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Maritime island grids based on renewable energy are being rapidly developed, which
poses a new challenge to the traditional pre-synchronization process of grid connection.
Aiming at the problems of impulse current out of limit and long steady-state regulation
time, a novel pre-synchronization control method is provided based on open-loop phase
detection, which is realized by replacing the frequency detection method of the difference
judgment part. The open-loop detection model of voltage phase and amplitude based on
the synchronous rotating coordinate system is established first. Then the voltage phase is
linearized to control the output frequency and finally reduces the voltage deviation through
the compensation of virtual power to achieve the effect of a smooth grid connection.
The novel pre-synchronization method has a fast response speed and no regulator
effect, which can synchronize the actual values of output voltage amplitude, phase, and
frequency. Simulation results verify the excellent performance of the proposed method in
island stable operation and grid connection under disturbance.

Keywords: VSC-HVDC, pre-synchronization, open-loop phase detection, PLL, open-loop, phase detection

1 INTRODUCTION

Voltage source converter-based high voltage direct current (VSC-HVDC) systems have experienced
an increasing application in the grid connection of offshore wind farms, as a power transmission
carrier and control center (Barnes et al., 2017; Alghamdi and Canizares, 2021; Xiong et al., 2021a).
VSC-HVDC can supply power to an island utilizing active control and reactive power independently
at the grid side. The sag control can isolate the adverse effects of wind power, and the pre-
synchronous control can optimize the effect of grid connection and reduce the impact of grid
connection. However, when the voltage and frequency of the wind farm side fluctuates greatly, the
rapidity and stability of the control algorithm will be very crucial. Therefore, it is of great significance
to quickly control the converter’s active and reactive power for improving the dynamic performance
of the system under disturbances.

Because the voltage, frequency, and phase are directly related to the converter’s active and reactive
power, the essence of the control is to improve the speed and sensitivity of the pre-synchronization
of voltage, frequency, and phase. Phase-locked loop (Blaabjerg et al., 2006) is a common method for
phase and amplitude detection dynamically. The single synchronous reference frame phase-locked
loop (SSRF-SPLL) (Ademi and Milutin, 2014) adopts a d-q frame transform and PI controller,
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which is the most widespread three-phase PLL technology in the
VSC-HVDC system. It is a closed-loop control containing two
integrals, which has a suppression effect on disturbance. But it is
difficult to respond in real-time and achieve phase lock in the case
of grid voltage imbalance.

At present, in order to improve the speed of phase detection,
the methods of improving the control performance of PLL
are mainly divided into structure development and algorithm
improvement. For structure development, the phase output
direction is proposed by increasing the control of the direct
axis voltage and eliminating the integral link (Yuan et al., 2010).
The input voltage is controlled before the phase lock for
improving the rapidity of the phase lock (Ama etal, 2014).
For algorithm improvement, the phase Angle error is analyzed
based on the small signal model at the steady-state operating
point of the system, obtaining the closed-loop transfer function,
and improving the adaptability of the phase-locked loop
in the abnormal power grid environment (Zhang et al., 2020;
Mondal et al., 2021).

The phase tracking time of these improved methods are
obviously shortened. But the above methods are still based on
closed-loop feedback, which requires parameter testing time,
and the phase difference between the output voltage of the
PLL and the actual voltage cannot suddenly become zero. For
these shortcomings, open-loop detection methods are studied
to speed up dynamic response time, such as zero-crossing
detection (Vainio and Ovaska, 1995), the wavelet transform
method (Freijedo et al., 2007), weighted least squares estimation
(Wu et al.,, 2017), and predictive digital filters (Zhen et al., 2017).
But these open-loop detection methods are mostly designed
for certain grid conditions and cannot cope with multiple grid
distortions simultaneously. For the active power filter, a moving
average filter and a heterodyne algorithm were used to obtain
the phase of the distorted voltage (Xiong et al., 2022). An open-
loop method in a strong power grid is proposed to quickly
obtain the positive, negative, and zero sequence components
based on the symmetrical component method, which was
characterized by fast and accurate acquisition (Liancheng et al.,
2021).

Meanwhile, the voltage-oriented control (VOC) on the
rectifier and pre-synchronous control on the inverter based
on open-loop detection has been studied. For the VOC, since
the detection speed of the grid voltage phase directly affects
the generation of the trigger pulse, it is very beneficial to
improve the performance of the rectifier by increasing the
capture speed of the voltage phase. For the pre-synchronous
control, virtual orthogonal signals and outputted phase and
frequency of output voltage are constructed based on an open-
loop (Xiong et al., 2021b; Xiu et al., 2021). However, this method
was applicable to single-phase phase capture and had not been
verified in the maritime VSC-HVDC system (Hintz et al., 2016).
directly processed the direct axis component of the voltage
and obtained its rotation angular frequency by open-loop.
This method abandoned the complex parameters, but cannot
accurately obtain positive and negative sequence voltages in
microgrids with large frequency fluctuations.

This paper presents a detection method based on an open-
loop for the instantaneous detection voltage phase. The method
makes the synchronous rotation coordinate system and the
actual voltage vector move at a fixed angular frequency (usually
the grid standard frequency). It can detect the voltage phase
in real-time only by obtaining the initial phase difference
without the real-time frequency of the voltage. On this basis,
a novel pre-synchronization control method is provided, which
is realized by modeling the phase difference between the
voltage vector and after synchronous rotation and generating
the actual frequency by linearizing the obtained phase. The
algorithm has a fast response speed because it is not affected
by the dynamic process of the regulator. Thus, it can effectively
improve the frequency and phase tracking performance and
reduce the risk of a grid connection failure in a harsh
environment.

The rest of this paper is organized as follows. Section 2
analyzes the structure and control algorithm of the maritime
VSC-HVDC system, Section 3 studies the performance of pre-
synchronization control. Section 4 verifies the effectiveness of the
novel pre-synchronization method. Finally, conclusion are drawn
in Section 5.

2 STRUCTURE AND CONTROL
ALGORITHM OF THE MARITIME
VSC-HVDC SYSTEM

The structural model of the maritime VSC-HVDC system
is shown in Figurel, including a bulk power grid, island
grid, rectifier (VSC1), inverter (VSC2), control strategy, and
power lines. The power grid voltage is stably transmitted to
the inverter through the rectifier, and the inverter has strong
networking ability, the ability to absorb corresponding active
power and reactive power according to the internal load and
stability requirements, to provide power support for the island
grid.

2.1 VOC Control Algorithm

In Figure 1, e, and i, are, respectively, the ac grid voltage
and the ac grid current. v, is the voltage of the dc side of the
rectifier, and i, is the dc side current. v, and i, are, respectively,
the output voltage and current of the inverter. v, and i, are,
respectively, the voltage and current of the island grid. Z, and Z;
are the equivalent impedance of the line.

The rectifier adopts a VOC control strategy to maintain
the stability of v, and transmission power by absorbing active
and reactive power. vy..., Qs are, respectively, the reference
value of v, and the reference value of the rectifier reactive
power. w, is the angular frequency of grid voltage, and U,
Uy is the modulation signal that controls the switching off of
VSCL.

The VOC realizes the active and reactive power control via
orienting the rotating coordinate systemand the voltage vector,
and the vector graph based on grid voltage orientation is shown
in Figure 2A. Let ey = |E,|, e,, = 0, the output power of the grid
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FIGURE 2 | The vector graph: (A) voltage orientation control; (B) phase-locked
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after the rectifier can be obtained

3 . : i J
Ps = 5 (esdlsd + esqlsq) = 5|E5|lsd

3. N_3;. W
Qs = E (esdlsq - esqlsd) = E|E5|Isq

here P, is the active power, and Q is the reactive power. If the grid

voltage is fixed, the loss of VSCI is ignored, and the values of E;

and i, .remain unchanged, and Eq. 1 can be simplified to:
300 .

Ps = ElEshsd = 13cVdc (2)

Because iy, and v, are coupled, v, can be controlled through
controlling i, and the control of P, can be realized. Therefore,
the detection speed of the grid voltage phase directly affects the
generation of the trigger pulse, thereby affecting the switching
time of the rectifier.

The droop control of the inverter in the grid-connected
process will produce a large current shock and power overshoot.
In order to eliminate this effect, the pre-synchronization control
is carried out before the grid-connected, so that the voltage
amplitude difference, phase difference and frequency difference
on both sides of the grid-connected switch are in a small range to

close the grid-connected switch. The response speed of the pre-
synchronization module is mainly determined by the detection
method of voltage amplitude and phase frequency, and the
commonly used detection method is a phase-locked loop. The
phase-locked loop (PLL) can track and lock the phase of the AC
signal in real-time, and provide phase, amplitude, and frequency
information, which is widely used in converter control. The
realization process of PLL is shown in Figure 2B. e, ~ is the
output voltage vector of PLL, and ¢,* is the phase angle of the
voltage output by the phase-locked loop. In normal operation, the
rotation speed of the actual coordinate system and the tracking
control coordinate system is inconsistent, and there is a phase
angle tracking error. When ¢,* = ¢, the correct phase lock of e ;..
is completed. Therefore, the control process of the PLL is a closed-
loop control, which uses the output value as a feedback signal to
repeatedly adjust the ¢,* to complete the phase lock.

2.2 Droop Control Algorithm

The inverter adopts droop control to complete the orderly
distribution of power and realize the coordinated action between
the island grid and the inverter side in the dynamic process. Q
and P are the active power and reactive power of the inverter
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FIGURE 3 | (A) Virtual Power transmission path; (B) The concrete realization process of pre-synchronization.
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FIGURE 4 | Schematic diagram of open-loop phase detection.

respectively. U, P, and Q, are voltage, active power and
reactive power reference values in droop control respectively.
Aw and AU are the pre-synchronous compensating angular
frequency and compensating voltage respectively. 8* and U™ are
the phase and voltage generated by droop control respectively.
U, is the modulation signals that control the switching off of
the inverter.

The droop control simulates the frequency and voltage
regulation characteristics of the generator from the external
characteristics, giving the inverter end a certain networking
ability and an orderly response to the load fluctuations of the
inverter end and the power demand of the island grid, avoiding
complicated communication. Its characteristic equation for:

{f*:fref_kP(P_Pﬂ’f) (3)
U" = Uy —ky(Q- Q)
here, k, is the active power droop coefficient, and k_ is the reactive

power droop coefficient. It can be seen that k, and k, determine
the primary frequency regulation and primary voltage regulation
capabilities of the inverter side. If the inverter side voltage is not
synchronized with the island voltage before grid connection, the
grid connection process will have the characteristics of a large
impact on the grid and long transition time, which will seriously
damage the rapidity and reliability of the VSC-HVDC system.
Therefore, it is necessary to perform pre-synchronization control
on the voltage before grid connection, which can weaken the
inrush current in advance, reduce the risk of system components

being damaged, and effectively increase the grid connection
speed.

Pre-synchronization control is the secondary frequency
modulation and voltage regulation of the power system. When
the grid connection starts, the pre-synchronization control will
gradually reduce the deviation of voltage amplitude, phase, and
frequency between the inverter terminal and the island grid until
it reaches the grid-connected allowable value. Then close the
PCC switch to achieve a smooth grid connection, and stop the
pre-synchronization.

Assuming that there exists virtual impedance between the
inverter and the island grid, the power transmission path at the
PCC is shown in Figure 3A. The virtual complex power can be
expressed as:

v, 60— ngO"
Z,.0,

Spec = V207 x 4)
where Z, is the virtual impedance (mainly the equivalent
impedance of the island grid), and 6, is the virtual impedance
Angle. If the virtual impedance is pure inductive impedance, that
is Z,, = X,,£90°, then the virtual active power and virtual reactive
power are respectively:
2 .
Vv,cos -0, - vgcose ~ vvgsmG

v Xv (5)
v sin (6 —6,) + visinf, vy cosf —v;
AQ=- -
ZV 'XV

In order to dynamically compensate for the voltage amplitude
and frequency deviation at both ends of the PCC, the PLL-based
pre-synchronization method has been designed. It performs a
PI adjustment on virtual active and virtual reactive power to
obtain angular frequency and voltage deviation signals, which
are respectively superimposed on the active and reactive power
links in the droop control. And the PLL is used to detect whether
the deviation meets the grid-connected conditions. The concrete
realization process of the PLL-based pre-synchronization is
shown in Figure 3B.

The PLL-based pre-synchronization control makes the
synchronous rotating coordinate systems to lock the voltage
vector, and takes the frequency as the feedback quantity. Then
through PI closed-loop control, the angle between the coordinate
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FIGURE 6 | The detection results in steady state environment.

system and the voltage vector is continuously reduced until the
quadrature axis component of the voltage vector is zero. Finally,
the phase, voltage amplitude, and frequency are obtained.

3 A NOVEL PRE-SYNCHRONIZATION
CONTROL BASED ON OPEN-LOOP
PHASE DETECTION

3.1 Open-Loop Phase Detection
Based on the structural analysis of the phase-locked loop, it
can be seen that the dynamic performance of the closed-loop

phase-locked mainly depends on PI control. In the abnormal
power grid environment, PI can only gradually adjust the
phase output value, and the speed of phase detection is
limited. Therefore, this paper proposes an open-loop detection
phase technology: the traditional phase comparison method is
converted into a method of superimposing the rotation angular
velocity and the initial phase so that the rotation angular
frequency of the synchronous rotating coordinate system is
consistent with the angular frequency of the three-phase voltage.
Obtain the initial phase difference between the two to accurately
measure the phase. The schematic diagram of open-loop phase
detection is shown in Figure 4.
Suppose the three-phase grid voltage e, is:

€ = Essin(w;t +6,) = E, sin(wyt + (w0, — wy)t +6,)  (6)
where 6, is the initial phase of the grid voltage, and w, is the

voltage synchronous angular frequency, with w, = 1007. After
Park transformation of voltage, obtain e ;" and e,,".

esd* :Es cos [(ws_w())t-'-es )] (7)
esq* = E: sin [(ws - w()) t+ 95 )]
After dividing:
Ca _ L
esq* tan [(ws - wO) t+ 65]
om0 mmemn(e o)

Then the amplitude and phase of grid voltage:

{ £ = Vlew )+ (o) ©

¢, = wyt +arctan (esq*/esd*) +0,,

where the value of 6,, is related to the quadrant of the rotating
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coordinate system:

0,e;>0,e,>0
m,e; <0
2m,e;>0,e, <0

(10)

It can be seen that the voltage phase and amplitude can
be detected instantaneously according to Eqs8, 9, and the
output phase component and amplitude component are not
coupled, which can quickly detect and adapt to abnormal grid
environment changes.

3.2 A Novel Pre-Synchronization Control
Method

The PLL-based pre-synchronization control adopts closed-
loop control, which affects the speed of difference judgment in
the pre-synchronization process and increases the instability

time of the island grid. Thus, a novel pre-synchronization
method is proposed, which is to change the detection method
of the difference judgment part and replace the closed-
loop detection with open-loop detection. Based on the
mathematical model of the three-phase grid voltage e, ., the
voltage and phase of the inverter output voltage v, . can be

obtained.
U=\(va) + (vy)’

Ve = Usin[(w-w,)t+w,t+ 6] = {
0=w,t+ arctan(vq/vd) + 0y

where w is the angular frequency of the grid voltage, and 6,
is the initial phase of the grid voltage, and w, is the voltage
synchronous angular frequency, with w, = 1007. Calculate the
difference between the actual phase of the voltage and the rated
phase, and obtain the frequency difference through PI control.
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The relationship between the phase difference and the frequency
difference is:

AO=0-0, = JAwdt = 2nJAfdt= Aft+L (12)

where A = 27n, it is the continuous change adjustment to achieve
PI control. The discrete sampling process has errors and cannot
be accurate to 100%. If the phase difference between the current
moment and the previous time exceeds 0.99% of a cycle, the
current phase difference increases by 27, and the changes are
shown in Figure 5A . As time changes, a continuously increasing
phase difference curve can be obtained.

The angular frequency can be obtained by PI adjustment
of the phase difference, and the novel pre-synchronization
control based on open-looped frequency detection is shown in
Figure 5B. In Figure 5B, A0™, Aw™, Af* are the feedback values
of phase difference, angular frequency difference and frequency
difference, respectively. When Af= A6, the output angular
frequency difference and the feedback value of the frequency
difference are the actual difference.

4 SIMULATION VERIFICATION

In order to verify the effectiveness of the novel pre-
synchronization method, this paper builds a VSC-HVDC system
in Matlab/Simulink, verifying the control effect of open-loop
phase detection in the case of sudden changes in the voltage
amplitude and phase changes of the grid, and analyzing the

actual effects of the novel pre-synchronization control method.
Related parameter settings of the VSC-HVDC system are shown
in Table 1.

4.1 Validation of Open-Loop Phase

Detection

The output voltage of the power grid is maintained at 380V,
the initial phase is 0°, and the total simulation duration is 0.3 s.
Figure 6 shows the actual effect of using the open-loop phase
detection technology when the power grid voltage is stable. In
the figure, the open-loop phase detection technology can achieve
accurate measurement of voltage phase and amplitude at the
initial moment of system operation. And the integral of the
absolute error (IAE) of the DC voltage is always maintained
within a stable value. Generally IJAE<10% indicates that the
simulation effect is very good, and the simulation results
show that the open-loop phase detection technology has high-
precision performance.

By comparing with the PLL algorithm, the superiority of the
open-loop phase detection method is verified under the sudden
change of voltage amplitude and the sudden change of phase.
Figure 7A shows the results of relevant parameters after the
sudden change of the grid voltage amplitude. The total simulation
time is 0.8 s. The voltage drops 0.2 p.u. at 0.2 s and increases by
0.4 p.u. at 0.6 s. When the voltage amplitude changes suddenly,
the open-loop phase detection method can immediately sense the
amplitude change and output 0.8 p.u. However, the PLL has a time
delay, and the phase output changes according to the downward
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trend of the linear function. Since the sudden change in voltage
amplitude does not affect the phase detection result, the IAE
curve of the open-loop phase detection and PLL is the same, and
the maximum value of the IAE value at the sudden amplitude
change is 2.5%, which is less than 10%. It shows that the error
between the DC voltage and the reference value is very small, and
the detection results of the two methods are basically the same
when the voltage amplitude changes suddenly.

Figure 7B shows the results of related parameters after the
power grid phase mutation. The total simulation time is 0.7 s, the
grid voltage initial phase is 0°, the phase mutation changes to 50°
at 0.3 s, and the phase mutation changes to 0° at 0.5 s. It can be
seen from the figure that the measured phase of the open-loop
phase detection changes synchronously with the actual phase,
and its voltage amplitude is almost unchanged. However, the
measured phase of the PLL gradually tracks the actual output
phase within 0.16 s, and the amplitude also needs time delay to
stabilize. In addition, at 0.3 and 0.5 s, the maximum IAE value
of the DC voltage under the open-loop phase detection method
is 2%, the IAE curve has no fluctuations, while the phase-locked
loop is 20.6%, and the IAE curve fluctuation duration is 0.16s.
Obviously, the control effect of the open-loop phase detection
method is better than that of the phase-locked loop.

4.2 Verification of Novel

Pre-Synchronization Method
In order to verify the role of pre-synchronization in the grid
connection process, Figure 8 shows the comparison result with
or without pre-synchronization. The total simulation time is 1.8 s.
Pre-synchronization is turned on at t = 0.3 s. The dashed line
is the current change without pre-synchronization. In Figure 8,
the impulse current and power oscillation spikes without pre-
synchronization are too large. For example, the active power
spike has reached 40% of its reference value, which seriously
affects the life of power devices and power quality. When pre-
synchronization existed, the current of the inverter terminal and
the island grid gradually increases, there is no inrush current
and power spikes and the power is output smoothly. In addition,
the total time from pre-synchronized grid connection to stable
operation is 200 ms, which shorter than that of a direct grid
connection. The above results prove that the use of a novel pre-
synchronization method can improve the grid connection quality
of isolated power grids and improve the safety of the flexible and
straightforward system of isolated power grids.

To further verify the novel pre-synchronization method, it is
compared with the PLL-based pre-synchronization method. The
result is shown in Figure 9, where the initial frequency of the
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