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Abstract: When multiple Virtual Synchronous Generators (VSGs) operate in parallel in an islanded
grid, power and frequency oscillations will occur when one VSG goes offline. However, the existing
literature does not cover the related analysis and transient suppression schemes for this scenario. To
analyze these complex high-order system dynamics, this paper first establishes an intuitive equivalent
circuit model for multiple VSGs, and the frequency domain expressions of the multi-machine VSG
system during the VSG offline transient simulation are then derived. Based on the multi-VSG model
and its transient oscillations analysis, this paper further proposes a configuration scheme for the
equivalent circuit parameters. Equivalently, the virtual inertia, damping coefficient and virtual
impedance of the VSGs can be configured. With the proposed parameter configuration scheme, the
power oscillation during the VSG offline transient can be eliminated, as verified by experiments
with a microgrid lab platform using three VSGs. Compared with the existing multi-VSG studies, the
proposed scheme is not only the first attempt to study the transient suppression when a VSG goes
offline, but also is more intuitive in analysis and less complicated in the controller parameter tuning.

Keywords: Virtual Synchronous Generators; equivalent circuit model; multi-VSG grid; transient
power oscillation

1. Introduction

In recent years, distributed energy sources have come to constitute a large propor-
tion of the power system capacity [1-3], which has introduced a large number of power
electronic converters into the grid. As the existing grid-tied power converters mostly use
current source control, the overall equivalent inertia and frequency stability of modern
power systems are greatly reduced [4,5]. To address this concern, scholars have pro-
posed Virtual Synchronous Generator (VSG) technology [6-12], which provides inertia
and damping to the grid by simulating the motion equations of a synchronous generator.
Therefore, the power electronic converters will have the same external characteristics as
synchronous generators. Meanwhile, VSG-based power converters can seamlessly transi-
tion from grid-tied mode to off-grid mode, readily establishing the voltage and frequency
of an islanded microgrid.

As VSGs inherit the same electromagnetic characteristics as synchronous generators,
their output power and frequency will also oscillate during the transient processes. As
power-electronics-based VSGs are far more fragile than synchronous generators to excessive
power oscillations, VSG transient studies and suppression methods attract significant
research interest.

So far, most of the research [13—22] has been carried out in a grid-tied scenario. Herein,
even though multiple VSGs are usually tied to the grid in practice, the transients have been
analyzed in this literature with a single VSG given a nearly infinite capacity grid. First,
various VSG models have been proposed for transient analysis, such as the small signal
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model in [13], the sequence-impedance-based model in [14] and the state space models
in [15] and [16]. Then, based on those models, VSG transient characteristics have been
further investigated. In [17-20], the power oscillations are suppressed by adjusting the
inertia or droop coefficient to maintain critical damping for the VSG. In [21], an online
damping correction method utilizing optimal control design is implemented to enhance
the transient characteristics of the VSG. Another method suggested in [22] is the use of
generalized droop control to improve the power response characteristics.

As for the research on off-grid scenarios, the previous simplification using a single VSG
is clearly not sustainable, as the coupling between multiple VSGs very much complicates the
power transient mechanism. Therefore, multi-VSG analytical models must be established
for multi-VSG off-grid transient analysis. In [23], a state space model of a parallel VSG
system was established, based on which a damping method is also proposed to adjust the
VSG droop and inertia coefficients, and a virtual damping method is also proposed. In [24],
dynamic power sharing among multiple VSGs for droop control and VSG control was
studied. In [25], a two-parallel VSG model was established, and a method of alternating
the virtual inertia is proposed to suppress the power oscillation. In [26], the relationship
between the output power and angular acceleration is analyzed, and a damping strategy is
proposed using acceleration control coupled with disturbance compensation. In [27,28],
an additional compensator is added to the active power loop to improve the transient
performance of the multi-VSG system.

All the existing studies on multi-VSG transient suppression as discussed above are
only about the scenario of load perturbation within the microgrid. However, there is an
equally common scenario in a multi-VSG microgrid of having one or more existing VSGs
go offline. This, unfortunately, has not been studied in any literature so far.

On the other hand, the existing analytical methods for multi-VSG systems are far from
intuitive, making either the controller parameter tuning very complicated, or introducing
side-effects like system frequency stability reduction. Moreover, these two VSG-model-
based analysis and suppression methods are not readily extendible to systems with greater
numbers of VSGs.

In this paper, the first attempt is made to study multi-VSG system transient suppres-
sion when s VSG goes offline. In doing so, more intuitive analytical models for multi-VSG
systems are established, and the resulting transient suppression scheme is less complicated
in its controller parameter tuning. The key contributions of this paper are summarized
as follows.

1.  Establishes an equivalent RLC circuit model for VSGs, which is more intuitive and
scalable than existing multi-VSG analysis based on state space equations and other
modeling methods. The VSG offline transient expressions of multi-VSG systems are
then easily derived.

2. Discovers that the third-order oscillatory term in the output power expression is the
root cause of the power oscillations during the VSG offline transient process.

3. Proposes a configuration scheme for the equivalent circuit parameters to eliminate the
resonance in the paralleled equivalent RLC circuits. Equivalently, the virtual inertia,
damping coefficient and virtual impedance of VSGs are configured to eliminate the
power oscillation in multi-VSG systems.

4. An experimental platform with a three-VSG-based microgrid is constructed, and a
significant improvement of the power oscillation during the VSG offline transient
process is obtained with the proposed parameter configuration scheme.

The rest of the paper is organized as follows. In Section 2, the equivalent circuit
model of a multi-VSG system is established. In Section 3, the VSG offline transient pro-
cess in a multi-VSGs system is analyzed intuitively with the resonance in its equivalent
circuits, which inspires the proposed parameter configuration rule. Section 4 presents the
experimental results. Section 5 concludes the paper.
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2. Multi-VSG System Modeling
2.1. VSG Fundamentals

Figure 1 shows the topology and control block diagram of the VSG. The distributed
generation unit is connected to the converter dc-side capacitor, and the DC voltage stabi-
lization is controlled by a separate DC-DC converter; therefore, the control of the DC-side
voltage is not considered in this paper. In Figure 1, L, Ly and C are the filter inductors and
filter capacitor; the converter output current iy, and capacitor voltage V¢, are used as
the inputs of the V-I control and the inputs of power calculation.
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Figure 1. Topology and control block diagram of VSG.

The core aim of the VSG control algorithm is to simulate the rotor equations of motion
and reactive droop characteristics of the synchronous generator, as shown in Equation (1):

Pset_Pout:]'WO'd;]tm+D'(wm_w0) (1)
Uref = EO + Diq . (Qset - Qout)

In Equation (1), Pset and Qs are the active input and reactive input reference values,
Pout and Qoyt are the active output and reactive output calculated by the controller, wy,
is the inverter output voltage angular frequency, wy is the reference angular frequency,
D, and | are the damping coefficient and inertia coefficient of VSG active control loop,
respectively, Eq represents the rated output voltage amplitude, Uy.f represents the reference
voltage amplitude and D, represents the droop coefficient of the reactive loop.

Figure 1 also employs a virtual impedance in the control loop, which makes the output
impedance of the VSG predominantly inductive and guarantees the decoupling of active
and reactive power controls [22,29,30].

As in any other literature on VSG control, to simplify the model for power oscillation
analysis, the following assumptions are made: (1) the coupling between the active and
reactive loops is neglected and the active loop can be analyzed separately; (2) the control
bandwidth of the converter voltage and the current in the double closed loop are much
larger than the power loop bandwidth; (3) the system impedance of the inverter is small,
which makes the voltage phase angle difference between inverter and the common AC bus
very small [13].

2.2. Equivalent Circuit Model of VSG Active Loop

According to Equation (1) and [22], the small-signal model of the active loop in the
VSG control strategy can be illustrated as in Figure 2.
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Figure 2. Power—frequency small-signal model of VSG.

In Figure 2, K, = 3EgUy,s/ X is the synchronization coefficient, where X is the sum of
the actual and virtual impedances of VSG, Ej is the output voltage of VSG, Uy, is the AC
bus voltage and wy,;, is the frequency disturbance.

According to Figure 2, the two open-loop transfer functions can be written using
Equation (2):

{ [Pt (s) = P(s)]/ () = Jewos + D )

p(S)/[(D(S) - CIJbus(s)] = %

In [31], the VSG power control is represented with an equivalent electric circuit model.
However, this equivalent model has not been used to derive the multi-VSG transient
suppression methods. In this paper, the equivalent circuit representation is further arranged
as a second-order RLC circuit, as shown in Figure 3a, for the intuitive analysis of the new
scenario of the VSG offline transients within a multi-VSG microgrid, and the suppression
method can be derived. The voltage and current in Figure 3a satisfy the relationship in
Equation (3):
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Figure 3. Equivalent circuit model of VSG active power control. (a) A second-order RLC circuit.
(b) The correspondence between the VSG control and the RLC circuit.

Comparing Equations (2) and (3), it can be seen that the power—frequency relationship
in the VSG has a similar expression to the current-voltage relationship in this second-order
RLC circuit. Therefore, the RLC second-order circuit can be used to equate the active power
loop of the VSG. The correspondence between the VSG control and RLC circuit is shown in
Figure 3b. According to the correspondence in Figure 3b, the active power in the active
loop is equivalent to the current in the second-order circuit, the angular frequency change
is equivalent to the voltage, the virtual inertia | is equivalent to the capacitance and the
droop factor D is equivalent to the conductance. Therefore, | suppresses the frequency
change in the same way that the capacitor stabilizes the circuit voltage, and D determines
the angular frequency change in the output power in the same way that the conductance
determines the voltage change with the current in the circuit.

According to the correspondence in Figure 3b, the circuit analysis methods can be
used to analyze the mechanism of power oscillation, making the analysis of the multi-VSG
system an intuitive process, as shown in Figure 4. Herein, i, and i, are the command
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and the output currents of the equivalent circuit of the nth VSG. is, should be set as 0 in
microgrid off-grid operations. iy, is the load current within the microgrid.
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lsetl Cl — GI U ubus u, G2:: C2 lset2
- I - | -
: O :
[ ] . °
lload
ln—l Lnfl Ln ln
> ~ L~ ¢
+ +
lsetn—l Cn—l ::G,,_l un—l un Gn:: Cn lsetn

Figure 4. Multi-VSG system equivalent circuit.

3. Analysis and Suppression of VSG Offline Transients

In this section, the VSG offline transient in a multi-VSG system is analyzed intuitively
with the resonance in its equivalent circuits. Since nodal voltage equations for circuit analy-
sis can be established, each branch’s current expression can then be easily obtained. Then,
by further factoring out the high-order oscillatory term, the equivalent circuit resonance can
be quantitatively analyzed, which inspires the subsequent circuit parameter configuration
rule derivation. Likewise, the VSG parameters can be configured to eliminate the power
oscillation during the VSG offline transient. Combined with the system frequency stability
requirements, the VSG parameters can then be easily selected.

3.1. Analysis of VSG Offline Transient Process

The analysis of the active power oscillation in a multi-VSG system when a VSG goes
offline is equivalent to the circuit problem shown in Figure 5.

Ll
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jo)-—S g (4O T
cL+ G G +G,+G; I
1— Y
G +G,+G,
VSG1 _
Ly, &
BO)=—2
G— G, G +G,+G,
VSG2
L, 5?-
: Y Y\ —
RO —
C3:: (;3 Gl‘f'Gz‘f'G3
VSG3 Offline

Figure 5. The equivalent circuit of a multi-VSG system at steady state before VSG3 goes offline.

First, the original multi-VSG system and its equivalent circuit are in the steady
state, when the inductors are considered as short circuits, and the capacitors are con-
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sidered as open circuits. The steady-state currents through the inductors are derived using
Equation (4), and are labeled in Figure 5.

. G

n(0-) = G1+gi+c3 :

12(0*) = G1+G§+G3 -1 (4)
i3(0_) = g—&

3\YU— G1+Gy+G3

up(0-) = uz(0-) = u3(0-) = m
Herein, these steady-state current values are determined by the current division among
the conductance of each paralleled RLC equivalent circuit. These steady-state values are
also the initial values for the VSG offline transient.
The output of the VSG3 equivalent circuit is opened up at the moment of 0_. Then,
the s-domain equivalent circuit for the VSG offline transient analysis is established as in
Figure 6.
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Figure 6. The s-domain equivalent circuit for VSG offline transient analysis.

Thus, the nodal voltage equations in the s-domain using node 4 as the reference can
be written in the form Ax = B following Equations (5) and (6):

1 1
SCl"‘Gl“‘m s 0
1 1 1 1

A= i s s, L ®)
0 —i SC2+G2+i

and
T
x=[u uy uz]
_I(C1+G1/S)
G1+Gr+G;
e (6)

 5(GL+Gy+G)
_ I(C2+G2/S)
G1+Gy+Gs3

B =

Note that if the multi-VSGs system has four or more VSGs, the s-domain equivalent
circuits in Figure 6 can be easily extended by adding the RLC equivalent circuit from
Figure 3. For example, when one VSG goes offline in a four-VSG system, the nodal voltage
equation can also be established based on the extended s-domain equivalent circuits.
However, in this scenario, the nodal voltage equation will have one more order than
Equations (5) and (6).
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Output current (A)

According to Equations (5) and (6), each branch’s current expression can be easily
obtained. Herein, the s-domain expression for i; can be obtained as follows:

i = Uz — Up _ IG3(SC2 + Gz)(SZLlcl +sL1Gy + 1) @)
sLy s(G1 + Go + G3)[as® + Bs? + s + 6]

where «, B, v and J are defined as:

a = C1C L1 + CGLy

B = (C1Gy + C2Gy) (L1 + Lo) (®)
¥ =G1G L1+ GG L, +Ci +C,

=G+ Gy

Then, according to the final value theorem, the steady-state value in Equation (7) can
be obtained as follows:

. . G3GoI
gy = lims-i, = 12
2= 500 27 (G616 (Gi+Gy) )
— G Gy I
G1+Gy G1+Gy+G3

Therefore, Equation (7) can be factorized as the steady-state expression and the tran-
sient expression using Equation (10):

P & (Gl + Gz)(SCz + Gz)(52L1C1 +sL1G1 + 1)
27 % Galas® + Bs? + s + 4]

I (10)

The transient expression factored out from Equation (10) is a third-order oscillatory
term, which corresponds to the power oscillations during the VSG offline process.

For quantitative analysis of the VSG offline transient process, the transients when
VSG3 goes offline are plotted in Figures 7 and 8. These two figures show the simulation
results of the equivalent circuit.

12
1.5 = 10 . i
C2=8000 C2=8000
—C2=4000|| B\ ¢ N\ |- C2=4000
141 —c2=1000/ 1 B\\ o\, e C2=1000
C2=500 | | C2=500
S == 2
131 o g
(=]
C, decrease =
=]
12+ S
[
(=9
S
11} ]
1 : ) ‘ -1.2 ' : : :
0 2 3 4 5 0 1 2 3 4 5
Time(s) Time(s)

(a) (b)

Figure 7. Equivalent circuit resonance under varying capacitance (VSG3 goes offline). (a) Output
current waveforms. (b) Capacitor voltage waveforms.

In Figure 7a, the evolution of the i, transients is plotted as C, in the VSG2 equivalent
circuit is varied. Herein, the G, and L, are fixed as 8000 S and 1 x 10> H. Meanwhile,
Cy, Gy and L; are 1000 F, 4000 S and 2 x 107> H, respectively. As shown in Figure 7a,
as C; decreases, the overshoots of the output current decrease first and increase again in
the opposite direction. The initial currents remain unchanged because L, and L; are both
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fixed. Meanwhile, the steady-state current also remains unchanged because G; and G, are
both fixed.

x10* 12
L,=8x 108
—_— L=4x 107
A1-4 i \ — L=1x10° |
< D L,=0.5x 10
= | \(/&\/f
513 ]
St
5
3] LZ
512G 1
= 1mcrease
N
=
o
1.1 1
1 . . s
1 2 3 4 5
Time(s)

Figure 8. Equivalent circuit output current oscillation under varying inductances (VSG3 goes offline).

In Figure 7b, the evolution of the capacitor voltage u, transients is plotted. As C;
increases, the gradient of u; becomes smaller. Meanwhile, the gradient of 1 in the first 0.1s
of the transient process remains unchanged because C; is fixed. As shown in the zoom-in
view embedded in Figure 7b, when C; = 8000 F, the gradient difference between u; and u;
is slightly larger than C, = 500 F, corresponding to the larger overshoot seen in Figure 7a.

In Figure 8, the evolution of the 7, transients is plotted as L, in the VSG2 equivalent
circuit is varied. Herein, the G, and C, are fixed at 8000 S and 2000 F. Meanwhile, the VSG1
parameters stay the same. As shown in Figure 8, the initial value of i, is determined by L,
while the steady-state currents remain unchanged because G; and G, are both fixed. When
L, is progressively smaller than L; (2 x 10~ H), the initial value of i, becomes increasingly
higher than its steady-state value. When L, is progressively higher than L; (2 x 107° H),
the initial value of i, becomes smaller than its steady-state value.

It must be clarified that the transient trends’ evolution is investigated with separate
parameter variation; in Figure 7, only C; is varied while the other parameters are fixed, and
in Figure 8, only L, is varied and the other parameters are fixed. It must also be clarified
that it is the ratios between the parameters of multiple VSGs that determine how bad the
oscillation is, as seen in the third-order oscillatory term in Equation (10). Therefore, in this
example, with VSG3 going offline, the parameters of either VSG1 or VSG2 can be varied to
achieve the same ratio change and the resulting evolution in the transient trends.

Based on the trends seen in Figures 7 and 8, the parameters of the equivalent circuits
can be configured to shape the overshoot and oscillation of the output current. Then,
the power oscillation of VSGs can also be adjusted (damped) during the VSG offline
transient process.

3.2. Configuration of VSG Equivalent Circuit Parameters to Eliminate Offline Transient

As for the third-order transient expression factored out from Equation (10), its numera-
tor and denominator have the same order. Therefore, in this paper we propose configuring
their coefficients in order to cancel out these two polynomials. Thereby, this high-order
oscillatory term in Equation (10) can be eliminated. In other words, the numerator must be
equal to the denominator as expressed by Equation (11):

(G + G2)(sCo + Go) (s*L1Cy +sL1Gy + 1)

=as® + Bs?+ys+0 (11)
G2
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By expanding the polynomial on the left side of Equation (11), its coefficients can be
equalized to the corresponding coefficients on the right side as in Equations (12)—(15).

G
C1CaLq(1+ Gl) = CGLy + CiGoLy = o (12)
2
G
Li(C1Gy + GGy + C1Gy + C2G72) = (C1G + CGr) (L + L) = B (13)
G
GGyl + G%L1 +C + CQEl =G1GLi+GIGL+C+C =1 (14)
2
Gi+G =G +Gy=9¢ (15)

where the expressions of &, 8, v and J are taken from Equation (8). Then Equations (12)-(14)
are further derived.
Equation (12) can be further derived as

G G _L
L2 =L =2 16
16, k7 E T (16)
Then, by substituting Equation (16) into Equation (13), it is derived that
8 =G (17)

G TG G

With Equations (16) and (17), Equation (14) is also validated.

As shown in Equations (16) and (17), the ratios of the capacitances should be equal
to the ratios of conductance and the reverse of the inductance ratios. With the parameters
configured as in Equations (15) and (16), the equivalent circuit will have an ideal step
change from its initial state to the steady state after a VSG goes offline, i.e., the output
currents’ oscillation in the parallel equivalent circuits is eliminated.

The simulation in Figure 9 used the parameters set out in Table 1, which are configured
according to Equations (16) and (17). It is shown that the output current instantly comes to
the new steady state without oscillation. Meanwhile, the rate of change of capacitor voltage
of VSG1 and VSG2 becomes the same.

4 2 Aul,Au2
1.35 X10 : : : : 0 : T :
! |--=--satisfy(15)and(16) |
13} |—satisfy(15)and(16)| o2l ]
~ T
= S
L5t < i
= 2-0.4 \
= ]
2 12} 3 i
5 4
3 Z 0.6 \
£ 115 £ ,
[ Q \d
~ < -0.8
2 1.1 = \“\
o < \,
Q \\
1.05 -1 \ -----
. RoCoF>0.5Hz/s
i ‘ . , i3 . : : ‘
0 1 2 3 4 5 0 1 2 3 4 5
Time(s) Time(s)

(a) (b)

Figure 9. Simulation results when both (15) and (16) are satisfied. (a) Output current waveforms.
(b) Capacitor voltage waveforms.
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Table 1. Parameters configuration using (15) and (16) for the three VSG’s equivalent circuits.

Parameters

C; (F G; (S L; H

Serial Number i® i® i H)
VSG1 2000 4000 2 x107°
VSG2 4000 8000 1x107°
VSG3 2000 4000 2 x107°

According to the equivalence illustrated in Figure 3, the VSG parameters J, D and X
can be configured accordingly to eliminate the multi-VSG power oscillation during the
VSG offline transient.

Meanwhile, these VSG parameters also need to be set up according to the system’s
requirements.

Therefore, the selection of the virtual inertia | of the VSG should be chosen considering
the limits of the Rate of Change of Frequency (RoCoF), as in Equation (18):

— 5i
] imin = 27-wy-RoCoF (18)
Ji = kji - Jimin kji € [1,1.2]

where the minimum J is used to limit the RoCoF in case of the worst-case power step from
zero to its rated value S;, and the factor kj; is a constant in the range of [1, 1.2], which adds
a design margin of up to 20%.
Meanwhile, the selection of the droop factor D should be carried out considering the
maximum frequency variation under the VSG full load, as in Equation (19):
Dpimin = m.iﬁ (19)
Dy = kpi * Dpimin, kpi € [1,1.2]

where Afu¢ can be set as +0.5 Hz, according to the national standard for small power
systems (less than 3 GW), and kp; is added as a design margin up to 20%.

In Equations (18) and (19), the subscript i indicates the serial number of the VSG in a
multi-VSG microgrid. Therefore, the power oscillation during VSG offline transient can be
simply eliminated by setting all the VSGs with the same kj; and kp;. It should also be noted
that X; should be inversely proportional to each VSG capacity according to Equation (16).

4. Experimental Verification

In order to validate the proposed analysis of the VSG offline transient for multi-VSG
system and the effectiveness of the proposed parameter configuration scheme, lab tests
are performed on the three-VSG microgrid platform, as shown in Figure 10. Herein, bi-
directional battery simulators are used as the DC source of VSG, and external inductors are
used to change the line impedances. The communication between DSP and the host com-
puter is conducted via the CAN protocol so that the real-time output power and frequency
of each VSG are transmitted back to the supervisory control GUI panel. Meanwhile, the
output currents of the three VSGs are captured with an oscilloscope.

The main parameters of the multi-VSG setup are shown in Table 2, where Lg, Lg;, C;
are the filter inductors and filter capacitor of the ith VSG, defined in Figure 1. Note that the
capacity of VSG2 is twice that of VSG1 and VSGS3.

The specific experimental procedure was as follows.

VSGI establishes the grid voltage for the AC bus first. VSG2 and 3 are started next to
synchronize with the VSG1. When all three VSGs operate in synchronism, a 20 kW load is
switched on. Then, with different parameter configurations, VSG3 is turned off;the power
oscillations and the phase currents of VSG1 and 2 are recorded in Figure 11.
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Figure 10. Multi-VSGs microgrid experimental platform.
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Figure 11. Power oscillation of the VSG offline process with different parameter configurations.

(@) kj1 = 6kjp, X1 =2X5. (b) kj1 = kj2, 3X7 = X. (c) the proposed parameter configuration scheme.
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Table 2. Main parameters of the experiment.

Parameters Value Parameters Value
Ey 220V 51,53 10 kVA
wy 100 7t rad/s Sy 20 kVA

RoCoF 1Hz/s Lg1, Lg3 700 uH

Afmax +0.5 Hz Lo 1200 uH

f;« 20 kHz Lf(1,2,3) 300 HH
Ploud 20 kW C(1,2,3) 30 }LF

In all the subfigures of Figure 11, the experimental waveforms of the output power of
the three VSGs are shown on the left side, and the A-phase current waveforms of the three
VSGs are shown on the right side. Clearly, the oscillatory patterns of the output power
waveforms correspond well to the envelopes of the A-phase current waveforms.

Figure 11a shows the experimental waveform for the case of kj; = 6kjp, X1 = 2X>.
X; has been set to be inversely proportional to each VSG’s capacity, which satisfies the
parameter configuration scheme. However, when kj; = 6kj, the virtual inertia configuration
is far removed from the parameters defined in (18) and (19), and there is a more than 50%
overshoot during the VSG offline process. Note that this parameter mismatch scenario, as
in Figure 11a, is equivalent to the case of C; = 8000, as in Figure 7a. Comparing Figure 7a
with Figure 11a, the power waveform of VSG1 in the experiment has the same trend as the
current waveform of C; = 8000 case shown in Figure 7a.

Figure 11b shows the experimental waveform for the case of kj; = kj», 3X; = X;. Herein,
the virtual inertia has been set to be proportional to each VSG’s capacity, which satisfies
the parameter configuration scheme. However, when 3X; = Xj, the virtual inductance
configuration is far removed from the parameters defined in (18) and (19). Thus, there
is a more than 70% overshoot during the VSG offline process. Note that this parameter
mismatch scenario, as shown in Figure 11b, is equivalent to the case of L =2 x 107°/4, as
in Figure 8a. Comparing Figure 8a with Figure 11b, the power waveform of VSG1 in the
experiment has the same trend as the current waveform of L, =2 x 10~%/4 case shown
in Figure 8a. By comparing Figure 11a,b with the simulation results, the prior theoretical
analysis was validated.

Figure 11c shows the experimental waveform for a case using the parameters outlined
in Table 3 properly configured according to (18) and (19). As predicted by prior analysis
and the simulation results in Figure 9, there is no power overshoot or oscillation during the
VSG offline process.

Table 3. Parameters of the VSGs in the experiment.

Parameters »
: D (N X (O
Serial Number J (kg-m®) (N-s/m) Q)
VSG1 1885 4000 19
VSG2 3770 8000 0.95
VSG3 1885 4000 19

5. Conclusions

This study is the first attempt to investigate an important but not yet studied scenario
in the multi-VSG microgrid, i.e., the transients when one or more existing VSGs go offline.
The equivalent RLC circuits-based multi-VSG models established in this paper were proven
to be more intuitive and scalable than existing multi-VSG analysis based on state space
equations and other modeling methods. It was also revealed that the third-order oscillatory
term in the VSG offline transient output power expression is the root cause of the VSG
offline transients. This discovery inspired a configuration scheme for equivalent circuit
parameters to eliminate the resonance in the paralleled equivalent RLC circuits. Likewise,
the configuration of the VSG parameters eliminated the power oscillation in the multi-VSG
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system with much less controller parameter tuning efforts by comparison. The multi-VSG
experimental platform used three VSGs, which had more VSGs and a higher power than
the two-VSG lab setup used in the existing literature. Compared with the simulation,
the experimental data showed identical trends, and the proposed method significantly
reduced the power overshoot during VSG offline transient. In future studies, the equivalent
circuit-based multi-VSG models in this paper could also be applied to existing studies on
multi-VSG transient suppression during microgrid load perturbation.
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