc2 =
3
2
(u−d i

+

d + u
−
q i
+
q + u

+

d i
−

d + u
+
q i
−
q )

Ps2 =
3
2
(u−q i

+

d − u
−
q i
+
q − u

+
q i
−

d + u
+

d i
−
q )

Q0 =
3
2
(u+q i

+

d − u
+

d i
+
q + u

−
q i
−

d − u
−

d i
−
q )

Qc2 =
3
2
(u−q i

+

d − u
−

d i
+
q + u

+
q i
−

d − u
+

d i
−
q )

Qs2 =
3
2
(−u−d i

+

d − u
−
q i
+
q + u

+
q i
−

d + u
+
q i
−
q ).

(9)

When an asymmetrical grid fault occurs, the decoupled
dq-axis positive and negative sequence current components
are used as controlled objects to realize the LVRT. From the
mathematical relationship of (9), the control targets of VSG

to achieve LVRT control under grid fault can be generalized
into three types. The specific description of each type is given
as follows:

1) TO OUTPUT SYMMETRICAL THREE-PHASE CURRENT
The solution to balance the three-phase current is mainly
dependent on seeking a control strategy to eliminate the nega-
tive sequence component of current during the asymmetrical
grid fault. To suppress the negative sequence component,
we take i−d = i−q = 0 and do not attempt to eliminate the dou-
ble frequency fluctuation components Pc2, Ps2, Qc2 and Qs2
here. Setting P0 andQ0 to the given value, the reference value
of the positive and negative sequence current can be defined
as follows: 

i+d =
2
3

P0u
+

d + Q0u+q
(u+d )

2 + (u+q )2

i+q =
2
3

P0u+q − Q0u
+

d

(u+d )
2 + (u+q )2

i−d = 0
i−q = 0.

(10)

In target (1), the output current of the inverter is con-
trolled as the three-phase symmetrical current, but both the
active power and the reactive power contain double frequency
fluctuation.

2) TO OUTPUT CONSTANT REACTIVE POWER
To provide reactive power support for the grid, outputting
constant reactive power is indispensable for the system under
asymmetrical grid fault. To suppress the double frequency
fluctuation of reactive power, we take Qc2 = Qs2 = 0 and do
not seek to eliminate Pc2 and Ps2. Thus, the current reference
value should be as follows:

i+d =
2
3
(
P0u
+

d

D2
+
Q0u+q
D1

)

i+q =
2
3
(
P0u+q
D2
−
Q0u
+

d

D1
)

i−d =
2
3
(
P0u
−

d

D2
−
Q0u−q
D1

)

i−q =
2
3
(
P0u−q
D2
+
Q0u
−

d

D1
)

D1 = (u+d )
2
+ (u+q )

2
− (u−d )

2
− (u−q )

2

D2 = (u+d )
2
+ (u+q )

2
+ (u−d )

2
+ (u−q )

2.

(11)

In target (2), the inverter output does not contain the reac-
tive power of double frequency fluctuation, but contains the
active power of double frequency fluctuation and three-phase
asymmetrical current.

3) TO OUTPUT CONSTANT ACTIVE POWER
To suppress the active power of the double frequency fluctu-
ation under grid fault, we choose the same solution as that
used in target (2). We take Pc2 = Ps2 = 0, regardless
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of Qc2 and Qs2. The current reference value is described
as follows: 

i+d =
2
3
(
P0u
+

d

D1
+
Q0u+q
D2

)

i+q =
2
3
(
P0u+q
D1
−
Q0u
+

d

D2
)

i−d =
2
3
(−

P0u
−

d

D1
+
Q0u−q
D2

)

i−q =
2
3
(−

P0u−q
D1
−
Q0u
−

d

D2
).

(12)

In target (3), the inverter output does not contain the active
power of double frequency fluctuation but is involved in the
reactive power of double frequency fluctuation and three-
phase asymmetrical current.

IV. NEW CONTROL STRATEGY FOR LVRT
A. BASIC IDEA
According to the characteristics of the PR current controller,
we propose a LVRT control strategy that switches from the
VSG control mode to the PR current control mode when the
grid fails and then returns to VSG control mode after the fault.
The tentative control approach is shown in Fig. 6.

FIGURE 6. LVRT control schematic diagram of the VSG under grid fault.

FIGURE 7. VSG low-voltage ride-through control block diagram.

The schematic block diagram of the proposed VSG LVRT
control strategy is shown in Fig. 7. During normal operation,
switch S1 is closed, and switch S2 is turned off. At the same
time, the output of the PR current control mode must follow
the grid voltage to ensure that the output variable value of two
control algorithms is consistent. Once the grid fault occurs,
the control algorithm immediately switches to the PR current
control mode, with switch S2 closed and switch S1 open,
to limit the grid current and provide reactive power to the grid.
When the grid fault recovers, the control algorithm switches
to the VSG control mode, with switch S1 closed and switch
S2 open. The inverter system is continuously connected to the
grid throughout the grid fault to ensure that it smoothly rides
through the grid fault.

At the moment of switching from VSG control to PR
current control, both of their output variables are voltages.
However, the VSG control algorithm cannot track the grid

voltage when the grid fails, resulting in the inequality of the
variables and causing the controller output to vary during
switching. In addition, even a small voltage deviation can
lead to a large transient current shock because the VSG
output impedance is very small and can damage the net-
work or equipment. Thus, the specific control strategy should
be employed to realize the smooth switching and achieve an
excellent transient performance under grid fault.

B. MODE SWITCHING FROM NORMAL GRID-
CONNECTED OPERATION TO GRID FAULT OPERATION
To guarantee the smooth switching between two control
modes, two key factors should be considered. One is to
ensure the consistency with the output variable properties of
two control algorithms; in this paper, both of their output
variables are voltages that satisfy this condition. Another key
factor of the proposed LVRT control strategy is to ensure the
consistency of the output variable value under two control
algorithms.

Because the signals to the modulation module of the two
control algorithms are all voltages, the core of the switching
control is to search for the consistency of the two output
values during switching. The allowable switching difference
of the voltage amplitude, angular frequency and phase angle
are respectively set to 15 V, 1.6 rad/s and 2 × 10−9. The
double-loop structure can quickly adjust the output voltage
of the d , q-axis components to track the grid voltage vector.
However, the phase angle lags through the PR controller,
so the difficulty of switching control is ensuring the consis-
tency of the phase angle under two control algorithms.

Equation (13) describes the relevant voltages:{
u1 = U1 sin(ω1t + θ0)
u2 = U2 sin(ω2t + θi)

(13)

where u1 and u2 are the grid voltage vector and the output
voltage vector, respectively, of the PR controller. Because
U1 = U2 = U , the instantaneous difference between the
voltages is described as

u1 − u2 = U1 sin(ω1 + θ0)− U2 sin(ω2 + θi)

= 2U sin(
ω1 − ω2

2
+
θ0 − θi

2
)

× cos(
ω1 + ω2

2
+
θ0 + θi

2
). (14)

A large amount of impact current may be produced when
the voltages are not synchronized in the two control modes.
If the rotation speed of u2 is adjusted to make the two voltage
vectors u1 and u2 coincide with each other, then the voltage
synchronization and the smooth switching between the VSG
control mode and the PR current control mode is realized.
Thus, the feedback tracking synchronization strategy of the
phase angle is designed as follows,

To synchronize the phase angle of the grid voltage vector
and the output voltage vector of the PR controller, the phase
angle of the grid voltage vector θ0 obtained by the PLL
is used as the phase angle value tracked by the controller
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FIGURE 8. Feedback tracking synchronization diagram of the phase angle.

shown in Fig. 8. During the pre-synchronization of the phase
angle, the modulation wave signal U∗2 informs the selection
signal S3 to make differences between θ0 and θi, and the
phase angles are tracked through the PI regulator and negative
feedback. In addition, at the moment the grid fault occurs,
the phase angle of the PR controller is synchronized and
remains at the normal grid value, which meets the require-
ments of smooth switching, so the control algorithm can
directly switch from the VSG control mode to the PR current
control mode.

C. MODE SWITCHING FROM GRID FAULT OPERATION
TO NORMAL GRID-CONNECTED OPERATION
At the moment of grid fault recovery, a key question is deter-
mining how to switch back smoothly from the PR current
control mode to the VSG control mode. At that time, it is too
slow to use the VSG pre-synchronization control algorithm
again to track of the grid voltage. Thus, the system still
must operate in PR current control mode. Until grid fault
recoveries, system switches back to the VSG control mode
after few periods of delay.

D. ENTIRE CONTROL STRATEGY OF LVRT CONTROL
As shown in Fig. 9, when the grid operated in a normal state,
the system is running in theVSG controlmode, simulating the
advantage of SG. When the grid fails, the system is switched
to operate in the PR current control mode, suppressing the
impact current and providing the reactive power support.
The grid voltage is decoupled into U+d , U+q , U−d , and U−q
by DDSRF-PLL, and the reference current is obtained via
the mathematical relationship among current, power and
voltage.

The PR current control mode is also running during the
VSG control mode to enable the phase of output voltage
to track that of the inverter output voltage. When a grid
fault occurs, the system switches to the PR current control
immediately, which involves disconnecting switch S1 and
closing switch S2, to realize the LVRT. During the operating
process of the PR current control, the frequency and ampli-
tude of the output voltage in the VSG control mode are main-
tained. After the grid recovers to normal operation, the system
can be switched directly back to the VSG control mode after
a few seconds delay, which involves closing switch S1 and
disconnecting switch S2.

FIGURE 9. The entire control strategy of the LVRT system under grid fault.

TABLE 1. Specific simulation parameters.

V. SIMULATION ANALYSIS AND VERIFICATION
OF THE LVRT CONTROL STRATEGY
A. SIMULATION ANALYSIS OF THE VSG
The simulation model of the VSG under symmetrical grid
fault is established in Matlab/Simulink. The specific simula-
tion parameters are shown in Table 1, and the comprehensive
simulation results are given below.
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FIGURE 10. Simulation results of the VSG control strategy under
symmetrical grid voltage fault.

As shown in Fig. 10, the grid voltage drops to 0.5pu at 2.2 s
within 0.625 s, and the system runs in the VSG control mode.
It can be seen that there is almost 250 A of impact current,
both at 2.2 s and 2.825 s. During the grid fault, the active
power and the reactive power fluctuate greatly in the case of
a 50% grid voltage drop. It is predicted that the fluctuation
range is more serious under a deeper drop. Thus, adopting
the VSG algorithm alone is unable to realize LVRT.

FIGURE 11. Simulation results of the LVRT control strategy under
symmetrical grid voltage fault.

B. SIMULATION VERIFICATION OF LVRT
As shown in Fig. 11, the grid voltage drops to 0.5pu at 2.2 s
within 0.625 s. The system is simulated both in the VSG
control mode and the switching control mode with and with-
out a feedback tracking synchronization strategy of the phase
angle.

Comparing the simulation results under the two control
strategies, the fault current under the VSG control strategy is
almost five times that under the LVRT control strategy and the
active power and the reactive power under the VSG control

strategy fluctuate more greatly when the grid fault occurs and
recovers. Using the LVRT control strategy proposed in this
paper, it can be seen from the simulation results that there is
an obvious current impact at 2.2 s without feedback tracking.
However, there is symmetrical current without impact when
a feedback tracking synchronization module is employed.
Moreover, the active and reactive powers are stable during the
grid fault. After the VSG algorithm is switched back at 3 s,
the current and the power both exhibit a slight oscillation,
but the system is stable during the whole LVRT process. The
simulation results guarantee the correctness and effective-
ness of the LVRT control strategy and the feedback tracking
synchronization strategy of the phase angle proposed in this
paper.

C. SIMULATION VERIFICATION OF
ASYMMETRICAL GRID FAULT
For the three control targets described above, the same sim-
ulation environment is selected to verify the control effect
under asymmetrical grid fault. At 2.2 s, phase A drops
to 0.5pu, and phases B and C drop to 0.8pu within 0.625 s.

FIGURE 12. Simulation results with the target of symmetrical three-phase
current under asymmetrical grid voltage fault.

The simulation results with the control target of out-
putting a symmetrical current are shown in Fig. 12. The
current is symmetrical without impact at 2.2 s. However, the
active power and the reactive power exhibit double frequency
fluctuation, in agreement with the theoretical analysis. When
the VSG algorithm is switched back at 3 s, the current and
output power have a slight oscillation; however, there is no
effect for the system to realize LVRT.

The simulation results with the control target of outputting
stable active power are shown in Fig. 13. It can be seen that
there is also no impact current at the initial stage of grid
fault. During the fault, the active power is stable. However,
the current contains the negative sequence component, and
the reactive power exhibits double frequency fluctuation,
in agreement with the theoretical analysis. After the fault,
the VSG algorithm is switched back at 3 s, and the current
and the power exhibit a slight oscillation that is the same as
that of the previous case.

The simulation results with the control target of stable
reactive power are shown in Fig. 14. During the fault,
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FIGURE 13. Simulation results with the target of stable active power
under asymmetrical grid voltage fault.

FIGURE 14. Simulation results with the target of stable reactive power
under asymmetrical grid voltage fault.

the reactive power is stable. However, the current contains
the negative sequence component without impact, and the
output active power exhibits double frequency fluctuation,
in agreement with the theoretical analysis. After the VSG
algorithm is switched back at 3 s, the current and the power
still exhibit a slight oscillation.

VI. CONCLUSION
In this paper, a LVRT control strategy of grid-connected
inverter based on the VSG algorithm was proposed; the
strategy is realized by the smooth switching between the PR
current controller algorithm and the VSG control algorithm
under grid fault. At the time of grid fault, the PR current
control algorithm is used to limit the grid current and provides
reactive power to the grid. A feedback tracking synchro-
nization strategy of phase angle is employed to improve the
transient performance during the switching process while
reducing the complexity of switching control after grid fault
recoveries. The detailed and complete simulation verification
not only proves the effectiveness of the LVRT control strategy
but also completely validates the operation performance with
different control targets under asymmetrical voltage drop.
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