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Abstract: A virtual synchronous generator (VSG) can provide inertial support through renewables and energy storage. It generally

operates in parallel with a diesel generator (DSG) in an islanded microgrid. However, unforeseen interactive power oscillations occur

in the paralleled system when loads fluctuate. These may also burn out the VSG owing to its low overcurrent capacity. The

mechanism and suppression strategy of the power oscillation of a VSG-DSG paralleled system are investigated. It reveals that the

interactive power oscillation is caused essentially by the physical difference and parameter mismatch between the VSG and DSG.

Then, the elimination condition of oscillation generation is derived. Subsequently, a comprehensive suppression control strategy based

on virtual inductance and dynamic mutual damping technology is proposed. Finally, the experimental results verify the effectiveness

of the proposed method.
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1 Introduction

Distributed energy resources are generally integrated

into the microgrid through power electronic converters.

The virtual synchronous generator (VSG) is being
regarded as a type of grid-friendly grid-connected
converter. This 1is because it can replicate
characteristics of conventional synchronous generators
(SGs) and provide certain inertial support to the
vulnerable microgrid (-2

In the existing microgrid projects, diesel generators
(DSGs) continue to be employed as important power
supply units to ensure the stability and safety of
islanded microgrids. Hence, VSGs generally need to
operate in parallel with DSGs. However, because they
differ in physical structures, control principles, and
parameters Bl large power oscillations are generated
within the paralleled system when loads fluctuate. It

degrades the power supply quality and may even exceed
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the thermal current limitation of the power electronic
device-based VSG !,

Many investigations have been performed on the
operation characteristics of a standalone VSG or
paralleled VSG system in a microgrid. In Refs. [6-8],
the small-signal model of VSG was established to
optimize the control parameters according to the
optimal damping ratio. Thereafter, a higher response
speed and smaller power overshoot could be obtained.
In Ref. [9], the concept of adaptive virtual inertia of
VSG was presented to realize the suppression of power
oscillation. Although this method can achieve good
performance when loads fluctuate, the introduction of a
differential unit would amplify the influence of the
high-frequency components. In Ref. [10], the virtual
impedance was designed effectively for a paralleled
VSG system to address the power oscillation issue.
Subsequently, Ref. [11] also concluded that the
essential mechanism of the power oscillation
phenomenon of paralleled VSGs is based on the
undesirable instantaneous active power sharing
between these.

The aforementioned studies were aimed mainly at a

standalone or paralleled VSG system consisting of
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pure power electronic devices. It differs from an

inverter and synchronous generator-based DSG
paralleled system. Ref. [12] demonstrated that a
VSG-DSG paralleled system could straightforwardly
become unstable under large load fluctuations or fault
conditions. In Ref. [13], the output power of a
current-controlled inverter is regulated according to
the instantaneous detected frequency to suppress the
power oscillation issue when it is paralleled with a
DSG. Ref. [14] investigated the dynamics of the
VSG-DSG paralleled system. In addition, an active
power reference generation strategy for VSG was
proposed to suppress the power oscillation. However,
the essential mechanism of the dynamic process has
not been analyzed. In Ref. [15], the inertia and output
impedance of the VSG are designed as large to be as
those of the DSG in advance to solve the oscillation
problems under paralleled operation. However, the
normal  conditions  was

performance  under

compromised. In particular, owing to the
manufacturing and measurement deviations, it is
difficult to fully equalize VSG-DSG by parameter
design. A marginal error may result in other severe
issues. In Ref. [16], a damping power control unit was
introduced to the control system of a VSG. It generates
the compensation power based on the difference
between the rated frequency and DSG frequency to
help attenuate the power oscillation.

To summarize, the mechanism of interactive power
oscillation of VSG-DSG paralleled systems during
load fluctuations is unclear. Moreover, the existing
suppression control methods mostly directly increase the
inertia and impedance parameters of VSGs to damp the

"1 However, this is at the expense of

oscillation !
certain important dynamic performance.

To address the above issues, this study first
analyzes the mechanism and suppression conditions
of power oscillation in a VSG-DSG paralleled
system. It is revealed that the oscillation is caused
essentially by the physical difference and parameter
mismatch between the VSG and DSG. Thereafter, a
power oscillation suppression strategy based on the
virtual inductance and dynamic mutual damping is
proposed. It does not affect their steady-state

operations.

The remainder of this paper is organized as follows:
Section 2 analyzes the mechanism and elimination
condition of power oscillation of the VSG-DSG
paralleled system. Section 3 elaborates the proposed
strategy. The experimental verifications are presented
in Section 4. This is followed by the conclusions in
Section 5.

2 Mechanism of power oscillation in VSG-
DSG paralleled system

2.1 VSG-DSG paralleled system

The topology and control structure of the VSG-DSG
paralleled system is shown in Fig. 1. A DSG is
powered by a diesel engine and connected to the
microgrid through an SG. The prime mover is
regulated by the speed governor to maintain the
balance between the input and output torques (121
The excitation system provides DC excitation for the
SG to maintain the stability of the terminal voltage
of the DSG. Meanwhile, a VSG is an inverter that
replicates external characteristics of a conventional

SG, which is highly controllable and flexible.

Rlineg Llineg

Fig. 1 Paralleled VSG-DSG system in islanded microgrid
In Fig. 1, the swing equation of VSG is [2.12]
Joo, =T, ~ T, - D(o,~,) (1)

where, Js, Dps, Wn, ®s, Tms, and T are the virtual
inertia, damping coefficient, rated/detected angular

frequencies, virtual mechanical torque, and

electromagnetic torque, respectively, of the VSG.

The swing equation of the DSG system (12 19} 4g
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where Jy, 0g, Dpg, T, and T, are the inertia, angular
frequency, damping coefficient, mechanical input
torque, and electromagnetic output torque, respectively,
of the DSG. K, and 7y are the control parameter and
time constant, respectively, of the speed governor.

It is evident that the VSG and DSG differ in physical
structure and control parameters. For example, the VSG
does not have the mechanical speed governor of the
DSG. Therefore, their dynamics differ, and active power
oscillation of the parallel system would occur when
there are loads and other external fluctuations.

2.2 Mechanism of power oscillation between VSG
and DSG

The power oscillation mechanism is analyzed in this
section by establishing the small-signal model of the
VSG-DSG paralleled system. The equivalent circuit is
shown in Fig. 2.

____________

1 |
LVSG i Zines PCC Zlineg ! DSG
i 1 {1 . 1 T
| | |
| ’
A D
{ | 2 0ad :
|
| \ |
i i i
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Fig.2 Topology of paralleled VSG-DSG system

where E; /Js and E, £ J, are the output voltages of the
VSG and DSG, respectively. Z, Ziines, and Zjineg are the
output filter impedance of the VSG, line impedance
between VSG and the point of common coupling
(PCC), and that between DSG and PCC, respectively.
X, is the d-axis reactance of the DSG. For convenient
explanation, the variables of VSG and DSG are

[Pl

represented by the subscripts “s” and “g”, respectively.
Then, the equivalent output impedances Zos and Zog of
the VSG and DSG can be expressed as
{ Zos = Zf + Zlines = Ros + ons
— _ . 3)
Zo,=Xi+Z =R, +JX,

lineg

Considering that Z,s is mainly inductive, the active
power transferred from the VSG to the PCC can be
expressed as
E.Epcc (R, cosd, + X, sind,)— R Ep..

RZ+X2 N
EsEPCC (R(:s + X0 )_RGSE;CC

0SS

2 2
Ros +X, 0s

R=3

3

“4)

Similarly, the output power of the DSG can be
expressed as

2
P ~ 3EgEPCC (Rog +X0g5g)_RogEPCC (5)
g RZ +X2
og og

The power loss of resistance can be expressed as

P2+2 P2+2
po=Blp p oo QgRog (6)

Ros — 2 0s Rog 2
E E’

Then, the power balance equation is

P+P.~P, Py, =P,

0s Rog Load (7)

Subsequently, the state space model of the paralleled

system is constructed, and disturbance separation and

_s 0

JS

0 _Tre
Jg

A=

0 __pg
Tong

1 -1

L G, -G,G, G, -GG,

linearization are carried out to obtain *”
Ax = AAx + BAu g
Ay = CAx+ DAu ®)
where
x=[Aw, Ao, AT, AS]T )
T
u= |:A1)ns A1)11g A})L()ad:' (10)
The system stability can be estimated by the system
matrix
0 3 3G,
Jsa)n
1 3G2(G3G1 —Gl)
J, J,0,(G, -G,G,)
11
e 0 (an
Ting
0 0
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where G-G4 represent the intermediate variables.

E EpCCX G. = E EPCCX
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G3 _ ;)s s PCC( 5 0s 25) PCC (12)
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_ 6R,, E,Epc (R, +X,,0,)— ROgE;CC
CE Ry +Xe

Then, the system characteristic equation can be Eq.

(13)

A A= 3G (G, - G,G,)

J@.(G,—G,G,~G,G,+G,)

K
[i+(s+ﬁ)(s +L)J—
ng-mg JE ng
D, 1) 3G(GG-G) 1
St | s+ — +
J G,-G,G, -GG + G, J,0,

s mg
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The active power time constants of the VSG and
DSG are represented by Eq. (14) Bl In general, time
constant rysg can be altered according to the capacity
and frequency fluctuation limitation of the VSG
Meanwhile, psg is a fixed value and determined by
the physical structure of the DSG 2

T _ s T —Jg (14)
VSG DSG —
D D
ps pg

Subsequently, for convenient analysis, two scenarios
are considered according to the grade difference between
the active power time constants of the VSG and DSG:
T™sG >> TvsG, and Tpsg ® Tysg OF Tpsg << TvsG.
Accordingly, the solution of Eq. (13) can be divided
into the two scenarios to investigate the influence of
the physical difference and control parameters on the

power oscillation of the paralleled system.
2.2.1 Scenario I: tpsg >> 1vsc

In this scenario, Eq. (13) can be simplified as

D s -
s(s +L) Rl L 3Gi(G, - G,Gy) =
mg Jg Jo,(G, -G,G, -GG +G))

(15)
The characteristic equation has three non-zero
solutions. One of these is

§=-— (16)

mg

This negative real root is related to parameters of the
speed governor of the DSG. That is, in this scenario,
Tmg Would cause the system to be in an over-damping
state without instability or power oscillations. The
other two non-zero solutions can be identified by the
delta criterion

1 12G,(G, - G,G,)

A= _
T\Z/SG ‘]sa)n(GZ _G4G2 _G3G1 + G1) (17)

According to the Vieta theorem, Eq. (15) has two
real solutions when A=0. These are located in the
negative half axis of the real axis.

When A4<0, the other two solutions are

L ¥4, (18)
ZTVSG 2

$23=

At this point, the solution of the power angle of VSG
can be expressed as

AS, = A, exp(—pt)cos(wyt +6,) (19)
J- D, +X2)
@y _yA4 B=—"" @, =arccos L
2 2J, 2 E,Epcc X,
(20)
where Ao, wq, f, and 6y are the amplitude, angular
frequency, decay coefficient, and initial phase,

respectively, of the power angle.
Combining with Eq. (4), the output power of VSG is
s=—3Elff)‘;§(“ : ©2))
It can be determined from Egs. (19)-(21) that when the
active power time constant of the DSG is significantly
larger than that of the VSG the system power oscillation
is affected mainly by the parameters of the VSG and the
line impedance. Meanwhile, the parameters of the DSG
have negligible influence. The specific rules are as
follows: when the load fluctuates, the power oscillation of
the VSG is a sine function whose amplitude decays
gradually. When J; and D, are smaller, =g would be larger.
Thereby, the power oscillation frequency would be larger.
When Dy is smaller, J; would be larger and S would be
smaller. Thereby, the decay speed of the power oscillation
would be lower. In addition, the various impedances
mainly affect wg, implying that they mainly affect the
oscillation frequency.
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2.2.2  Scenario II: 7psg = tvsG OF TpsG << TvsG

It is difficult to simplify Eq. (13) in this scenario. It is
a quartic equation with four roots. The analytical
solutions are highly complex. Furthermore, it is
difficult to determine the
solutions and parameters intuitively. Therefore, the

relationship between

influence of parameters such as Jy, Dys, Jg, Dpg, Xx, Kpg,
and 7 on the oscillation would be investigated by the

root locus directly.

The eigenvalue distributions when the key
parameters vary are shown in Fig. 3. In general, it can
be determined that in this scenario, all their parameters
and equivalent impedance would have substantial
influence on the paralleled system oscillation. In
particular, the influence of the speed governor of the
DSG is more significant. The specific rules are as

follows.

Fig. 3 System eigenvalue distribution when key parameters vary under Scenario 11

As shown in Figs. 3a; and 3a,, with the increase in
Tmg, the system eigenvalues shift closer to the
imaginary axis, and the oscillation decay speed
would reduce. Meanwhile, with the increase in Kpg,
the eigenvalues shift away from the negative real
axis. This indicates that the oscillation frequency
increases.

In Figs. 3b; and 3b,, with the increase in J;, the
eigenvalues gradually shift closer to the imaginary
and the
oscillation would reduce. Meanwhile, the increase in

axis, decay speed and frequency of
Jg only causes the eigenvalues to gradually shift
closer to the negative real axis. That is, J, has a
higher impact on the oscillation frequency rather
than the decay speed.

In Figs. 3c; and 3c,, with the increase in Dps or Dy,
the eigenvalues gradually shift away from the
imaginary axis, and the decay speed increases
continuously. When these increase to a certain extent,
the system would enter the overdamping state.

In Figs. 3d;, 3ds, 3e;, and 3e,, with the increase in
Xos Or Ros and R, or Xo, the eigenvalues continue to
shift closer to the negative real axis. It shows that

these mainly affect the frequency of power oscillation,

which is similar to Scenario 1.

The above influence analysis of parameters on the
system eigenvalues reveals that the power
oscillations in the VSG-DSG paralleled system are
caused essentially by the physical difference and
parameter mismatch between the VSG and DSG
When the inertia of the DSG is significantly higher
than that of the VSG (because Dy is determined by
the rated capacity of the VSG, zysg is essentially
related to J;), the paralleled system is sensitive only
to the parameters of the VSG rather than the DSG.
When the inertia of the DSG is

significantly smaller than that of the VSG, the system

similar or

is sensitive to all parameters and is more likely to
Meanwhile, the further
influences the power oscillation frequency in all the

oscillate. impedance
scenarios. Certain conclusions are summarized in Tab.
1 for a comprehensive description of the influence of
key parameters on the oscillation.

Tab.1 Influence of control and physical circuit parameters on

frequency and decay speed of power oscillation

Frequency of oscillation Decay speed of oscillation

Influence

oarameters 7 Kre T Koo Ros Rop Xog

Jss Dys, Dpg, Ting
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2.3 Elimination condition of power oscillation

Several solutions can be considered to suppress the
power oscillation in the VSG-DSG paralleled system.
(D Replicate the speed governor of the DSG in the
VSG controller,
completely equalize the mathematical models of the
VSG and DSG. @ Reduce the virtual inertia and
increase the damping of the VSG. (3 Explore the

and adjust the parameters to

reasonable condition for the elimination of power
oscillation, and optimize the dynamics matching
design of VSG and DSG.

Nevertheless, with regard to the first solution, the
additional model of the speed governor would impact
the dynamics of the VSG. Meanwhile, it is challenging
to accurately equate the mathematical models of the
VSG and DSG, owing to practical errors. Similar to
the above analysis in Scenario II, marginal differences
between these are more likely to deteriorate the
parallel operation issues. Meanwhile, the second
solution would not achieve the original objective,
which is to provide inertial support to the microgrid to
address the problems such as high frequency ripples.

Therefore, from the perspective of the third solution,
the elimination conditions of power oscillation
generation are derived directly from the response
characteristics of the VSG and DSG in this study.
Specifically, to prevent the oscillation, it is necessary
to maintain the angular frequency w and acceleration
@ of the VSG and DSG equal before or after the load
fluctuations. Combining Egs. (1), (2), (4), and (5), we
can obtain Eq. (22)

o, _AT, [AL, AR [ AR E Jy Xy
1) J. J, w,J,

oJ E J X

g s g n“g g s 0s

Hence, if w=w, and @, =@, during the transient

E =E,
J X, =J X, @3)

0s

process,

As shown in Eq. (23), the generation conditions of
oscillation can be eliminated if the equivalent impedance
and inertia of the VSG and DSG are designed to be
inversely proportional and their voltage amplitude are
maintained equal. Although there are unalterable
differences in their physical structure, oscillation can be

suppressed by optimizing controllers of the VSG.

3  Power oscillation suppression control
strategy with virtual inductance and
dynamic mutual damping

Based on the above analysis, a power oscillation
suppression method for the VSG-DSG paralleled
system with virtual inductance and dynamic mutual
damping technology is proposed. First, the virtual
inductance is designed and added to the VSG’s
controller to satisfy the elimination condition of
Eq. (23). Second, the frequency information of the
DSG is transferred to the VSG to construct the virtual
mutual damping and thereafter, to suppress the
instantaneous overshoot and increase the decay speed
of oscillation. The proposed strategy is illustrated in
Fig. 4. This is followed by a detailed introduction of
the operation principle and design considerations.

Fig. 4 Proposed overall control strategy for VSG

3.1 Oscillation generation suppression principle
with virtual inductance

The block diagram of virtual inductance is shown in
Fig. 5. Here, eabc1, €abc2, and isabe are the initial output
voltage, modified voltage reference, and current of
the VSG. e, ep, ia, and ip are the corresponding
values in the stationary coordinates. L., is the virtual

inductance.
€3] — o M —=€a2
ey —=| abc! :{ . OZH/ L ey
€c] — OC,B ) avce —=€c2
igq —]
i abc/
N of
Ige —=1

Fig. 5 Block diagram of virtual inductance
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As shown in Fig. 5, the virtual inductance L., is
multiplied by the output current ish. to compensate the
voltage reference and thereby, achieve a similar effect
as the actual reactance in the line.

Then, to satisfy the condition of Eq. (23), the
selection law of the virtual impedance should be

J, XX

s lineg
J, XX,

+XV[‘ (24)

ines

However, it is challenging to accurately measure the
inertia. Consider the following expression (21
_ 2HS,,

g 2
[0)

n

(25)

As shown in Eq. (25), the inertia and the inertia time
constant A (which generally ranges from 1 s to 10 s)
of the DSG are related to its power capacity. Because
there is a similar law of the VSG, the inertia matching

of the VSG and DSG can be
A y
57 (26)

Thus, the virtual inductance can be designed
effectively as

S ns X c; +X lineg
=" " @27)
S XX, X,

ng lines

By varying L., the equivalent output impedance of
the VSG can be varied, and Eq. (23) can be satisfied
approximately to eliminate the oscillation generation
conditions to the extent feasible.

3.2 Fast oscillation decay principle with dynamic
mutual damping

In a practical system, the virtual inductance cannot

completely eliminate the oscillation generation
conditions. Therefore, the second key concept of the
proposed method is the addition of the dynamic
mutual damping to further speed up the decay of the
oscillation.

The principles of the dynamic mutual damping are
shown in the yellow block in Fig. 4. Here, the angular
frequency w, of the DSG is detected and transferred to
the VSG by communication. Subsequently, the
difference between w, and the output angular
frequency ws of the VSG is multiplied by the mutual
damping coefficient Dgn to obtain the dynamic

damping torque T4m. Then, T4n would help narrow the

output torque difference between the VSG and DSG
Finally, the amplitude and duration of the power
oscillation would be reduced, and their output power
would tend toward consistency in the minimum time.

After the addition of dynamic mutual damping, the
swing equation of VSG becomes

T,.-T,-D, (0, -0)-Dy (0, -w,)=J o (28)

It can be observed from Eq. (25) that the dynamic
mutual damping becomes effective only when the
system is in a dynamic process (ws# w,). Meanwhile,
ws = w, in a steady state, i.e., the mutual damping
would become zero. Therefore, it would not affect the
system steady-state operation.

It is noteworthy that the addition of mutual damping
would also influence the variation ratio of the VSG

frequency

A(%) — _de(ws _C()g)

dt J

S

(29)

Hence, an excessively large Dgm may degrade the
system stability. The following is considered to be the
design principle of Dgn: in a period 7, the reduction in
the frequency difference between the VSG and DSG
caused by the mutual damping should be less than or
equal to the difference at the beginning of the period

d(o, ~o,)
dr

A T<w - (30)

s g

Thereafter, the available range of Dgn, is

J
0< Dy <22 31)

4 Experimental verification

To effectively demonstrate the theoretical analysis and
the effectiveness of the proposed method, comparative
controller hardware-in-the-loop (CHIL) experiments
between the traditional method and proposed method
are carried out. The experimental platform is
presented in Fig. 6. It consists of the RT-LAB
simulator (OP5600), a computer, two control boards
(DSP, TMS320F28335), and an oscilloscope. The
parameters are shown in Tabs. 2-3. The system
topology is shown in Fig. 2. The impedance Zjines and
Ziineg are set as (0.1+j0.2) Q. The local loads are set as
follows: Load;=100 kW+50 kVar, and Load,=
150 kW.
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Fig. 6 CHIL experimental platform

Tab.2 Parameters of VSG

Parameter Value Parameter Value

P, J/kW 50 K 9200
E./V 380 L¢mH 1.5
Dy,/(N » ms/rad) 20 Cy/uF 10
Dgs 2 500 L, /mH 4
JJ(kg * m?) 2 D 10

Tab.3 Parameters of DSG

Parameter Value Parameter Value
Syl (kV * A) 200 X, 1.26
Y 380 X, 1.06
(s) 0.6 Xy 0.313

P 2 Xy 0

His 2 D,g/(N * ms/rad) 0.4

T /s 2.1 Kpe/(N + ms/rad) 74

4.1 Performance verification under load fluctuation

This group of experiments verifies the effectiveness of
the proposed strategy when the load fluctuates. The
idle frequency of the DSG is set as 50.5 Hz. Load, is
activated initially. Meanwhile, Load, is activated at
=4 s, and cut off at =12 s. The experimental results of
the frequency, power, and current of the VSG and
DSG when the conventional method is applied are
shown in Fig. 7.

Prevy [

I
. I
Activate |
|

load2:

o
3 \.
= ! !
T Ll
s Y 5/ Cut off
g i load2
§ - /49 Hz i |
- 1 I

T Previs — T ] | T 1
= Activate : : Cut off
=} load2\1| ."\/"'"“"""‘"""'__'_‘,/ load2
2 / :'-
¥ |; e
E ot ama =
2 AV, S ! _
R e, |V\.<v‘———-—-
<’ i 1 Vso
[
| |
! i
Time(2 s/div)

(b) Output active power of VSG and DSG

1
| Cut off
Activate | load2

load2

Current(150 A/div)

Time(2 s/div)
(c) Output current of DSG
Tek Frevu [ I 1 1 1
! { : Cut off
Activate | " load2
|

Current(150 A/div)

Time(2 s/div)
(d) Output current of VSG
Fig. 7 Experimental results without proposed method

As shown in Fig. 7, the frequencies of the VSG
and DSG stabilize at 50.2 Hz at the beginning when
the conventional method is used. At =4 s, when
Load, is activated, the frequency and output power
of the VSG and DSG present

instantaneous overshoot and oscillations. It can be

significant

observed from Figs. 7a-7b that the reduction in the
VSG frequency can be up to 49.3 Hz, and the power
overshoot can attain nearly 94 kW. Compared with
(60 kW), the

overshoot exceeds 50%. After the inrush stage, the

its steady-state output power
oscillation process of the frequency, power, and
output current of the VSG and DSG continues for
approximately 3 s. A similar phenomenon occurs

when Load, is removed.
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The experimental results of the proposed method
are shown in Fig. 8. The virtual inductance L., is set as
4 mH according to the theoretical analysis. It can be
observed that the maximum output power of the VSG
in the dynamic process is 74 kW. Compared with the
conventional method in Fig. 7, the percentage of
power overshoot is reduced from 50% to 20%. The

current response is also improved significantly.

In addition, the frequency and power of the VSG
and DSG can attain their stable states 0.5 s after the
load fluctuations. The steady state frequencies are 50.2
Hz and 49.78 Hz, respectively, which are consistent
with the outcomes in Fig. 7. This also indicates that
the dynamic mutual damping does not affect the
system performance in the steady state.

4.2 Performance verification under plug-in and

Teirve || - ! ! plug-out of VSG
% Activate : : . . .
2 load2 ] ! Y80 This group of experiments verifies the performance of
;}; \' 7 DSG g the proposed strategy under plug-in and plug-out of the
Iy I|' .
§ 1L s VSG or DSG These experiments are conducted
considering that this type of operation is also a common
dynamic process of the VSG-DSG paralleled system.
As shown in Fig. 9 and Fig. 10, when the VSG is
disconnected from the paralleled system at /=4 s, both
(a) Frequency of VSG and DSG VSG and DSG can remain stable regardless of whether
Tok Prevy | E |
~ | . : : Cut off
Z | Activate - | - 7 160dd2 ) T 1
= | load2~] / i | VSG
g | \: f i 5 K plug in
8 | i/ i\ S LA
E ‘ :I |l :n,l\/ DSG = A { P"NW
| i : Wi
é‘ }-mmf. B e AR s g I.‘ r !IllJJ
o | I | P FAy
o | 5 Y
2l i Vox g 1
. | |~ VSG g i
| I I b 1|
| | I
[ [ i
I
Time(2 s/div) i !
(b) Output active power of VSG and DSG Time(2 s/div)
1 (a) Frequency of VSG and DSG
| i ! Cutoff
Activate | load2 o —t . : i
i load2 - ! !
2 z VSG _ | i
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Fig. 9 Experimental results under plug-in and plug-out of

VSG without proposed method

the proposed method is used or not. Moreover,
because both these have voltage and frequency
support properties, their local loads can be supplied
effectively.

However, when the VSG is re-connected to the
DSG at =12 s, both these sustain severe frequency
and power inrush as shown in Figs. 9a-9b. The peak
values of the VSG can attain +5.6%fns and +4P,
respectively, and those of the DSG can attain
+5.6%fng and +2.5P,,, respectively. Furthermore,
their frequencies and power subsequently maintain
intense oscillations for a long time. As shown in Fig.
9d, the current of the VSG far exceeds 2/,s. This
would burn the inverter.

As shown in Fig. 10, the frequency and power
oscillations can be suppressed rapidly (within 0.5 s)
when the proposed method is applied. In addition,
smaller frequency and power overshoots occur at the
re-connection time. More importantly, as can be
observed in Figs. 10c-10d, the current of the VSG and
DSG can be always within two times of their rated
values. Thus, it is evident that the proposed strategy
can also achieve good performance in the case of

plug-in and plug-out of a VSG.
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Fig. 10 Experimental results under plug-in and plug-out of

VSG with proposed strategy

5 Conclusions

This  study interactive

oscillation problem in a VSG-DSG paralleled system

investigates the power
when the load fluctuates. The mechanism of the power
oscillation is analyzed theoretically. A suppression
strategy is proposed based on the analysis results. The
conclusions drawn are as follows.

(1) The power oscillation is caused essentially by
the physical difference and parameter mismatch
between the VSG and DSG. When the inertia of the
DSG is significantly higher than that of the VSG, the
paralleled system is sensitive only to the parameters of
the VSG rather than the DSG. When the inertia of the
DSG is similar or significantly smaller than that of the

VSG, the system is sensitive to all parameters and is
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more likely to oscillate. In both the scenarios, the
equivalent impedance has a significant impact on the
oscillation frequency.

(2) Although the VSG and DSG differ in their
physical structure, the elimination conditions of the
interactive power oscillation generation can be
satisfied when the equivalent impedance of the VSG
and DSG are inversely proportional to their capacities
(assuming that their inertia are proportional to the
capacities).

(3) With the proposed suppression strategy, the
virtual inductance is designed and added to the VSG to
approximately eliminate the condition for oscillation
generation. Meanwhile, the dynamic mutual damping is
dedicated to the reduction of the output torque
difference between the VSG and DSG when the load

fluctuates, and the acceleration of the oscillation decay.
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