Aalborg Universitet
AALBORG UNIVERSITY

DENMARK

Characteristics of Parallel Inverters Applying Virtual Synchronous Generator Control

Chen, Meng; Zhou, Dao; Wu, Chao; Blaabjerg, Frede

Published in:
| E E E Transactions on Smart Grid

DOl (link to publication from Publisher):
10.1109/TSG.2021.3102994

Publication date:
2021

Document Version
Accepted author manuscript, peer reviewed version

Link to publication from Aalborg University

Citation for published version (APA):

Chen, M., Zhou, D., Wu, C., & Blaabjerg, F. (2021). Characteristics of Parallel Inverters Applying Virtual
Synchronous Generator Control. | E E E Transactions on Smart Grid, 12(6), 4690-4701.
https://doi.org/10.1109/TSG.2021.3102994

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

- Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
- You may not further distribute the material or use it for any profit-making activity or commercial gain
- You may freely distribute the URL identifying the publication in the public portal -

Take down policy
If you believe that this document breaches copyright please contact us at vbn@aub.aau.dk providing details, and we will remove access to
the work immediately and investigate your claim.

Downloaded from vbn.aau.dk on: November 19, 2024


https://doi.org/10.1109/TSG.2021.3102994
https://vbn.aau.dk/en/publications/60af7065-8a46-4141-ba2d-9d97ccde12c5
https://doi.org/10.1109/TSG.2021.3102994

JOURNAL OF KTgX CLASS FILES, VOL. 14, NO. 8, AUGUST 2015

Characteristics of Parallel Inverters Applying
Virtual Synchronous Generator Control

Meng Chen, Student Member, IEEE, Dao Zhou, Senior Member, IEEE, Chao Wu, Member, IEEE, and Frede
Blaabjerg, Fellow, IEEE

Abstract—The virtual synchronous generator (VSG) is a
promising way to deal with the lack of physical inertia and
damping introduced by the power-electronic-based power supply
system. However, the inertia and damping characteristics may
be complicated in a paralleled VSG system due to the lack of a
stiff power grid and the interactions between the control system
of the inverters. In this paper, the dynamics of parallel inverters
with VSGs is studied. The equivalent inertia and damping char-
acteristics are derived and analyzed in detail considering both
changing of set-points and load disturbance, where the transient
load sharing is also investigated. Furthermore, a better dynamics
is achieved by an inertia switching strategy. Experimental results
verify the effectiveness of the analysis and the proposed strategy.

Index Terms—Parallel inverters, virtual synchronous genera-
tor, equivalent coefficients, transient load sharing.

I. INTRODUCTION

S more converter interfaced generators are integrated

into the power system, they are required to participate
in the frequency and voltage regulation in order to keep the
stable operation of the power system. Droop control has been
proved as a solution while achieving power sharing among
paralleled units, which mimics the droop mechanism of a
traditional governor. Furthermore, in order to eliminate the
influence of impedance mismatch and improve the stability of
the controller, a virtual impedance control is proposed, which
is similar with the windings of a synchronous generator (SG).
However, both the droop control and the virtual impedance
control cannot provide enough inertia like an SG, which
implies that a large rate of change of frequency (RoCoF)
and frequency deviation may occur after various disturbances.
In an SG, the mechanical rotor can provide large inertia. In
comparison, the power electronic converters are static systems
without physical inertia, which may harm the frequency per-
formance in the power system [1].

In order to solve the problem caused by the lack of physical
inertia, some new strategies including virtual inertia have
been proposed in the literature, where the virtual synchronous
generator (VSG) has drawn wide attention due to its favorable
features. A VSG includes the swing equation of the SG into
the control system of the inverter so that the static inverter
can operate with inertia characteristics like in an SG [2], [3].
Further, it is easy to achieve the droop characteristics and
virtual impedance by emulating the governor and windings,
respectively [4]. To highlight the benefits, several works have
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compared the performance of VSG with droop control such
as in [5] and [6]. In a word, a VSG can not only combine the
advantages of both droop control and virtual impedance, but
also provide additional inertia.

In general, the formal definition of the power system sta-
bility with distributed generators (DGs) are identical with the
traditional power system, i.e., the ability, for a given initial
operation condition, to regain a state of operating equilibrium
after a disturbance, with most system variables bounded so that
practically the entire system remains intact [7]. Nevertheless,
the limitations for some indices are changed. Usually, the
RoCoF and frequency deviations can be used to evaluate the
frequency stability. According to IEEE Std 1547-2018, the
distributed generators should be in continuous operation when
the frequency deviations are within +1.2 Hz. Besides, the DGs
should ride though for at least a 0.5 Hz/s of RoCoF over an
averaging window of 0.1 s [8]. In addition, a new limitation
of 1 Hz/s is recommended in Ireland for a system with more
than 75% of converter-based generators [9]. As the above
indices are highly related to the inertia and damping level,
it is necessary to investigate these characteristics provided by
the inverters in order to understand the dynamics of the system
with more power electronic converters. In [10] and [11], the
equivalent inertia of a doubly-fed induction generator (DFIG)
based wind turbine system and a photovoltaic (PV) system
provided by a modified phase-locked loop (PLL) rather than
a VSG are investigated, respectively. In [12], the DC-link
capacitor in a grid-connected PV system is used to provide
the virtual inertia, where the equivalent inertia, damping, and
synchronizing coefficients are derived by a torque analysis
to represent the characteristics of the PV system. The same
method is adapted by [13] to study the VSG. However,
it focuses on a grid-connected single machine infinite bus
system.

In many applications of the VSG, there is not a robust
power grid, and even not a dominant power source such as
in a parallel VSGs system, where the dynamics of the VSGs
may influence each other [14]. In [15], the robust stability
of the parallel VSGs system is studied by using p-analysis,
which reveals the impact of a parallel VSG on the stability
margin. However, the parameters impact on the inertia and
damping characteristics dynamically are not focused on. A
frequency analysis of the parallel VSGs is given in [16] to
investigate the inertia interaction among different VSGs, while
the value of the equivalent inertia is not studied. Meanwhile,
the damping is not considered in this literature. In [17], the
index “transient active power circulation (TAPC)” is used to



JOURNAL OF KX CLASS FILES, VOL. 14, NO. 8, AUGUST 2015

study the impact of the parameters on dynamics of the parallel
VSGs system, where the way that the parameters will influence
a specific VSG can not be reflected. The inertia and damping
characteristics of the VSG, which may change due to the
interaction with the paralleled one, have not been evaluated
in detail either.

In addition, one of the important problems of the parallel
VSGs is the transient power sharing, which may lead to large
power oscillations. In [18] and [19], an inertia design method
and a virtual capacitor control of parallel VSGs are proposed
from the point of view of power sharing. Moreover, the power
sharing is also related to the damping of the VSG, which is
studied in [20]. In [21] and [22] , the conditions to achieve
better transient active power sharing is discussed, which shows
that the corresponding parameters of the parallel VSGs should
be exactly identical in p.u. values. A similar work is given
in [23], where the same voltage magnitudes are required.
However, the voltages, which are changeable with the reactive
power of the system, are not constant during the operation.

In our previous research in [24], a single VSG system with
local loads connected into an ideal grid is investigated. As an
extension, this paper considers a parallel VSGs system without
a stiff grid. Therefore, the main purpose is to investigate how
the paralleled units will influence the dynamics of each other.
Meanwhile, it will be proved that the results in [24] can be
seen as a special case of this paper. In addition, [24] only
addresses the load disturbance. However, variations in the set-
point value as well as the impact of a dedicated damping term
will also be considered in this paper.

In this paper, an equivalent coefficients model is built and
used to investigate the inertia and damping characteristics of
the parallel VSGs system. Meanwhile, unlike the stability
analysis based on the characteristic equation, the impacts
of the input signal, which influences the closed-loop zeros,
on the dynamics are also considered. Based on the derived
equivalent coefficients model, a more general condition to
achieve the transient power sharing is obtained easily. Then
to achieve better performance with a variation of the set-point
value, a simple inertia switching strategy based on the set-
point value of the active power is proposed for the parallel
VSGs system. Although some damping strategies can be used
to decrease the power oscillation, they are more complicated
due to more control parameters [22], [25], [26]. In [27]-[29],
several alternating inertia control strategies are proposed as
well. However, the inertia switching is based on the frequency
and will occur with any disturbance, which influence the
transient power sharing during a load step. Meanwhile, they
are hard to work in the parallel VSGs system, which may have
a frequency deviation in steady-state operation.

As a result, the contributions of this paper are summarized
as follows.

1) The equivalent coefficients of the parallel VSGs under

load disturbance and set-point changing are derived.
The results reveal which parameters and how they will
influence the dynamics of the VSGs in a parallel system.

2) Based on the derived equivalent coefficients, the con-

ditions for achieving transient power sharing are easily
derived, which is an extension of the results in [21] and

load
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Fig. 1. Topology and control of VSG with a constant DC source (V).

[23]. It shows that the corresponding parameters are not
necessarily identical between the parallel VSGs even in
p-u. values.

3) A simple enhanced inertia control strategy based on the
set-value of the active power is proposed to achieve good
performance of frequency under both conditions of load
disturbances and set-point changing.

The rest of paper is organized as follows. The basic principle
of VSG and its control is presented in Section II. In Section
III, a small-signal model of the parallel VSGs system is
established and used to investigate the inertia and damping
characteristics. The transient power sharing is considered as
well. In Section IV, a modified inertia is proposed to improve
the performance of the VSG. Experimental results are shown
in Section V, and conclusions are drawn in Section VI.

II. VIRTUAL SYNCHRONOUS GENERATOR AND ITS
CONTROL

Fig. 1 shows the topology and the control diagram of
the VSG, where Ly, Ry, and Cy are the filter inductance,
the equivalent resistance of the filter inductor, and the filter
capacitance. L; and R, represent the inductance and resistance
of the line to the load. The three-phase currents of the filter
inductor, iy, the three-phase output voltages and currents,
Vabe and i,qpc, are measured as the inputs of the control system.
The VSG emulates the swing equation of the SG, which is

ref_pe :2H7 1
o _ .. .
dt "

where the superscript ”*” represents the p.u. value. P and p,
are the input and output power, @ and @, are the virtual angle
speed of the rotor and its nominal value, and 0 is the rotor
angle, which is used for the coordinate frame transform, and,
thus, the use of a PLL is avoided. H is the inertia constant.
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Fig. 2. Block diagram of virtual impedance.
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Fig. 3. Equivalent coefficients model used in analysis of traditional power
system [30].

As shown in Fig. 1, to guarantee power sharing between
multiple VSGs, the droop control emulating the governor is
implemented into the VSG control, which is

@y — " =D,(Py; — Py) )

where 0" represents the set-point, D), is the droop coefficient.
Due to the decoupling between the active and reactive power,
the Q —V droop is not considered in this paper.

For the VSG using a double-loop control strategy, the
virtual impedance is normally used to decouple the active and
reactive power, and enhance the stability of the system. Fig.
2 shows the block diagram of the virtual impedance, which
can influence the references vy4..¢ for the inner loops using
the output currents i,q,. Its mathematical expression is given

by (3).
Varef + JVaref = Vo — (Ry+ jXy) (ioa + jioq) 3)

where R, and X, are the virtual resistance and virtual reac-
tance, respectively.

III. CHARACTERISTICS OF PARALLEL VIRTUAL
SYNCHRONOUS GENERATOR

A. Equivalent coefficients analysis of SG model

In the traditional power system, the dynamics of the fre-
quency mainly relies on the influence of the torque unbalance
and the rotational inertia, which can be investigated using an
equivalent coefficients model as shown in Fig. 3 [12], [13],
[30]. As seen, this model determines the dynamics from four
factors, i.e., the input signal, the inertia, the synchronizing
torque component, and the damping torque component. The
input signal represents the characteristics of the disturbance,
the inertia is related to the RoCoF, the synchronizing torque
component is related to the aperiodic oscillation, and the
damping torque component is related to the periodic oscil-
lation.

V, Z8, X,

SM LYY

V,£0°
| Infinite Bus

Fig. 4. General diagram of single machine infinite bus system where SM is
a synchronous generator.

Usually, for the stability analysis of the traditional power
system, it is supposed that the SG is connected into an infinite
bus without the local load as shown in Fig. 4. Therefore, the
input power AP}, ¢ 1s chosen as the input signal, which leads
to

K;=2H (G))

where K; is the equivalent inertia coefficient. As seen, the
equivalent inertia is only determined by the inertia constant
of the rotor, and all other influences from the system will
be reflected in the synchronizing torque and damping torque
components. In this context, the equivalent synchronizing
and damping coefficients, i.e., K¢ and Kp will be different
according to the governor, impedance, etc.

However, a parallel VSGs system has two main differences
compared to the system show in Fig. 4. First, a local load
can also be the disturbance of the system. Second, there is
not an infinite bus in this islanded system. Therefore, the
corresponding equivalent coefficients model may be quite
different as well.

B. Small-signal model of parallel VSGs

There are two set-point values in Fig. 1, i.e., Py and @y. This
paper uses Py as an example to investigate the characteristics
when there is a variation in the set-point value. The impact
of @y can be analyzed similarly because the only difference
between them is D, as shown in Fig. 1.

The studied parallel VSGs system is shown in Fig. 5, where
the equivalent circuit is shown in Fig. 6. Although the line
in the low voltage usually has a low X/R ratio, it can be
solved by the virtual inductance control. It can be seen from
Fig. 6 that the virtual inductance increases the equivalent
inductance between the VSG and the load. Fig. 7 shows
the comparisons responding to a load step with and without
considering the resistance. It is noted that VSG 1 is taken as
the example, where Ly =1 mH (0.3 Q) and Ry =2.4 Q (the
ratio of R/X is assumed to be around 7.7 in a low-voltage
network [31]). The virtual reactance of 3 Q is applied to
both VSGs in order to make the equivalent impedances to be
inductive. Although the line resistance changes the steady-state
due to its voltage drop, the influence is not that significant.
More importantly, the resistance does not significantly change
the dynamic waveforms. Besides, in practice, there may also
be several factors to make the equivalent impedance more
inductive and further decrease the impact of the resistance.
First, the VSG may be connected into the power grid via an
LCL filter and/or an transformer such as in [5] and [32], where
the grid-side inductor of the LCL filter and/or the equivalent
inductance of the transformer will increase the total equivalent
inductance. Second, a higher virtual reactance can be used
(e.g., 6 Q and 9 Q are used in Section V). Therefore, the line
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Fig. 5. Topology of parallel VSGs.
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Fig. 6. Equivalent circuit of parallel VSGs shown in Fig. 5.

. 0 — R=0Q
Lo02f --- Ry=240Q
©
=041 1
So6f ]
o8 ——
48 5.6 5.8 6
1500 :
Swool [ i
g s00r — R=0Q |
0 - R=24Q |
48 5 52 5.4 5.6 5.8 6
Time (s)
(b)

Fig. 7. Comparisons of VSGI responding to load step with and without
considering the line resistance. (a) Variations of angular frequency. (b)
Variations of output active power.

resistance is neglect in the following analysis just like in [16]
and [21].

Similarly, as shown in Fig. 7(b), the loss of the line does
influence the output active power. Nevertheless, it is negligible
compared to the load variation and does not change the
dynamic waveform remarkably. Thus, it is assumed that the
loss of the line is zero in the following analysis. In some
topics such as the economic regulation, the losses on the line
may become important. However, they can be neglected in this
paper. In Section V, the experimental results are in accordance
with the conclusion of the analysis, which also verifies that
neglecting the loss of the line is reasonable. Thereafter, all the
output power of the VSGs is consumed by the load, i.e.,

Y, Apli=Ap; (5)
=12

where p; is the active power consumption of the load. It is
noted that for a constant load resistance, p; is only determined
by the load voltage. However, as in normal operation, the

voltage can only change in a narrow area, e.g., 0.95 p.u.-
1.05 p.u., the small-signal variation of the load power due
to voltage changing is small. Therefore, when discussing a
load variation, it usually means a load step, i.e., variation in
the load resistance. For an inductive line, the active power is
dominated by the angle difference [21].

Define §; as the angle separation between the voltages of
the VSGi and the load bus, which is calculated by

6= [ (@ - aj)odr (6)

Although the double loop and power stage can also influ-
ence the stability of the system, their dynamics are usually
with relative high frequencies of at least several hundreds
Hz [33]. Therefore, when studying the slow dynamics of the
power loops with frequencies of only several Hz, the quick
dynamics of the double loop and the power stage may be
neglected such as in [17] and [19]. Then, the output power
can be simplified to

x VO_i Vius

p .=
“ XeqiSn

sin &; 7)

where Vs is the voltage of the load bus. The small-signal
equations are

d P:i

* ap:i
Ap,; = Wi AVpys + T&A& (8

As mentioned before, the impact of AV, on Ap,; is small.
Therefore, the upper equation can be simplified to

Apl; = alee-l AS; )
1
Define two intermediate coefficients as

Ir; Vo 1Viuso
Kj ==& = —=—"cos§ 10
1= 95, Xeo1Sn €os 019 (10)

Py Vo o2Viuso
Ky= =2 = =% 11
2 852 Xeq2Sn o8 820 ( )

which yields

Ap:l = K1A51 (12)
Apy, = KbAS, (13)

By combining (5), (12), and (13), the output active power
of the VSG can be expressed as

K K>

K
Apt = ApF + Ad; — A 14
P = (A8 -88)  (14)
K KK,
Apt, = ’— Ad; — A 15
P2 = e g AP K1+K2( 1 —AS) (15)

Based on the aforementioned analysis, the block diagram of
the small-signal model for a parallel VSGs system is shown
in Fig. 8. It indicates that although (6) defines &, the actual
independent state variable is the difference between VSGI1 and
VSG2, i.e., Ad|-Ad;.
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Fig. 8. Small-signal block diagram of parallel VSGs shown in Fig. 5.

C. Characteristics Analysis by Equivalent Coefficients

This section gives a similar equivalent coefficients model as
shown in Fig. 3, where K; and Kp represents the equivalent
inertia and damping when a disturbance occurs. The other
dynamic is represented by Ks. By the equivalent coefficients,
it is easy to know which parameters and how they can
influence the dynamics of frequency of the VSG. In general,
the RoCoF changes inversely with Kj;, which implies that
a larger K; can slow down the variation of the frequency
when disturbances occur, improve the nadir, and decrease the
oscillatory frequency. In comparison, Kp mainly influences
the oscillatory magnitude without changing the oscillatory
frequency, where a larger Kp usually decreases the overshoot
of the response. Ky reflects the impact of the paralleled VSG,
which can change the synchronization process in a longer time
scale. However, the inertia and damping characteristics (e.g.,
RoCoF) at the beginning of disturbances are not affected by
Ks. Here, both the influence of the control input Py | and the
load disturbance are studied by using VSGI1 as an example.
The impact of Py » on VSGI is not considered in this paper,
because Ry » will not introduce closed-loop zeros, and the
dynamics is, therefore, exactly determined by the closed-loop
poles, which can be analyzed by root loci as given in [21].

1) Characteristics when control input of VSGI changes:
In this case, Ap; is set to zero, where the equivalent block
diagram is simplified to Fig. 9. Therefore, the equivalent
coefficients are expressed as

K; =2H,
Ko — 1
D D,
= K1K2 [1 Klea)n/(K1+K2) ]

T Ki+K' 2H?+1/Dps+ KK, /(K +K>)
(16)

As seen, when Py 1 changes, the equivalent inertia and damp-
ing of VSG1 are only determined by H; and D1, respectively,
and they are independent on the parameters of VSG2 and the
system parameters. In terms of Kg, it is related to the inertia
and damping of VSG2, but is independent on the parameters of
VSGI. In addition, Ky is influenced by the system parameters
K and K> as well. It is concluded that, in this case, VSG1 de-
termines the inertia and damping characteristics, while VSG2
influences the dynamics to the steady-state.

It is worth noting that when H, = +e0 and D, = 0, VSG2

L
D,
APo_l_ 1 ACOI a)n Aﬁ’
- 2H,s s
KlKZ
KK, |, K +K, "
Ki+K, 2stz+is+ KK, _,
p2 K1+K2 !

Fig. 9. Equivalent block diagram of parallel VSGs with control input of
VSGl.

becomes an ideal source, where Ky is simplified to

KK
K +K

Ks (17)
Considering X4 = 0 further, which leads to K = +oo, (17)
becomes

Ks =K (18)
This is the special case of a single machine infinite bus in the
traditional power system.

2) Characteristics when load steps: In this case, APy | is
set to zero, where the equivalent block diagram is simplified
to Fig. 10. The equivalent coefficients are expressed as

m:m}ﬁ&

KD:LKH-Kz
D, K

Ks — K> [Kz(Hl/Dpszz/Dpl)SqL(K2H17K1H2)0),,
K\ H, 2H2S2—|—(1/DPQ)S+K20),Z
+K1H2—K2H]]

(19)
As seen, when there is a load step, the equivalent inertia of
VSG1 is also related to Hj rather than H,, which implies that
the inertia characteristics will not be influenced by the inertia
provided by the paralleled VSG just like the case when Py |
changes. Similarly, the damping of VSGI1 is determined by
itself rather than the paralleled VSG. Furthermore, K; and K,
will influence the equivalent inertia and damping as well. A
larger ratio between K; and K, leads to smaller equivalent
inertia and damping. Meanwhile, parameters of VSG2 will
influence the dynamics to the steady-state by changing K.
Considering that VSG2 is an ideal source, which means that
H> = +o0 and D,y = 0, (19) is simplified to

K|+ K
K, = 2H, 1+ K2
K
k= L Ktk (20)
D, K
Ks =K,

Therefore, the result in [24] can be seen as a special case
of this paper. When X,,» = 0, which leads to K» = +oo, (20)
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Fig. 10. Equivalent block diagram of parallel VSGs with load step.

becomes
Ky = +oo
Kp = oo 21
Kg = +eo

This is because, in this situation, the load is directly connected
to an ideal source, which absorbs all the load disturbances, and
VSGI1 is therefore not influenced.

3) Transient power sharing: When there is a load dis-
turbance, it is recommended that the parallel VSGs should
share not only the steady-state load but also the transient
load. This requirement can be achieved when all the equivalent
coefficients of the parallel VSGs are identical, i.e.,

Kn =K
Kp1 = Kp» (22)
Ks1 = Ks»
Combining with (19) yields
H 1/D K
H _1/Dp _Ki (23)

H,> o l/Dpz o K>

Therefore, the ratio of the corresponding control parameters
are equivalent with each other in order to obtain a good
dynamics under the load disturbance. It should be mentioned
that, as the model is built in the p.u. system, the condition
shown in (23) means the p.u. values.

One of the methods to choose Dp; can be based on the
capacity of the inverters, which leads to D,; = Dy in p.u.
value. Combining with (23) yields H; = H, and K; = K> in
this condition. It is noted that, from (10) and (11), K; and
K> have also included the influence of the line impedance.
In practice, accurate values of the line impedance are hard to
obtain, which implies (23) can scarcely meet exactly. However,
it does not change the correctness of (23). Meanwhile, (23) is
just an application based on the equivalent coefficients. The
conclusions of how the parameters can influence the dynamics
in Section III-C are still effective.

4) Impact of dedicated damping term: The studied VSG
shown in Fig. 1 has the most basic structure. More complicated
VSGs such as the ones with dedicated damping terms can be
used. To show their impact on the equivalent coefficients, this
paper studies the results with a step of the set-point value using

the damping method in [23] and [33] as an example, where
the small-signal model of the damping terms py; is

kd,'S
Apai = Ao} 24
Dd st 249
By adding (24) into Fig. 8, (16) becomes
K; = 2H,
1
Kp=—+k
D D, dl
ko= KiK2 ka1 0a1 (Ki +K2) | kaog, (K1 +Ka)
K1 +K> KK, K1 Ky, (s + 0g1)
. Kle(Dy,/(Kl +K2)
1 K Kywp, ka0
2Hy5* + (5,5 +ha2)s+ R — Sran

(25)

Comparing (25) with (16) shows that the equivalent inertia
coefficients K; are identical. Therefore, the RoCoF at the
beginning is expected not to be changed by the used dedicated
damping term. Meanwhile, it is shown that the oscillation
can be more damped due to k;; enlarging the equivalent
damping coefficient when the disturbance occurs, and the
impact of D, on the damping is not changed. This conclusion
is in accordance with the expected function of the dedicated
damping term in (24). In addition, although the parameters of
VSG2 do not influence K; and Kp, they can still participate
in the dynamics of VSGI1 by Kj.

As mentioned above, this section presents an example to
analyze the role of a dedicated damping term. There are still
other dedicated damping strategies proposed in the literature.
Although it is not possible to include them all in the paper,
they can be analyzed by a similar process.

D. Application in large power system

The aforementioned conclusions can effectively be applied
to a larger power system with multiple VSGs. Fig. 11(a)
presents a general power system with N VSGs, where VSGI
is assumed as the studied unit. If the system can be reduced
to an equivalent paralleled system shown in Fig. 11(b), where
Hy, Dy, and X, are the aggregated parameters of the reduced
part, it is similar with the investigated system of this paper.
On one hand, several aggregation methods of the generating
units may be used to achieve this goal such as in [34] and
[35]. The accurate aggregation method is still an open topic
but not the key point of this paper. On the other hand, even
if the accurate values of the aggregated model cannot be
obtained, the conclusions of this paper can still provide a
qualitative analysis. Taking the input changing as an example,
according to the analysis based on the equivalent coefficients,
the equivalent inertia and damping characteristics of VSGI1
are only determined by H; and D, while the aggregated
coefficients H,, Dp,, and X, do not influence K; and Kp of
VSGI1. Meanwhile, H,, D4, and X, should be determined by
the structure of the network and other VSGs (i.e., VSG2 -
VSGN). Therefore, it can be concluded that the structure of
the network and parameters of other VSGs will not affect the
equivalent inertia and damping characteristics of VSG1. When
focusing on other VSGs rather than VSG1, similar analysis can
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Fig. 11. Model aggregation of power system. (a) General diagram of power
system. (b) Reduced power system after aggregation.

be made. Besides, if the power system can be reduced to two
paralleled area, the conclusions in this paper can be used as
well.

E. Discussion

Compared to the traditional power system, the power con-
verter based system may suffer from a high risk of frequency
oscillation. Nevertheless, the indices such as RoCoF and
nadir can still be used to evaluate a power system with
power converter based generators, e.g., VSGs. Especially,
the RoCoF at the beginning of the disturbance is of great
importance. These indices are highly related to the inertia
and damping characteristics of VSGs connected in the power
system. The aforementioned equivalent coefficients analysis
shows which parameters and how they will influence the
inertia and damping characteristics of a VSG under different
disturbances. Therefore, the equivalent coefficients provide a
guide to improve the performance of a VSG by appropriately
choosing and adjusting the parameters without changing the
control structure. For example, if a VSG shows a big RoCoF
following a load disturbance, it can be, from the equivalent
inertia coefficient, improved by increasing its inertia constant
or virtual impedance. However, for a reference step, the
virtual impedance has no contribution to the equivalent inertia
coefficient, and therefore, cannot be chosen as an adjustable
parameter in order to improve the RoCoF. Meanwhile, the
equivalent synchronizing coefficient implies that it is possible
to achieve better dynamics by changing parameters of other
VSGs without influencing the RoCoF of the focused VSG.
The next section shows a simple application to achieve better
dynamics to both load step and reference step.

IV. MODIFIED INERTIA CONTROL FOR ENHANCED
TRANSIENT RESPONSE

A. Control strategy

In order to obtain the identical equivalent inertia and
damping characteristics for the parallel VSGs, (23) should be
satisfied, which is preferable for the transient power sharing
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Fig. 12. Sensitivities of system to variations of parameters.

under load disturbances. However, this condition may not be
in accordance with the requirement when the set-point changes
such as in the secondary control. Actually, like the SG in the
traditional power system, it is not necessary that all the VSGs
should participate in the secondary control. As aforementioned
discussion, the RoCoF is an important index for the frequency
stability, which is highly related to the inertia of the system.
As in (16), it is better to have a larger virtual inertia for the
VSGs, which has reserve capacity to take part in the secondary
control in order to keep the frequency more stable.

In the proposed modified virtual inertia control, the inertia
constant of the VSG participating in the secondary control is
a function of APy given as the following

H = Hgpan + Sgn(|AP0D(Hlarge - Small) (26)

where sgn() represents the sign function. As seen, only when
the primary control is in action, i.e., APy =0, sgn() =0, and
therefore H = Hg,,,;;, which is the inertia constant for the load
disturbance. When the secondary control requires the VSG to
provide more power, i.e., APy > 0, sgn() = 1, and therefore
H = Hjyg., which is a large inertia constant for the variation
of the set-point. When the system comes into a new steady-
state after the variation of the set-point, APy will be reset to
zero, which makes H = H,,,,;; again. The paralleled VSGs will
share the load disturbance until a new set-point is sent.

B. Sensitivity and Stability analysis

To further prove the effectiveness of the proposed method,
Fig. 12 shows the system sensitivities to the change of param-
eters, which are defined as [36]

_atp

=T 27)

where T is the transfer function from APy ; to Ay, p is the
studied parameter. As shown, Sy has the highest value in
the high-frequency domain, which implies that the gain of the
system in the high-frequency domain is more sensitive to the
variation of H. Therefore, it is possible to limit the quick
dynamics of Awy, i.e., the RoCoF, by Hj, which means that
they can hardly influence the RoCoF.

Thereafter, the available Hj,.g. should be determined. Ac-
cording to Fig. 8, the small-signal model of the parallel VSGs
system is

x=Ax+Bu (28)
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Fig. 13. Loci when H; increases from 1 s to 100 s.

where
x=[A0], Aw;y, AS; — A&, u=[AR 1, Api]T  (29)
r 1 0 KK
2H1Dp1 2H1 (K1+K2)
_ 1
A= 0 " 2H,D, 2H2(11<1 JZFKZ) (30)
| @y — @, 0
- . T
Y 0 0
S I S (31)
L 2H, (K] +K2) 2H2(K1+K2)

Fig. 13 shows the loci when H; increases from 1 s to 100
s. This figure only reflects the poles of the system without
considering the impact of the zeros. However, the feasible
parameters should guarantee the stability preferentially. As
seen, the system is always stable with the used parameters
in this paper. When choosing Hg,,.;;, the relationship of (23)
should be firstly considered. When choosing Hj,g., a large
values is expected in order to improve the inertia characteris-
tics. However, a large H makes the loci move closely to the
imaginary axis, which implies a smaller stability margin and
slower response speed. Therefore, a compromise is needed,
where Hj, is chosen as 5 times of Hgy,y in this paper.
If multiple dynamic requirements should be exactly achieved
simultaneously, some additional control terms may be added,
which is not the purpose of this paper.

V. EXPERIMENTAL VALIDATION

The prototype is established in the lab to verify the analysis
and the proposed method, where the setup of the experimental
system is shown in Fig. 14. The power converter system is
based on Danfoss inverter, and the control is executed by
the DS1007 dSPACE system. The main parameters of the
test system are listed in Table I, which is used in all of
the experiment conditions if there is no specific illustration.
The changeable parameters are shown in the corresponding
experimental figures and the other parameters are identical for
a fair comparison.

At beginning, Fig. 15 gives the comparisons between the
small-signal model and the experimental results with a 2.5
kW load step, which verifies the correctness of the small-
signal model. Meanwhile, it proves that neglecting the quick
dynamics of the double loop and the power stage is reasonable.
Therefore, in the following part, the equivalent coefficients
are analyzed and verified by using the experimental results.
In order to highlight the benefits of the VSG control, the

Fig. 14. Setup of experimental system with two paralleled inverters.

TABLE I
KEY PARAMETERS OF EXPERIMENTAL SETUP
Parameter | Value Parameter Value Parameter | Value
fa 50 Hz Vo 380 V H; 3s
Ly 3 mH fsw 10 kHz Dy; 0.01
Cyi 10 uF Wy 1007 rad/s Xoi 3Q
Ly 1 mH Vo 320 V Shi 5 kW
-_g —— VSG-Experimental result | >’
B ——VSG-Small-signal result R
g —— Droop-Experimental result =
o i o
g luo_,‘ —— VSG-Experimental result
= - —VSG-Small-signal result
S 2‘ —— Droop-Experimental result

Time [0.2 s/div] Time [0.2 s/div]

@ (b)

Fig. 15. Validation of small-signal model. (a) Frequency. (b) Active power.

experimental results of the traditional droop control with
virtual impedance are also presented in Fig. 15. It shows
that the frequency of droop control has more high-frequency
oscillations. Besides, the VSG and droop control have the
same steady-state frequency deviations. However, it can be
calculated that the RoCoF of the droop control after the
disturbance is 1.1 Hz/s, which is larger than the limitations
both in IEEE Std 1547-2018 and the recommended new value
in Ireland. In contrast, the RoCoF of the VSG is only 0.16
Hz, which is well acceptable.

A. Egquivalent inertia and damping characteristics

1) Variation of Py 1: The dynamics of the parallel VSGs
system is studied when Fy 1 steps from 2.5 kW to 5 kW.

As it is shown in Fig. 16(a), as H; becomes larger, the
RoCoF of VSGI1 at the beginning of the disturbance is de-
creased. As a result, the maximum frequency deviation and the
oscillatory frequency decrease as well. The response speed of
the output active power of VSG1 is also decreased. Therefore,
it can be concluded that the inertia characteristics of VSGI
when the disturbance occur is enhanced by a larger H;. In
comparison, as illustrated in Fig. 16(b), the effects of H, are
quite different. On one hand, focusing on the beginning of the
disturbance, the dynamics are almost identical with different
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Fig. 16. Experimental results of frequency and active power of VSG1 when
Py_1 changes under different inertia constants (a) Hj, (b) H>.

H,, especially the RoCoF and maximum frequency deviation.
It implies that the inertia and damping characteristics are not
changed by H,. Corresponding to the equivalent coefficients,
the aforementioned results are due to that H, has almost no
impact on K; and Kp of VSGI1 in this case. On the other
hand, focusing on the stage after about the first peak, the
dynamics with different H, become quite different among
each other. Specifically, as H, increases, the system becomes
more oscillatory with a smaller frequency, which implies a
longer time in order to reach the steady-state. Meanwhile, a
smaller transient frequency will be observed, and therefore
a larger transient power is provided as H, increases. These
findings reflect that Kg begins to take action in this stage.
Corresponding to the equivalent coefficient, it implies that H,
does can change Kg as given in (16). In summary, H; will
change the inertia characteristics responding to a disturbance
in Py 1, while H, cannot. Nevertheless, H, will influence the
synchronization and how the system goes into the steady-state.

As shown in Fig. 17, a smaller D, damps the oscilla-
tory magnitude of the frequency and the output power at
the beginning of the transient without changing the RoCoF,
which implies better damping characteristics. However, the
oscillatory magnitude of the frequency and the output power
can hardly be changed by the variations of D, as shown in
Fig. 17(b), and this proves that D, has a small impact on the
damping characteristics of VSG1. However, D, will influence
the dynamics of by changing Kg as well. A smaller D, leads
to a more stable system. It is also illustrated that both droop
coefficients will have an impact on the steady-state.

Fig. 18 shows the impact of the virtual impedances. As seen,
the RoCoF, the oscillatory magnitudes of the frequency and the
output power are all changing a little, which implies similar
inertial and damping characteristics, and the differences of
the dynamics come from the variations of Ky due to different
virtual impedances leading to different K;. From (16), K; and
K> have the same impact on K, and therefore, the dynamics
in Fig. 18(a) and (b) are almost identical.
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Fig. 17. Experimental results of frequency and active power of VSG1 when
Py_1 changes under different droop coefficients (a) Dp1, (b) Dpo.
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Fig. 18. Experimental results of frequency and active power of VSG1 when
Py_1 changes under different virtual impedances (a) X,1, (b) X,».

2) Load disturbance: The dynamics of the parallel VSGs
system is studied by making a load step of 2.5 kW.

Fig. 19 illustrates the response of VSG1 when there is a
load step under different inertial constants. As seen, both of
H| and H, will influence the dynamics, which is attributed to
the transient power unbalance due to the difference of the
parameters. However, it is obvious that the impacts of H;
and H, are quite different. In this paper, it is shown that
the physical essence is the difference of the equivalent inertia
when there is a load disturbance. According to (19), a larger
H, implies a larger equivalent inertia. Therefore, the increase
of H; will significantly decrease the RoCoF of VSGI at the
beginning of the disturbance, while variations of H, does not
change the RoCoF in comparison. However, H, will influence
the dynamics coming into the steady-state. Meanwhile, the
settling time of the system depends on the VSG with a larger
inertial constant. It is also shown from the waveforms of the
active power that the VSG with a larger inertial constant will
provide more power during the dynamics.

Fig. 20 illustrates the response of VSG1 under a load step
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Fig. 19. Experimental results of frequency and active power of VSG1 when
load steps under different inertia constants (a) Hj, (b) H,.
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Fig. 20. Experimental results of frequency and active power of VSG1 when
load steps under different droop coefficients (a) Dp1, (b) Dps.

with different droop coefficients. By comparing the waveforms
of the angle frequency, it can be seen that increasing D sig-
nificantly changes the oscillatory magnitude of the frequency,
while changing D, influences the damping characteristics of
VSGI slightly.

Fig. 21 shows the impact of the virtual impedances on the
dynamics of VSGI. In order to have a better understanding,
the results are compared with Fig. 18. As seen, the variations
of the virtual impedances can also influence the RoCoF when
the disturbance occurs, which is not observed in Fig. 18. This
is because, as given in (19), the virtual impedance will change
the equivalent inertia by influencing K; and K. In comparison,
as in (16), K; is independent on the virtual impedances.
Therefore, the term (K;+K>)/K; in the equivalent coefficients
represents how the impedances will affect the dynamics of
VSGI1. Meanwhile, it is also illustrated in Fig. 21 that the
impact of X, on the inertial and the damping characteristics
are just opposite with those shown in X;;.

3) Transient power sharing: In this part, the condition of
(23) for the transient power sharing is verified. First, it is

Fig. 21. Experimental results of active power and frequency of VSG1 when
load steps under different virtual impedances (a) Xy, (b) X5.
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Fig. 22. Experimental results of transient power sharing when (a) Eq. (23)
is not satisfied, (b) Eq. (23) is satisfied.

supposed that Hi/H, = X,1 /X2 = 1, Dp1/Dp» =2, and the
experimental results are shown in Fig. 22(a). As seen, the
transient power is not shared properly and large oscillations
can be observed when there is a load step. Then H, and
X, are changed to satisfy (23), and the experimental results
are given in Fig. 22(b), which shows that the dynamics is
highly improved. It is worth noting that there are still small
oscillations in the dynamics of the parallel VSGs. This is
because that K; and K> are not only related to X,; and
X,», but also related to the steady-state operational point and
line impedance. As mentioned in Section III-C-3), the exact
values of line impedance are hard to know. Although the
same line parameters are chosen in the experiments, the actual
values may still have errors. In addition, there may be errors
introduced by the experiments as well. All the aforementioned
factors will influence the exact satisfaction of (23).

B. Improved inertia control

In this section, the set-point of VSGI1 is supposed to be
able to change in order to meet the requirement of the
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Fig. 23. Experimental results of frequency, active power, and inertia constant
of VSGs controlled by (a) basic VSG control, (b) proposed inertia control.

TABLE 11
COMPARISONS OF ROCOF AND FREQUENCY DEVIATION WITH BASIC VSG
AND WITH PROPOSED INERTIA CONTROL

RoCoF Frequency deviation
Aw; A Awy A

Basic VSG Control 1.4 Hz/s 0.6 Hz/s 0.02Hz 0.01 Hz
Proposed Control 0.7 Hz/s 0.2 Hz/s 0 Hz 0 Hz

operation such as the secondary control. First, a 2.5 kW load
step is applied, and then the set-point of VSG1 changes to
restore the frequency. As seen in Fig. 23, both the traditional
VSG control and the proposed improved inertia control can
guarantee a good performance response to a load step because
they have the identical parameters. However, this will lead to
a large oscillation when Py | changes as shown in Fig. 23(a).
In comparison, H; automatically becomes 5 times to 15 s
responding to the increasing of £ 1 in the proposed controller.
As a result, as shown in Fig. 23(b), the oscillations in both
the frequencies and active powers can be obviously decreased
during the transient process. After 0.8 s, H; returns to 3 s.

As mentioned before, the RoCoF and frequency deviation
with respect to the steady-state value can be used to evaluate
the frequency of the system. Therefore, Table II shows the
comparison results with the basic VSG control and with the
proposed inertia control, which illustrates that the RoCoF are
decreased by the proposed method. Meanwhile, the frequency
deviations become 0 Hz, which means there are no overshoots
in these frequencies.

VI. CONCLUSION

In this paper, the inertia and damping characteristics of the
parallel VSGs are investigated by the equivalent coefficients.
Both the load disturbance and variation of the set-point are
considered. The conclusions are given as following.

1) When there is a load disturbance or the set-point of
VSG changes, the inertia and damping characteristics
of a VSG are influenced by the parameters of itself, but
are independent on other VSGs’. Especially, enlarging
the inertia constants of other VSGs’ will hardly improve
the RoCoF of the local VSG.

2) With a load disturbance, the inertia and damping char-
acteristics are related to the impedances of the power
system. In order to achieve power sharing, the ratio of
the corresponding parameters in p.u. values should be
identical.

3) The proposed enhanced inertia control strategy can im-
prove the frequency performance of the parallel VSGs.

The analysis in this paper assumes an inductive equivalent
impedance (e.g., with the help of virtual reactance), which
may therefore not suitable to a completely resistive network.
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