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Abstract: The challenge of achieving a reliable and safe synchronization process for microgrids under
weak communication conditions is a significant issue in distributed grid-connected energy storage.
This is also the core motivation of this study. First, the concept of weak communication is introduced,
and weak communication conditions are simulated by limiting the number of communications. Addi-
tionally, a fast synchronization method based on the frequency difference at the grid connection point
is proposed, which allows for the rapid synchronization of converters under weak communication
conditions. This method also includes an analysis of the range for key parameters, providing practical
and feasible guidance for its real-world application. Finally, the validity of the theory is verified
through PSCAD/EMTDC simulations and physical experiments.
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1. Introduction

To accelerate the transformation of the energy structure, the penetration of renewable
energy sources, represented by photovoltaics and wind power, into the power grid has
rapidly increased [1-3]. Grid-forming control, which uses self-excited angle control, serves
as a crucial interface between renewable energy sources and the power grid [4,5]. It plays
a significant role in the stable operation of microgrid systems [6] and has been widely
studied and applied, such as through the use of virtual synchronous generators (VSGs)
that can simulate synchronous generators [7-9]. When grid-forming control needs to be
integrated into the main grid, a pre-synchronization process is often required [10]. Under
weak communication conditions, the system’s synchronization and grid connection process
can be affected, making it difficult for the system to quickly adjust its frequency and phase
angle. This impacts the reliability of the grid connection, leading to synchronization failures
and preventing the system from switching to grid-connected operation, which may even
affect the stable operation of the system. Therefore, improving the synchronization speed
and ensuring a safe and reliable grid connection under weak communication conditions is
of great importance, which is the primary motivation of this paper.

The large-scale integration of distributed energy resources can easily lead to issues
such as voltage limits being exceeded in the grid [11]. Therefore, when energy storage
systems based on grid-forming control need to be connected to the grid, synchronization
is required to eliminate inrush currents caused by potential deviations in the voltage
amplitude and initial phase. This ensures that the phase and amplitude of the system’s
output voltage are synchronized with the grid voltage before switching [12,13].

For synchronization in energy storage systems using networked control, the author
of [14] designed a synchronization method without a phase-locked loop (PLL), which
reduced the inrush current during the grid connection of VSGs, achieving a smooth no-load
grid connection in the VSGs. However, this method is not suitable for VSGs under load
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conditions and also requires relatively good communication conditions. The author of [15]
designed a new phase angle input variable and proposed a smooth synchronization method
for VSGs based on this variable. However, this method changes the control structure of
VSGs, causing them to lose frequency support capability and the advantages of networked
control. In [16], the author converted the phase angle into virtual power and proposed
a synchronization method based on virtual power, achieving smooth grid connection in
the energy storage system. However, this method increases the synchronization time and
requires a more complex algorithm, making it difficult to implement in practical engineer-
ing. For synchronization methods under weak communication conditions, in [17], the
author proposed a microgrid synchronization control strategy, achieving smooth switching
between the microgrid and the grid without communication. However, this method is only
applicable to a specific inverter control strategy, making it difficult to generalize. Refer-
ence [18] proposes a control strategy for systems equipped with battery energy storage
and photovoltaics that achieves a smooth transition between the grid-connected mode and
islanding mode by combining current control with voltage control. However, this method
may cause an excitation surge and distorted voltage during switching, and it cannot be
used under weak communication conditions. In [19], an author proposes a sensorless
capacitance current control strategy based on observers. In the grid-connected mode, the
outer loop of the grid connection is combined with droop control to form a composite
control structure conducive to mode switching. However, the reference value of the ca-
pacitor voltage depends on islanding detection, which may compromise power quality.
Moreover, this overly complex structure is not conducive to stable and smooth system-wide
switching, and it also relies on certain communication conditions. Due to the complexity of
the structure and algorithm, its practicality and economy in actual engineering are poor.
The main contributions of this paper are summarized as follows:

e A fast synchronization method was proposed that increases the frequency difference
between the grid connection points. Weak communication conditions were simulated
by limiting the number of communications between the MGCC and VSCs. The
effectiveness of the proposed method under weak communication conditions was
validated through PSCAD/EMTDC simulations and physical experiments.

e  The parameter selection method for the proposed approach was detailed, including
the range of values. This provides practical and feasible guidance for the real-world
application of the method.

2. Typical Networked Voltage Source Converter (VSC)

In this context, WG refers to a weak grid, typically represented by the short-circuit ratio
(SCR) [20]. The definition of a weak grid is similar to that in references [21,22], where a short-
circuit ratio of 0-10 is considered weak. In both the simulation and physical experiments
presented in this paper, the SCRis set to 2. A typical WG-VSC system is depicted in Figure 1.
In the diagram, L¢, C¢, R¢, and Lg represent the LCL filter inductance, filter capacitance, filter
inductance on the grid side only, and the grid impedance, respectively. Vj,, denotes the
converter terminal output voltage; PCC stands for the point-of-common-coupling control
switch, controlled by the microgrid central controller (MGCC); and uysg and iysg are the
voltage and output current at the VSG grid connection point, respectively. Qef and Qysg
represent the reactive power reference value and actual output value of the energy storage
inverter, with kq as the reactive power droop coefficient, U as the rated voltage value,
Ucom as the compensation voltage issued by the MGCC, and U, as the voltage magnitude
reference value inputted to the dual-loop control. P.f and Pysg denote the active power
reference value and actual output value of the energy storage inverter, respectively. wcom is
the phase angle compensation value issued by the MGCC, wy is the rated angular frequency
value, wysg is the self-excitation generation angular frequency reference value, and 6ysg is
the angular frequency reference value inputted to the dual-loop control.



Energies 2024, 17, 5639

30f15

(6]

0,
0
Oyso (Dys o
Voltage s = 'ei

and

C t
Conratere—Ut () €
w
UO QCQnL VSGJ

Figure 1. Typical WG-VSC system.

The relationship between the output frequency and active power output of the energy
storage inverter using VSG technology in Figure 1 can be described as follows:

Wysg = Wo + Weom + (Pret — Pysg)/(2Hysgs + Dysg) 1)

where Hysg and Dysg represent the virtual inertia parameter and virtual droop parameter,
respectively, in the virtual synchronous control.

Uret = Up + Ucom + kq(Qref - stg) )

where kq represents the reactive power droop parameter. When an energy storage inverter
using networked control needs to be integrated into an existing power grid, the MGCC
simultaneously measures the voltages on both sides of the PCC grid connection switch and
calculates the corresponding phase angle through the phase-locked loop. It then generates
compensation values through the respective controllers. Once the voltage magnitudes and
phase angles on both sides of the grid connection point meet the preset values, the PCC
grid connection switch can be closed to integrate the entire system into the grid.

3. Fast Synchronization Grid Connection Method

In this section, we propose a fast synchronization and grid connection strategy based
on actively increasing the frequency difference on both sides of the grid connection point.
This strategy enables a fast grid connection speed under weak communication conditions,
ensuring the safe and reliable grid connection of the overall system. Building upon this, we
provide the principles and ranges for selecting relevant control parameters.

3.1. Fast Synchronization Strategy

Due to the asynchrony between voltage magnitudes and initial phase angles, a syn-
chronization process is often necessary during the integration of energy storage microgrids
into the grid, aimed at eliminating the occurrence of inrush currents. However, in practical
applications, weak communication conditions such as significant communication delays,
limited communication bandwidth, device loss, or communication failure may adversely
affect synchronization effectiveness. This may render active synchronization strategies dis-
advantageous for system stability, especially in microgrids composed of multiple converter
units, when coordinated control is applied for grid integration. Furthermore, frequent
adjustments in voltage magnitudes and phase angles in microgrids constructed with power
electronic devices might affect the electrical equipment within the system. Therefore, in
such specific scenarios, passive synchronization methods may be preferable. Typically, in
networked control, secondary control compensates for voltage and frequency deviations
induced by droop control [12], resulting in minimal differences in voltage and phase angles
at the grid connection point. Consequently, relying on frequency differences to passively
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wait for the voltage at the grid connection point to meet grid requirements [23] may result
in excessively long and uncertain synchronization times. Hence, we propose a simple
fast synchronization method. This method detects the voltage and frequency at both ends
and selectively compensates for the microgrid voltage under specific conditions. If the
frequency difference at both ends is small, it actively adjusts the microgrid frequency to
increase the frequency difference, facilitating a fast realignment of voltages at both ends.
This synchronization method imposes minimal requirements on system communication
conditions and allows frequency and voltage adjustments at a lower frequency, thereby
reducing the impact on electrical devices within the microgrid system. The switch automat-
ically closes when the voltages at both ends of the grid connection point meet the preset
values, enabling synchronous grid integration. A schematic of the synchronization process
is illustrated in the following diagram.

In the Figure 2, Uy, Mg, and fvg, respectively, represent the voltage magnitude,
phase angle, and frequency on the microgrid side, while Ug, 6g, and fg represent the
voltage magnitude, phase angle, and frequency on the grid side. The method detects
voltage and frequency at both ends. fpresets is the preset frequency difference value, and
kp_u_com and ki_y_com are the control parameters of the voltage compensation algorithm.
Ucom is the compensation value obtained by calculating the voltage magnitude difference
on both sides and applying the compensation algorithm. It can be implemented through
different controllers. In this paper, a PI algorithm is adopted, as shown in Equation (3).

Ucom = kp_u_com(uG - uMG) + (UG - uMG)ki_u_com/ S

fcom :fG _fMG _fpreset (3)

Wysg = 27Tf com
Measure voltage amplitude and
frequency parameters on both
sides of the grid connection point.
» &

| Umc-Ug|<Ugy
&| OG- O6|< Bne
?

| Umg-Uq|<Ugy
&| OG- 06|<Gn:
?

Collect and calculate voltage
compensation value Ucom

N Collect and calculate voltage
compensation value foom

'

Send compensation values feom The system enters grid-
and Ugom connected mode.
I

Send close switch command

Figure 2. Flowchart of fast synchronization method.

The calculation method for the frequency compensation value at this time is as shown
in the following Algorithm 1:
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Algorithm 1: Calculate the voltage compensation value, Ucom, and the phase angle compensation
value, fcom

Input: Grid-side voltage frequency fg; inverter-side voltage frequency Ug; grid-side voltage
amplitude Ug; inverter-side voltage amplitude Upg; preset frequency deviation fpresets;
successful grid connection voltage threshold Uy,,; successful grid connection phase angle
threshold Oy,;
Initialization: fGg = 0, fmg = 0; Ug = 0, Unig = 0; fpreset = 0.3;
Calculation: (1) Obtain variables fg, fmg, Ug, and Uyig through the phase-locked loop (PLL) of
the MGCC;
(2) Calculate the voltage compensation value using Equation (3) and perform voltage
compensation.
(3) Calculate the synchronous compensation:
if |fG _fMG | <fpreset
Calculate the frequency compensation value using Equation (3), and perform frequency
compensation.
else
Directly perform synchronous condition assessment.
(4) Synchronous condition assessment:
if (160G — Onvg | <Ogr) and (1Ug — Unmg I < Ugnr))
Close the grid connection switch and reset the synchronous control variables;
else
Reperform step (1);
end
Output: Voltage compensation quantity, Ucom; phase angle compensation quantity, fcom-

In practical scenarios, voltage amplitude adjustment can be achieved not necessarily
through this method but by directly regulating the power source at the microgrid side,
such as through adjusting the rated voltage of the inverter using grid-forming control.
In actual adjustment processes, since phase angle adjustment requires higher frequency
and precision, it often consumes more communication resources. In this method, if the
actual communication conditions are poor, only one frequency compensation value can
be sent, increasing the frequency difference between the microgrid side and the grid
side to the preset value. Therefore, the fast method proposed in this paper does not
require excessive communication resources and has minimal impact on the system from
communication delays.

3.2. Principles for Selecting Parameters in Fast Synchronization Algorithms

In this paper, there are two main control parameters involved: one is the active
frequency deviation, and the other is the grid-connecting frequency threshold during grid
connection. Below, a conservative selection method will be proposed.

The default assumption is that the grid-side frequency at the point of connection is
higher than the microgrid-side frequency. The principle of this value selection method
is to use a fast synchronization algorithm to maintain the preset frequency difference
between the grid side and the microgrid side while ensuring that the phase angle difference
remains below the threshold value during the preset waiting time, t;t, thus meeting the
grid connection requirements.

The specific principle is illustrated in Figure 3. In the figure, wpresests represents the
preset frequency difference. uyg1 and ug; are the microgrid-side voltage and grid-side
voltage that meet the grid connection requirements, respectively, while Upg, and Ug; are
the microgrid-side voltage and grid-side voltage after the waiting time, fget.
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Figure 3. Parameter selection principle diagram.

At time #;, the phase angle difference, 61, between the two sides of the connection
point is as shown in Equation (4). At this moment, 6yig1 and 6g; are the grid phase angle
and microgrid phase angle that meet the threshold, respectively, as shown by the black
dashed line. After time tst, at time #;, the phase angle difference becomes 65, as shown in
Equation (4). At this time, 0, and Oyi; are the grid phase angle and microgrid phase angle
at time t,. To meet the grid connection requirements, 6, should be less than y,.. Therefore,
the corresponding value range can be calculated based on the relationship between the
phase angle and frequency. Note that the phase angle values in the figure are only to
illustrate the value range and do not represent the actual value range. The relationships
between other variables in the figure are shown in Equation (5).

10G1 — Omc1 | =01

10G2 — Omc2 | =62 4)
01 < gthr
tl - tet = 92 (5)

Wpreset = 2nif preset

For setting the synchronization preset threshold value for voltage Uy, it can be
determined based on actual requirements. For instance, when there are power electronic
devices sensitive to transient currents in the system, Uy, can be set to 5V. As for the phase
angle threshold 8y, it can be related to the waiting time tst and the preset phase angle
threshold as follows. If the system needs to be successfully grid-connected, 0y, should
satisfy the following relationship:

Wpreset < Othr / (Eset) (6)

According to the reference grid-connecting values provided in [24], taking tset = 0.05
s, Oy < 0.1 rad and Uyg,, =5V, we can calculate fpreset < 0.318 Hz. Additionally, tset <
0.05 s. Therefore, we used the following simulation and physical experiment parameters:
fpreset = 0.3 Hz, 0y, = 0.1 rad and Uy, =5 V.

When the frequency at the grid side of the connection point is lower than that at the
microgrid side, i.e., fg < fma, it can be seen from Equation (3) in this paper that f .om will be
less than 0. This value is sent from the MGCC to the VSC, which will reduce the microgrid
frequency and increase the frequency difference to f preset, achieving the same conditions
as when the grid-side frequency is higher than the microgrid-side frequency. This means
that the relative magnitude of the frequencies at the connection point does not affect the
formation of the frequency difference and does not impact the effectiveness of the proposed
accelerated synchronization method.
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At the same time, when multiple microgrid synchronous generators are connected to
the same grid and the grid’s impedance is relatively high, certain disturbances may indeed
lead to instability. In such cases, the method should be adjusted. If there are n machines
with good communication conditions, these n machines can be grouped together to use this
method for grid integration. For machines with significant communication delays between
them, this method can be applied individually to each machine for synchronization.

Finally, if the phase angles and voltage magnitudes on both sides of the grid connection
point are similar and the grid frequency experiences a sudden drop, let the grid frequency
drop to fg_p and the microgrid frequency be fyc_p, with a preset frequency difference
of fpreset_p- Define WG_p = 27TfG_p and WMG_p = 27TfMG_p- If | WG_p — WMG_p | < Othr/ tset,
the microgrid can still be integrated into the system. However, if lwg p — wmg p! >
Othr/ tset, it will result in the MGCC detecting that the phase angles on both sides cannot
meet the requirements, indicating that the microgrid cannot meet the integration conditions
and cannot be integrated into the system. While there is indeed such a risk, given the
parameters set, if f\jg was 49.7 Hz, the grid frequency, f, would need to drop from 50 Hz
to 49.182 Hz or rise to 50.318 Hz. The system’s grid frequency is typically considered to be
within +0.2 Hz, and if the system capacity is smaller, this can be relaxed to £0.5 Hz [25].
Therefore, unless there is an extremely severe drop in the system frequency, the method
proposed in this paper should be applicable in most operating conditions.

4. Simulation Cases and Physical Experiment Validation

In this section, a PSCAD/EMTDC electromagnetic transient simulation case and
a physical experiment platform were set up to validate the fast synchronization grid
connection strategy proposed, as discussed in Section 3.

4.1. Simulation Validation

To validate the effectiveness of the proposed fast synchronization method, a grid-
connected simulation platform and a physical experiment platform were constructed using
a single inverter, and simulations and physical experiments were conducted for both fast
synchronization and passive synchronization. In passive synchronization as shown in
Figure 4, no compensation values are sent. Instead, the MGCC collects the voltages on
both sides of the grid connection point and obtains the frequency and phase angle through
phase locking. When the grid connection conditions are met, a grid connection command
is immediately issued to transition the entire system to grid-connected operation. When
using the accelerated synchronization algorithm, compensation values need to be com-
puted internally in the MGCC and then sent to each inverter through the communication
channel to adjust the phase angle. In both the simulations and experiments, the setup was
configured so that the MGCC and VSCs could communicate only once, after which the
communication line was disconnected, and no further communication between the MGCC
and VSCs occurred. This was carried out to simulate weak communication conditions.
The specific circuit diagram for the simulation is shown in Figure 4, and the experimental
parameters are listed in Table 1.

--------- Communication line AC Bus
Power line

» AC Load
@H DCAC [«

> ContrQIIable »
svyltch

\ 4

; Programmable
MGCC AC source

Figure 4. Simulation experiment circuit diagram.
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Table 1. Main functions of each part of the system.

Module Parameters Symbols Data
Voltage synchronization control parameters kpfvo, ki vo 0.3,5
Voltage synchronization threshold Uy 5V
MGCC
Phase angle synchronization threshold Othr 0.1 rad
Sampling period Ts pc/DC 66.67 us
Normalized power P, 50 kW

Parameters for virtual synchronous control

DCAC primary frequency regulation Dvsg 50
Parameters for virtual synchronous control
. S Hysg 1
virtual inertia
Processing period Ts DCAC 66.67 ps
The simulation results are shown in the Table 2 below:
Table 2. Simulation results.
Simulation Conditions AC Load Time for I.’ass‘l ve Time for Fast Synchronization Accelel:atlon
Synchronization Ratio
Simulation
Conditions 1 0 >20s 280 )
Simulation o
Conditions 2 0.05P,5 14.38 s 249s 82.7%
Simulation o
Conditions 3 0.10P . 6.83s 217s 68.3%
Simulation 0.15P 3.58 1.84 48.6%
Conditions 4 T acB oS O%8 e
Simulation o
0.20P .5 2.23s 1.51s 31.9%

Conditions 5

From the results, we can observe the following:

(1) When the synchronization control parameters are the same and there is basically no
initial frequency difference, as shown in simulation condition 1, using the passive
synchronization method takes a longer time to synchronize, whereas employing the
proposed fast synchronization method significantly reduces the synchronization time.

(2) For smaller initial frequency differences, such as in simulation conditions 2 to 3,
when the frequency difference is around 0.05 Hz, the synchronization time with the
proposed fast method is only 17.3% compared to the conventional passive synchro-
nization method. When the frequency difference is around 0.1 Hz, the synchronization
time is 31.7%, demonstrating a substantial reduction in synchronization time with the
proposed fast method.

(3) As the frequency difference increases, the effectiveness of the fast synchronization
method gradually diminishes. For example, in simulation conditions 4 to 5, when the
frequency difference is 0.15 Hz, the fast method takes 51.4% of the time compared to
the conventional passive synchronization method, and when the frequency difference
is 0.2 Hz, the fast method only takes 78.1% of the time. Thus, the effectiveness of
the proposed fast synchronization method is more pronounced when the frequency
difference between the two sides of the grid connection point is smaller. This is because
when the frequency difference between both sides of the grid connection point is large,
the time required for the voltages on both sides to coincide is very short. Therefore, in
such scenarios, the time needed for the passive synchronization algorithm is minimal,
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and the advantage of using an accelerated synchronization algorithm becomes less
apparent. However, there are associated risks. Specifically, although the phase angle
difference may be within the threshold, due to the large frequency difference between
both sides of the grid connection point, the phase angle difference might exceed the
threshold after the waiting time, tse¢. In this case, the synchronization requirements
cannot be met. However, the accelerated synchronization algorithm will not encounter
this issue.

4.2. Physical Experiment Validation

To validate the effectiveness of the algorithm proposed in this paper, energy storage
was simulated using a DC source, and a bidirectional DC-AC converter was used as
the interface converter. The grid was simulated using an AC source. Following the
simulation case shown in Figure 5, a physical experimental platform was set up as shown in
Figure 5 below:

AC Analog

Circuit
impedance

= @

Controllable
switch

Figure 5. Physical experiment platform.

The specific parameters of the physical experiment are shown in the Table 3 below.
The converter used is a T-type three-level single-stage system. Sampling, communication,
and main control program calculations are implemented using the digital signal-processing
chip TMS320F28335 (Texas Instruments, Dallas, TX, USA). On the DC side, the experi-
ment uses the TC.P.32.1000.400.5.HMI DC analog source (TopCon, Tokyo, Japan) and the
G5.54.1000WA000 DC analog source (Regatron, Rorschach, Swiss Confederation). The
AC analog source used is the MODEL 61860 AC analog source (Chroma, Xiamen, China).
The coordination controller also employs the TMS320F28335 digital signal-processing chip
for sampling, communication, and main control program calculations. It can achieve
synchronous grid connection functioning with the controlled grid connection switch. Com-
munication in the experiment uses Controller Area Network (CAN) communication.

In the actual physical experiment, a physical circuit identical to the schematic diagram
in Figure 3 was constructed. A synchronization coordination controller was set up to sample
the values and calculate the compensation values on both sides of the grid connection point.
When the voltages on both sides of the grid connection point met the requirements, the
controllable switch was closed to achieve grid connection by sending a triggering signal.
Meanwhile, to simulate weak communication conditions, compensation information was
sent only once.

A synchronization coordination controller was set up to emit pulse signals, us;gn, at the
beginning and end of the synchronization process. The time consumed for synchronization
could be calculated by collecting signals using a recording instrument. This allowed for
a comparison of the time taken for synchronization using the passive synchronization
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algorithm versus the accelerated synchronization algorithm under the same conditions. It
was observed from the combined simulation and experimental results that the conditions
where the passive synchronization algorithm took longer were typically those with lower
loads, i.e., where the grid-side frequency and microgrid-side frequency were relatively
close. Therefore, an AC load of 3 kW was chosen as Experimental Condition 1, while an
AC load of 6 kW was chosen as Experimental Condition 2 to compare the time required
for synchronization with different synchronization algorithms. The specific experimental
results are shown in Figures 6 and 7 and summarized in Table 4.

Table 3. Converter parameters in the physical experiment.

Module Parameters Parameters Symbols Data
Filter inductor parameters Lp_vsg 350 uH
Hardware System Filter capacitor parameters Uiy 5V
Filter capacitor parameters Othr 0.1 rad
DC bus capacitor Ts pc/pc 66.67 us
Normalized angular frequency WycB 314 rad/s
Voltage per unit U, 230V
T-type three-level gep x
inverter Current per unit LB 107 A
Power per unit P.cB 50 kW
Control System Primary frequency control
parameters for virtual Dysg 50
synchronous control
Virtual inertia parameters for
virtual synch: Hvsg 1
ynchronous control
Processing cycle Ts pc/ac 66.67 us
Grid connection system Hardware System DC bus voltage teica 750V
Line inductance value Liine_use 1.8 mH

Synchronization start

Synchronization end

Synchronization start Synchronization end

signal signal signal signal
Ch5 15000 g / W5y 5 Ho.0u / S
28.15s i 113768
>
el o
620, 026550 .0 -sse20, 550.0U 20. 0200
[Ch: 0.0V w557 [CHS 50 .0V “55/iv
2 >
S 26.57s 1 3 12565 1
> t >
3 Ep— S E—
5 5
uuuuuuuuuuu 0.0V 020ns | 0.0V 0. 020ns.
[CH: 00U <ZITOR> 55/ [CHS 150.0U RIS w557
33.50s 12.45s
— prm———
s ruio. o0 t:5s/div N 5000 gSsdive -

(a)Synchronization signal waveform under

(b)Synchronization signal waveform under

Experimental Condition 1 using rapid

Experimental Condition 1 using passive
synchronization

synchronization

Waveform of signal ug,

Figure 6. Results of Experiment Condition 1.
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Synchronization start ~ Synchronization end  Synchronization start Synchronization end

Usign: 10V/div

signal signal signal signal
G5 5600 TR B TS G5 15000 a0
13.50s = : +10.65s 5
> H My
: ! ———
56506, 0204z 50 - 0 I-73726. 020550 . OU 33726, 020ns|
e i e i
. 17:00s ] S 11.30s 4
= (=]
. =
5
s
L-se426. 020450 OV seaze.020ms|  |eere. - 0204550 . OV : ~36726. 020ns)
[CHS 56 .00 TS W55k [CHS 5000 T 55/
15285 : 12.03s 4
[y .

Lezses. 0204550 .0 : {2965, 020ms bssese.ozoig50. OV © ¢ 00 ¢ 0 ¢ v ¢t ose oo
t:5s/div t:5s/div
(a)Synchronization signal waveform under (b)Synchronization signal waveform under
Experimental Condition 2 using passive Experimental Condition 2 using rapid
synchronization synchronization

Waveform of signal ug,,

Figure 7. Results of Experiment Condition 2.

Table 4. Results of the single-generator physical experiment.

Simulation AC Load Time for Passive Time for Fast Acceleration
Conditions Synchronization Synchronization Ratio
Experimental 28.15s 13.76 s 51.12%
Conditions 1 3 kW 26.57 s 12.56 s 52.73%
33.50 s 1245s 62.84%
Average time 2941s 1292 s 56.07%
Experimental 13.50 s 10.65 s 21.11%
Conditions 2 6 kW 17.00 s 11.30s 33.53%
1528 s 12.03 s 21.27%
Average Time 15.26 s 11.33s 25.75%

Based on the experimental results shown in the Figure 6, Figure 7 and Table 4, the

following conclusions can be drawn:

)

@

Under a load of 3 kW, the average time taken using the passive synchronization
algorithm was 29.41 s, while the average time taken using the fast synchronization al-
gorithm was 12.92 s, which is 43.93% of the time taken by the passive synchronization
method. Additionally, due to the uncertainty in the initial phase angle difference at
the start of synchronization, the time required for synchronization showed significant
randomness. The variance in the synchronization time using the passive synchro-
nization algorithm was 13.1906, while it was only 0.5280 for the fast synchronization
algorithm under the same conditions.

Under a load of 6 kW, the synchronization time using the passive synchronization
algorithm was 15.26 s, whereas the average time using the fast synchronization
method was 11.33 s, which is 74.25% of the time taken by the passive synchronization
method. The variance in the synchronization time using the passive synchronization
algorithm was 3.0628, while it was only 0.4766 for the fast synchronization algorithm
under the same conditions.
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This validates the simulation results, showing that when the frequency difference is
small, the fast synchronization algorithm is more effective in accelerating the synchroniza-
tion process and reducing randomness. However, when the frequency difference is large,
the acceleration effect and the ability to reduce the randomness of the fast synchronization
algorithm are less pronounced.

Subsequently, one inverter was expanded to three identical inverters, connected in
parallel through the AC side and integrated into a CAN communication bus to receive infor-
mation collectively. This configuration formed a three-inverter parallel physical platform,
as depicted in Figure 7, to validate the effectiveness of the proposed fast synchronization
method under three-inverter operating conditions. The three inverters used the same con-
figuration and control parameters as in the single-inverter physical experiment. The MGCC
was set up to calculate compensation values and transmit compensation information, with
the compensation value sent only once. An AC load of 9 kW was selected as the operating
condition for experiment three, comparing the time required for synchronization using
the passive synchronization algorithm and the accelerated synchronization method. The
results of the three-inverter physical experiment are illustrated in Figure 8, and a summary
of the physical experiment results is presented in Table 5 below.

ACBus e Communication line

------ Power line
@4 » DCAC [€»
»| AC Load

< > 4—>
@‘ > DCAC <> - Controllable@
» -
switch
Pl PN Programmable
@‘ » DCAC <> AC source

MGCC

Figure 8. Results of Experimental Conditions 3.

Table 5. Results of the three-generator physical experiment.

Experimental AC Load Time for Passive Time for Fast Acceleration
Conditions Synchronization Synchronization Ratio
Experimental 48.34 s 11.65s 75.90%
o 89.56 s 10.93 s 87.80%
Conditions 3 okw 38.35 1110 71.06%
Average time 58.75s 11.23s 80.89%

Based on the experimental results shown in Figure 9 and Table 5, the following
conclusions can be drawn:

(1) Under a load of 9 kW, the average time taken using the passive synchronization
algorithm was 58.75 s, while the average time using the fast synchronization algorithm
was 11.23 s, which is 19.11% of the time taken by the passive synchronization method.

(2) The variance in the synchronization time when using the passive synchronization
algorithm was 736.8921, whereas it was only 0.1416 for the fast synchronization
algorithm under the same conditions. This demonstrates that the proposed fast
synchronization algorithm significantly reduces the randomness in the time required
for synchronization.



Energies 2024, 17, 5639

13 of 15

Synchronization start Synchronization end

Ugign: 10V/div

Synchronization start Synchronization end

signal signal signal signal
CERIC T ~T0w | CH3 5000 /“”W ~T0%0
48.34s '
; > <« 11.65s
CH3 50.0V <Slian 105/ CH3 50.0V LTI +105/div
oo 10938
oL e o IRICECT SIS RS NTPRN RS R B RS SRS SEE
B
..... E
Lssss. oz 00 i 2 L oss0.00 du e
CH3 50.0U T IOy ,9 GE] 56.00 T I 07
: g 11.10s
38.35s R s i
| usoses. 01550 -0Y 111906, 018350 -0V 11206, 015

(@)Synchronization signal waveform
under Experimental Condition 3 using
passive synchronization

:10s/div
(b)Synchronization signal waveform
under Experimental Condition 3 using

rapid synchronization

£105/div

Waveform of signal ugn

Figure 9. Results of the three-generator physical experiment.

These results validate the simulation conclusions, showing that when the frequency
difference is small, the fast synchronization algorithm is more effective. However, when
the frequency difference is large, the effectiveness of the fast synchronization algorithm
decreases. It can be seen that for multi-machine systems, the proposed fast synchronization
method can effectively increase the synchronization speed under weak communication
conditions and ensure the normal connection and disconnection of the overall system with
the grid.

In conclusion, the experiments effectively validated the simulation results and demon-
strated the effectiveness of the proposed fast synchronization algorithm in both single-
machine and multi-machine scenarios.

5. Conclusions

This paper presents a fast synchronization method based on actively increasing the
frequency difference between the two sides of the grid connection point. It analyzes
and summarizes the selection methods for several key control parameters in this method.
Finally, the effectiveness of the proposed approach is validated through PSCAD/EMTDC
and physical experiments.

The main conclusions of this paper can be summarized as follows:

1.  To address the issue of systems using grid-forming control under weak communi-
cation conditions being unable to quickly adjust their frequency and phase angle, a
fast synchronization method is proposed. This method compensates for synchroniza-
tion based on the frequency difference between the two sides of the grid connection
point, actively increasing the frequency difference between the two sides to reduce
the time required for the synchronization process. It also minimizes the impact of
communication resource usage and communication delays. Finally, the effectiveness
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of the proposed fast synchronization algorithm is validated through simulation and
physical experiment results.

2. For the proposed fast synchronization method, an analysis was conducted on the key
control parameters’ value ranges based on synchronization grid connection thresh-
olds. Corresponding methods and ranges for selecting control parameters were
summarized. Finally, a set of classic control parameter values was presented, and the
effectiveness of this set of control parameters was validated through simulation and
experimental results.

These conclusions demonstrate the practical viability and advantages of the fast
synchronization method proposed in this paper.
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