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Abstract—The virtual synchronous generator (VSG)
introduces rotational inertia and damping through the droop
control to take part in frequency regulation of the grid. By
building the VSG model, the VSG controller, including both the
frequency controller and the excitation controller, are analysed
and designed. The analysis shows that the large phase difference
AO between the VSG voltage and the grid voltage at the
grid-tied moment may produce large power and damage the
VSG. The proposed pre-synchronization control minimizes the
phase difference, which is implemented by replacing A® with
sinA0 to avoid any step change from A0. The proposed method
is able to simplify control, shorten pre-synchronization tracking
time, and achieve high accuracy without a phase-lock loop. The
built 12 kW VSG simulation and prototype verify the
theoretical analysis, the proposed control and its associated
design.

Index Terms—Virtual synchronous generator (VSG);
Pre-synchronization control; Droop control; Energy storage.

. INTRODUCTION

As more and more distributed power sources are integrated
into the power grid, their impacts on the grid are receiving
more extensive attention. Grid-tied inverters, as power
interface between the distributed generation and the grid,
play the role of converting intermittent and fluctuated power
from renewable energy sources into high quality and stable
AC power. The traditional inverter control mainly includes
constant power control (PQ control), constant voltage and
frequency control (VF control), droop control, and so on. The
inverter with PQ control can achieve constant output power,
but does not have the grid frequency regulation [1]. The
constant voltage control and the VF control make the inverter
output of constant voltage, which is widely used in the island
operation [2]. The droop control can make the inverter
simulate some external characteristics of synchronous
generator enabling the grid-tied inverter to involve in the grid
system primary frequency regulation and voltage regulation,
but the droop control does not have the capability of
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providing damping and inertia for the system [3], [4]. In order
to enable grid-connected inverters to provide more functions
and services to the grid, such as the frequency and voltage
regulation, black-start, etc., virtual inertia and virtual
damping are introduced into the grid-tied inverter control
strategy, and therefore they make the inverter act as a virtual
synchronous generator (VSG) [5]-[7].

In order to avoid system damage due to excessive power
impact of VSG at the moment of grid connection, it is
necessary to realize the output voltage of VSG with the same
voltage amplitude and phase as the grid during grid
connection  switching.  This  process is called
“pre-synchronization control of VSG” [8], [9]. For the VSG
grid connection switching control or the pre-synchronization
control, in [10], an integral element is added in the active and
reactive power droop control to realize the VSG to track the
grid frequency and voltage with zero static error firstly. Then,
the phase difference between the VSG voltage and the grid
voltage is obtained by a phase-lock loop (PLL). Finally, the
phase difference is superimposed on the VSG output voltage
phase by the integrator to regulate the VSG phase and realize
phase pre-synchronization between the VSG and the grid for
the grid connection. In [11], the phase difference obtained by
PLL is through a proportional-integral (PI) controller, then
its error is directly superimposed on the VSG output
frequency control, and the frequency and phase
pre-synchronization control is carried out at the same time. In
[12], the virtual impedance is introduced between the VSG
and parallel connection nodes. When the virtual impedance
angle is 90 ° and the virtual active power is larger than zero,
then the phase difference is zero, i.e., the VSG output voltage
is completely in phase with the grid voltage, and the
pre-synchronization control is completed.

In this paper, the basic model of VSG is established based
on the previous study. Through its grid connection model, the
power impacts at the moment of VSG grid-connection
switching are analysed. Based on the traditional
pre-synchronization  control  strategy, an improved
pre-synchronization control strategy without PLL is
obtained. Finally, the feasibility of the model and control
method is verified by simulation and experiment. In order to
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smooth and shorten the VSG grid connection switching
transient time, the new pre-synchronization control strategy
is proposed in this paper.

This paper is structured as follows. After this introduction,
Section Il presents the VSG model, the VSG frequency
controller, and excitation controller design. Section Il
analyses the VSG grid-tied switch transition and proposes the
pre-synchronization control without PLL. In Section 1V, the
built 12 kW VSG is simulated. Section V presents a
prototype, which has short pre-synchronization tracking
time, high accuracy resulting in low power impact, and is
implemented easily. Finally, Section VI gives the
conclusions.

Il. THEVSG MODEL

A. Topology of Virtual Synchronous Generator

The topology is shown in Fig. 1. In order to model the
inverter as a synchronous generator, the fundamental
components of the inverter output voltage e, ep, and e
represent internal potential of the synchronous generator; L1
in each phase is the corresponding synchronous reactance L
of the synchronous generator; the inverter output filter
capacitor voltage U, is used to simulate the output voltage of
the synchronous generator [13]. The block of VSG control
algorithm is a key VSG controller. It includes the VSG output
frequency controller and the excitation controller.
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Fig. 1. Topology of the VSG main circuit.
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B. Design of the Frequency Controller

The controller, based on the rotor motion equation of
synchronous generator, makes the three-phase inverter to
have the same output of the inertia and damping as a
synchronous generator. Moreover, the droop control is
introduced to enable the inverter to take part in primary
frequency modulation of the power system [14]. The rotor
motion equation can be expressed as

dw
T —Te —Do(w—ay) =g e

()
where Tr, and T, are mechanical torque and electro-magnetic
torque of the synchronous generator, respectively; Dy is the
damping coefficient, w is the rotor angular speed, wy is the
rated rotor angular speed, and Jo is the moment of inertia.

Because Tm = Pw/w and Te = Pdw, the rotor motion
equation can be rewritten as
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dw

Pn—FR —D(@-ay)=1J prrag

O]

where Py, and P, are mechanical power and electro-magnetic
power of the synchronous generator, respectively, the
damping and the moment of inertia are defined as D = Dow
and J = Jow, respectively.

The governor can control input mechanical power of the
synchronous generator to make its output power and load
reach balance again when the power system frequency shifts
[15], and the modulation or the droop control equation is as
follows

Pret —Fmn = _Kp(wref - ), 3
where Pt and wrer are the references of active power and
output angular frequency, respectively, and K, is the droop
coefficient of active power.

@ref 4+

Fig. 2. Block diagram of the VSG frequency controller.

From (2) and (3), the frequency controller block diagram
of VSG can be obtained. As shown in Fig. 2, the inverter
output frequency rises gradually from zero to a steady value
by the integral of w. Nevertheless, the control block diagram
is complex, and the control method can be simplified further.
Let Aw = @ - wn, then we can get

do_dao @
dt dt

Substituting (4) into the rotor motion (2), and the reference
frequency wrt = wn, then the simplified frequency
modulation or droop control equation is established as
follows

dAw

Pef —P —(K, +D)Aw=J ——. 5
ref e ( p ) dt ®)

Therefore, the VSG control can be simplified as shown in
Fig. 3.
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Fig. 3. Block diagram of the VSG simplified frequency controller.

C. Design of the Excitation Controller

The relationship between the internal potential and
excitation current of synchronous generator is as follows
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Em =oMgig, (6)
where M is the mutual inductance between the rotor and
stator windings and iz is the excitation current.

In the control of synchronous generator, in order to keep
its voltage constantly, the excitation controller is needed to
regulate the excitation current in real time. The current
control equation is

it =G(S)(Vret —Vom): (7)
where Vi is the reference voltage amplitude, Vom is the
inverter output voltage amplitude, and G(s) is the excitation
regulator which equals to 1/s.

Under the excitation current control, the droop control of
synchronous generator will make the inverter output voltage
decrease with the increase of reactive power [16], and we
have

Qref —Qe = Kq (Vref _Vnm)1 (8)
where Qe is the inverter reactive power reference, Q. is the
output reactive power, Kq is the droop coefficient of reactive
power, and Vnm is the inverter rated output voltage amplitude.
The voltage reference value is adjusted by the change of
output power regulating the output voltage of the
synchronous generator.

Taking virtual mutual inductance Mt = 1/K, the control
equation of the VSG excitation controller can be obtained
with (7) and (8) as follows

Myig :Kis(vnm"'Ki(Qref —Qe) —Vom)- 9)
q

Therefore, from (9), the block diagram of VSG excitation
controller can be obtained as shown in Fig. 4.

H?—»V"“ 3
Kq
Vom

Fig. 4. Block diagram of the VSG excitation controller.
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I1l. VSG GRID-TIED TRANSITION

A. Grid-Tied VSG Model

The grid-tied equivalent circuit of VSG is shown in the
Fig. 5, where U, £ A@ is the VSG output voltage, U, £ 0° is
the grid voltage, and Z = R + JX is the line impedance.

Uo 240 U, £0°

Fig. 5. Equivalent circuit of the grid-tied VSG.

Then, the VSG output current is
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i UpZA0-U, UgcosAG-U,+ jUgsinAg

R+ jX R+ jX - (10)
The output complex power can be calculated as
S =UI" = (U, cosAG+ jU, sinAB)
y (UO cosAe—Up—jUOsinAH). 1)

R— jX

Therefore, the output active power and reactive power of
VSG are:

5 _ Uo[RUg ~Uj c0sA0) + XU p sin AG]

. (12)
R% 4+ x?
U [XU, -U,cosA8)—RU ,sin Af]
Q=" )
R+ X

Given that the VSG output reactance X is generally much
larger than its resistance R, the above equations can be
simplified as:

UgUpsinAg
p=—Ff (14)
X
U,U,-U,cosAd
_Y% W xp ). (15)

From (14) and (15), it can be seen that if the phase
difference A6 is too large at the moment of VSG grid
connection, it will bring large active power impact. And
when the grid voltage phase is leading of the VSG output
voltage phase, the output active power will flow from the grid
to the inverter so that the inverter will be damaged seriously.
Therefore, in order to realize the VSG output voltage to
follow the grid voltage amplitude and phase, it is necessary to
carry out the pre-synchronization control when the VSG is
tied to the grid, i.e., make the VSG output voltage follow the
grid voltage amplitude and phase.

B. Traditional Pre-Synchronization Control

Before grid connection, VSG will output different
frequency due to different load. Figure 6 shows the VSG
output voltage phase of &, and the grid voltage phase of 6,
when the VSG output frequency o is smaller than the grid
frequency wyq. Figure 7 illustrates the phase difference, i.e.,
AO =0, - Op.
L 00;(0p !

0(rad)

O R, N WMOIO
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Fig. 6. Phase 6, and 6.

The traditional pre-synchronization control strategy is
shown in Fig. 8. The inverter output voltage phase 6, and the
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grid voltage phase 6, are obtained by the phase-locked loop
PLL, and the phase difference A@ is obtained by 46 = 6, - 6;.
Through the PI controller, the output signal is limited and
superimposed on the VSG frequency reference signal so that
the VSG output voltage phase will track the grid voltage
phase.

6 4
4 1 i
= RERENCRNN| T
0 ‘
-6 -l
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Time(s)
Fig. 7. Phase A0 =0, - 6.
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Fig. 8. Block diagram of the traditional pre-synchronization control.

From Fig. 6 and Fig. 7, it can be seen that the phase of VSG
output voltage and grid voltage varies periodically in the
range from 0 to 2x, and the phase difference A has step
change between positive sign and negative sign at the
moment of wt = 2kn (k =0, 1, 2, ...), denoting with red dot
line. Therefore, using the traditional pre-synchronization
control, not only high accuracy of the PLL is needed, but long
pre-synchronization tracking time also. Moreover, designing
the pre-synchronization control parameters is more difficult.

C. Proposed Pre-Synchronization Control

Although the AQ has step changes between positive and
negative signs at the moment of wt = 2kn (k=0, 1, 2, ...), the
sinAd is still a continuous value because of sin(Af * 2kr) =
sinAd. And when the value of A6 is very small and close to O,
there is sinAf = AQ. Based on this principle, and in order to
avoid step changes of A# during the pre-synchronization
control, the proposed pre-synchronization control can be
derived by replacing A8 with sinA#. Figure 9 shows the sinA8
curve corresponding to the phase difference A8. Figure 10
shows comparison of the phase difference A# and the sinAé,
where sinAd is a continuous smooth curve, and the Aé step
change has no effect on the sin46.

1

0.5
==
2o
-0.5
-1
0 01 02 03 04 05 06 07 08 09 1
Time(s)
Fig. 9. Plot of sinAd.

In addition, when calculating A#, a PLL needs to be
introduced, which makes the pre-synchronization control
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system more complex. However, sinA# can be calculated in
the of coordinate system, which eliminates PLLs and
simplifies the control design. Figure 11 shows sinAé
calculation.

6
4
Sol !
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-4 { HH
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Time(s)
Fig. 10. Comparison of the phase difference A6 and the sinAd.
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Fig. 11. Calculation of sinAé in o coordinate system.

In the proposed pre-synchronization control, sinAf
calculated in the of coordinate system is sent to the Pl
controller instead of the phase difference A9, then the output
error signal is superimposed on the VSG given frequency.
The implementation process of the algorithm in VSG control
is shown in Fig. 12.

1

Pref + 8
Js+K,+D
peT
sind6 - S

Fig. 12. Block diagram of the proposed phase pre-synchronization control.

The switch S in Fig. 12 carries out implementation of the
proposed phase pre-synchronization. Before the grid-tied
contactor is closed, the switch S is closed to start the
pre-synchronization control. When the VSG output voltage is
in phase with the grid voltage, the grid-tied contactor is
closed, and then the switch S is opened. After the above
implementation, the VSG grid-tied connection is realized.

IV. MODEL AND SIMULATION

In order to verify the proposed VSG pre-synchronization
control strategy, a 12 kW VSG simulation model is built
under Matlab /Simulink, and its key parameters are shown in
Table I. The parameters are used for the prototype.

TABLE |. VSG PARAMETERS.

Parameters Value Parameters Value
DC side voltage Inverter side
Udc/V 750 inductance L1/mH 14
Grid phase voltage . .
UplV 220 Filter capacitor C/uF 15
Rated output power 12 Grid side inductance 14
Po/kW L2/mH '
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Parameters Value Parameters Value
Moment of inertia/d | 28,7 | Droop coefficient of 386
reactive power Kq
Droop coefficient of . Mitsubishi
active power Kp 1911 | IGBT switch module PM75RL1A120
Switching frequency | 4 DSP controller ~ [TMS320F28335
fsw/kHz

The key simulation waveforms are presented in Fig. 13. In
the simulation, the VSG given power Prs = 12 kW, and the
local load active power is 6 KW. The pre-synchronization
control is activated at 0.2's, and the grid connection is at
0.3s.
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Fig. 13. Key  simulation  waveforms of the VSG  under
disconnection/grid-tied switching process: (a) VSG output A-phase voltage
uoa and grid A-phase voltage upa under Upa = 220 Vac; (b) Phase difference
between VSG output voltage and grid voltage; (c) The VSG output active

power; (d) VSG output three-phase current.

05 06 07 08

Figure 13(a) shows the VSG A-phase voltage Uoa
waveform and the grid A-phase voltage upa. It can be that
there is obvious phase difference before the pre-synchronous
happening because the VSG output voltage frequency is
different from the power grid frequency. When the
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pre-synchronization enables, the VSG output voltage phase
starts to track the power grid voltage phase, and the two
waveforms match quickly.

Figure 13(b) plots sinA6. The simulation results show that
the phase difference A0 is 0 within 0.05 s after enabling the
pre-synchronization control at 0.2 s. The simulation results
show the effectiveness and tracking rapidly of the proposed
pre-synchronization control strategy.

Figure 13(c) and Figure 13(d) are the VSG output active
power curve and the three-phase current waveform of the
VSG, respectively. The simulation results show that the VSG
realizes the seamless switching from off-grid to grid
connection and it can operate stably after grid connection.

V. EXPERIMENTS

A VSG prototype with the parameters of Table I is built to
further verify the proposed pre-synchronization control
strategy and design. The experiment platform is shown in Fig.
14. The experiment working conditions are the same as of the
simulations.

Oscilloscope

———y

®.

= :&A

& | ocal load
. p——
ps

Voltage
regulator

IGBT
module

(b)
Fig. 14. (a) The VSG experiment platform and (b) the VSG prototype.

In Fig. 15(a), uea is the VSG A-phase output voltage and
Upa is the grid A-phase voltage. It shows that the VSG output
voltage can track the grid voltage in phase quickly.

Figure 15(b) shows the VSG output three-phase current
waveform with switch transition, and there is small current or
power impact under the proposed pre-synchronization
control strategy when the VSG is connected to the grid. After
the pre-synchronization control is disabled, the VSG current
or power rises to reach the given value under control of the
frequency controller. After the grid-tied, the output power of
VSG can still track the new given value and run stably.
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Fig. 15. Key waveforms of the VSG with grid connection: (a) Key
waveforms of VSG output A-phase voltage and grid A-phase voltage under
Upa = 220 Vac; (b) The VSG three-phase output current during switch
transition; (c) Key waveforms of the VSG three-phase steady state output
voltage under grid-tied and full load output.; (d) Key waveform of the VSG
three-phase steady state current under grid-tied and full load output.
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Fig. 16. The VSG prototype efficiency curve.

Figure 15(c) and Figure 15(d) show the steady-state
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waveforms of the VSG output voltage and grid-tied current
under full load. It has low voltage and current total harmonic
distortation (THD), and the current THD is about 6.6 %.
The VSG prototype efficiency curve is shown in Fig.16,
and its efficiency is above 94 % under most of output power.

VI.

The VSG or the grid-tied inverter provides the droop
characteristics and the moment of inertia, and thereby takes
part in the grid frequency and voltage regulation. However,
the phase difference between the VSG voltage and the grid
voltage at the grid-tied moment may produce large inrush
power and damage the VSG. Therefore, the
pre-synchronization control to minimize the phase difference
must be carried out.

The proposed pre-synchronization control is implemented
by replacing the phase difference A9 with sinAd. Because
sinAf¢ changes smoothly and can be calculated in of
coordinate system, the control can be realized more easily
without PLLs. However, the traditional pre-synchronization
control depends on high accuracy of PLL to get the phase
difference, and has 40 with step changes.

The built 12kW VSG prototype has short
pre-synchronization tracking time and high accuracy
resulting in low inrush power at the moment of grid
connection. It also has low voltage, current THD and high
efficiency, and operates stably under the whole range of load.
The simulation and experiments verify the proposed
pre-synchronization control and its associated design.

CONCLUSIONS
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