Aalborg Universitet AALBORG

UNIVERSITY

Modelling, Implementation, and Assessment of Virtual Synchronous Generator in
Power Systems

Chen, Meng; Zhou, Dao; Blaabjerg, Frede

Published in:
Journal of Modern Power Systems and Clean Energy

DOl (link to publication from Publisher):
10.35833/MPCE.2019.000592

Creative Commons License
CCBY 4.0

Publication date:
2020

Document Version
Publisher's PDF, also known as Version of record

Link to publication from Aalborg University

Citation for published version (APA):

Chen, M., Zhou, D., & Blaabjerg, F. (2020). Modelling, Implementation, and Assessment of Virtual Synchronous
Generator in Power Systems. Journal of Modern Power Systems and Clean Energy, 8(3), 399-411. Article
9082071. https://doi.org/10.35833/MPCE.2019.000592

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.


https://doi.org/10.35833/MPCE.2019.000592
https://vbn.aau.dk/en/publications/0a271318-4b68-4bde-ae18-5867a6206a69
https://doi.org/10.35833/MPCE.2019.000592

Downloaded from vbn.aau.dk on: December 04, 2025



JOURNAL OF MODERN POWER SYSTEMS AND CLEAN ENERGY, VOL. &, NO. 3, May 2020

399

Modelling, Implementation, and Assessment of
Virtual Synchronous Generator in Power Systems

Meng Chen, Dao Zhou, and Frede Blaabjerg

Abstract—As more and more power electronic based genera-
tion units are integrated into power systems, the stable opera-
tion of power systems has been challenged due to the lack of
system inertia. In order to solve this issue, the virtual synchro-
nous generator (VSG), in which the power electronic inverter is
controlled to mimic the characteristics of traditional synchro-
nous generators, is a promising strategy. In this paper, the rep-
resentation of the synchronous generator in power systems is
firstly presented as the basis for the VSG. Then the modelling
methods of VSG are comprehensively reviewed and compared.
Applications of the VSG in power systems are summarized as
well. Finally, the challenges and future trends of the VSG imple-
mentation are discussed.

Index Terms—Inertia, virtual synchronous generator (VSG),
frequency control, renewable energy source (RES), inverter.

I. INTRODUCTION

HE traditional power systems are dominated by syn-

chronous generators (SGs), which are proved to have
many inherent favorable features such as large inertia and
damping that are beneficial for the stable operation of power
systems. Meanwhile, the frequency and voltage regulation
can easily be achieved by SGs with the governor and auto-
matic voltage regulator (AVR). The inertia can be generally
defined as the resistance of an object to the change in its
state of motion. In terms of power system stability, the iner-
tia implies the ability to maintain the rotor speed, and the
frequency under disturbances, e.g., short circuits [1]. This
function is determined by the swing equation of the SGs,
which describes the power unbalance between the generation
and load. When any disturbances lead to power unbalance,
the rotor will release or store the kinetic energy proportional
to the inertia to resist the frequency change [2]. This effect
helps to decrease both the frequency nadir and the rate of
change of frequency (RoCoF) [3], [4].

In the past decade, due to the potential shortage of fossil
energy, the increase of energy consumption, and pollution of
the environment, the renewable energy sources (RESs) such
as solar and wind have drawn great attention worldwide. By
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the end of 2018, 17.6% of the power supply is provided by
RESs in USA, in which the capacities of solar and wind are
51 GW and 94 GW, respectively [5]. In EU, 115 GW and
178.8 GW of solar and wind power have been installed, ac-
counting for 12.1% and 18.8% of the total installed power
supply, respectively [6]. In this context, the characteristics of
traditional power systems will change because most of the
RESs are based on power electronics, which have neither
mechanical rotors nor inertia. Therefore, since more power
electronic based generation units are gradually connected to
power systems, the total inertia of the system will decrease,
which could influence the frequency response during certain
events [7].

In general, the low inertia of power systems will have im-
pact on two key aspects. Firstly, a lower inertia introduces a
poorer frequency nadir during the disturbances. There is not
sufficient kinetic energy to keep the frequency at a specified
level, which causes large frequency deviations and might be
harmful to both generation and consumers. Besides, a lower
inertia will lead to a large RoCoF, which triggers the active
protection system to trip the generators [8]-[10]. Some chal-
lenges and solutions of the low-inertia power systems are re-
viewed in detail in [11]. It has been concluded that the low
inertia caused by the power electronic based generation units
may deteriorate the frequency stability and the potential reli-
ability of the modern power electronic based system.

One of the most promising solution is the virtual synchro-
nous generator (VSG). Although different implementions
have been proposed in the literature such as synchronverter
[12] and virtual synchronous machine (VISMA) [13], they
adopt the idea of controlling the inverter to mimic an actual
SG by using its corresponding models. In this way, an invert-
er performs equivalent to an SG when neglecting the switch-
ing operation, especially in terms of inertia response [14]-
[16]. Therefore, the VSG can play an important role in more
power electronic based power systems in the future. Recent-
ly, some papers have tried to review the inertia emulation
and the VSG from different perspectives. Inertia response
techniques for RESs are reviewed in [17], which focuses on
how to introduce the inertia response into the control strate-
gies of the RESs. In [18], different ways to provide inertia
such as DC-link capacitors and other energy storage systems
(ESSs) are summarized. For the VSG, different topologies
are proposed by some leading research groups and are re-
viewed in [19], [20]. Further, in [21], a number of VSG
models are united into the Phillips-Heffron model represent-
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ed by small-signals.

This paper will give a comprehensive review of VSG in-
cluding modelling, new developments and application in
power systems, and will also discuss the future challenges.
The remaining part of this paper begins with a review of
both the SG and VSG models as well as their comparison
and assessment given in Section II. New development of
VSG corresponding to different models is also included in
this part. The application of VSG in power systems is de-
scribed in Section III. Afterwards, the challenges and future
trends of VSG are presented in Section IV. Finally, the con-
clusions are drawn in Section V.

II. PRINCIPLES OF VSG

The VSG introduces the models of SG into the control
system of the inverters, and then the static power electronic
converter is able to operate like a rotating electrical ma-
chine. In addition, by emulating the governor and AVR, the
VSG can easily achieve the functions of quick damping of
voltage and frequency oscillations, sharing the power auto-
matically, and synchronizing to the grid.

The basic principle diagram of the VSG is shown in Fig.
1, where L, and R, are the line inductance and resistance, re-
spectively. The common power stage of the VSG is a three-
phase inverter with a filter, where L, R, and C, are the in-
ductance, resistance, and capacitance of the filter, respective-
ly; u,. is the three-phase voltage of the inverter; v, is the
voltage of the capacitor; i, is the three-phase current of the
inductor; and i, is the three-phase output current.

oabc

| High-voltage direct
current (HVDC) system

Application | RES integration | |Microgrids

Regulation |Virtual AVR| ’Virtual governor‘ g
Modelling Electromggnenc ] Swmg
equations equation
Models of SG
Inner loop ’ Voltage & current control F
777777 Drivesignals|| |
g Measurements

State-space average

Equivalent <::> S m_@
i i LY .
circuit s Ry Grd
Load
Fig. 1. Diagram of basic principle of VSG.

By introducing the models of SG into the control of the
inverter, the VSG can make the power exchange between the
DC source and the power system with the same characteris-
tics as the SG. An inverter can be equivalent to an SG when
the switching of power semiconductors is neglected. In the
SG, the mechanical rotor and windings can provide the nec-
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essary inertia and damping for a stable operation, while in
the VSG, the virtual inertia and damping should be provided
by the ESS, which can be an additional battery, super-capaci-
tor, or DC-link capacitor itself, etc.

The control system of the VSG consists of three levels,
i.e., the inner control loop, SG modelling, and the frequency
and voltage regulation. The inner loop is identical to other
control structures such as droop control [22], and they are
not necessary in some implementations. Therefore, it will
not be discussed in this paper in details. Models of the SG
represent the mechanical and electromagnetic characteristics
including the inertia and damping, which are the core of the
VSG. Finally, the regulation of VSG using virtual governor
and AVR enables the frequency and voltage within the speci-
fied levels, and achieves the interaction between the VSG
and the power system. As as result, there are important appli-
cations of VSG in different areas of the power systems such
as RES integration, microgrids, and HVDC system.

Generally, the VSG has the following features:

1) Enable the inverter to mimic the SG, especially its iner-
tia and damping characteristics.

2) Enable the energy source to provide virtual inertia if
necessary.

3) Enable to participate in frequency and voltage regula-
tion via virtual governor and AVR.

4) Enable to feature “plug and play” in power systems.

5) Enable to operate in islanded mode for the grid-support-
ing VSG.

6) Select parameters flexibly without considering the phys-
ical constraints of the real SG.

7) Introduce problems of both SG such as power oscilla-
tion and inverter such as harmonics.

A. Representation of SG in Power Systems

Before discussing the VSG, this part will firstly summa-
rize the representation of SG in power systems. These SG
models are the basis of the VSG.

According to different simplifications, the models of SG
can be classified from the 9"%-order to the 2"-order, as illus-
trated in Fig. 2. An accurate model of an SG is the 9"-order
or the 8"-order based on the type of the turbines. These mod-
els can hardly be used directly because of the time-varying
inductances, where it is typical to transform the models into
dg frame and into a p.u. system [23]. Nevertheless, the mod-
els can still be as high as the 8"-order or the 7"-order. There-
fore, the standard representation of SG in power systems, es-
pecially in the stability studies, is from the 6™-order to the
2"-order according to different accuracy requirements [23].
In addition, the 2"-order model of the SG can be classified
into a constant E, (the g-axis component of the voltage be-
hind transient reactance JX;) model, a constant flux model
and a steady-state model [23].

For the state-of-art solutions, the 7"-order, 4"-order, and
2"-order models of SG have been revised and applied into
the implementation of VSG. As mentioned above, the most
important part of SG models is the swing equation, which is
given in (1).
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Steam turbine
9™ order - In abc frame
- With physical units
- With one exciting winding and one damping winding on d-axis, and two damping windings on g-axis
Hydraulic turbine 1. dq transform
_In abec frame 2. Neglect zero-axis component
8™ order - With physical units - In dq frame

- With one exciting winding and one damping
winding on d-axis, and one damping winding
on g-axis

- Assume balanced condition
- With constant but asymmetrical
matrix of inductances

- With p.u. units
- With symmetrical matrix of
inductances

p.u.

1. dg transform
2. Neglect zero-axis component

7™-order [13],

- In dq frame pu | With p.u. units
[26]-[28] |- Assume balanced conditions —>| - With symmetrical =
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e nnnEs
i
|
; 6"™-order
|
|
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Neglect stator transient
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|

i

|
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|
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Neglect sub-transient
damping windings

Neglect sub-transient
damping windings

- With one exiting winding on d-axis
- With one damping winding on g-axis

- No damping windings

- With only one exciting winding on d-axis

Assume constant flux

2 order [3], [8], [12], [16],

Neglect all transient

of windings Assume constant flux

Constant £, model ‘

| Steady-state model |

i [32]-[35], [39], [40]

Fig. 2.

As seen in the following, some literatures only use the
swing equation to build the VSG model even without the
electromagnetic part.

T - T —K, A=y 32

& ()
w_,
dr

where 7, and T, are the mechanical and electromagnetic
torques, respectively; K, is the damping factor; w is the an-
gle frequency; @ is the angle of the rotor; and J is the mo-
ment of inertia, which will not influence the steady-state op-
eration but have apparent impact on the dynamics. A large J
implies more energy released or absorbed during the distur-
bance, and stronger ability for frequency support.

A converter can be controlled as a grid-feeding inverter, a
grid-forming inverter, or a grid-supporting inverter [22]. On-
ly a few literatures investigate the grid-feeding or current-
controlled VSG, which usually adds virtual inertia terms in

|
|
I
’ Constant flux model 1
I
I
:
I

Summary of eight different representation levels for SG in power systems.

the traditional PQ control strategy [24]-[27]. However, this
strategy relies on the phase-locked loop (PLL) and cannot
operate in islanded mode like an actual SG. The grid-form-
ing behaves like the traditional Vf control strategy, and the
power sharing cannot be achieved easily. Therefore, from the
perspective of reliability and flexibility, it is controlled as a
grid-supporting inverter, which is voltage-controlled and can
mimic the model of SG directly. In this way, the inverter
can emulate the benefits of an SG better such as frequency
and voltage self-establishment ability, and flexible regulation
of frequency and voltage.

B. Modelling of VSG

1) 7"-order Model

As mentioned before, not all the models of SG have been
used in the modelling of VSG. The highest order and most
accurate model presented in the literature is the 7"-order
model [13], [28], which is also called virtual synchronous
machine (VISMA) model. Nevertheless, it has still made a
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further simplification that the matrix of the inductances is
symmetrical, which is not true for the SG as described in
Fig. 2.

The VISMA strategy requires much calculation burden
due to the complicated dynamic model. Together with the po-
tential instability of the dg model in unbalanced conditions
[29], two improved models, named VISMA Method-1 and
VISMA Method-2, are proposed and compared in the abc
frame, respectively [30]. It is shown that the VISMA Meth-
od-2 is a better strategy to implement the VSG due to the
high voltage quality and the widely used pulse width modu-
lation (PWM) technique. The control structure is shown in
Fig. 3 [30], where R, and L, are the resistance and induc-
tance of the virtual stator, respectively; and E is the magni-
tude of the voltage. However, the PWM technique is easily
used in VISMA Method-1 when adding a proportional-inte-
gral (PI) controller instead of a hysteresis controller [31]. A
novel VSG control with coupling compensation terms is pro-
posed in [32], where the frequency and voltage deviations
are introduced into the power control loop with the electro-
magenetic equations being the dynamic model like the VIS-
MA. This new VISMA-based VSG has smaller power oscil-
lations caused by power coupling.

T+ _r
JtKaf(s)

T.

E ~=Fsin 0

3

E=Fsin ((H%n)

i E,=Esin (0*17:)

Fig. 3. Control structure of VISMA Method-2.

Compared with the 7"-order model of SG besides building
in different modelling frames, the VISMA Method-1 and
Method-2 neglect all the damper windings and the influence
of flux coupling. The 7™-order model shows the most accu-
rate emulation of the SG. However, it can hardly be used in
stability analysis of power systems due to the complexity.

2) 4"-order Model

Neglecting the stator transient and sub-transient damping
windings, the representation of SG can be simplified to a 4°-
order model. Nevertheless, some transient dynamics are still
considered in the model.

In [33], the 4"-order model of the SG is completely imple-
mented in the VSG control without any changes. Simulation
results imply that the VSG based on the 4"-order model can
mimic the response of the SG with the same parameters in
different conditions. The control structure is shown in Fig. 4
[33], where P, f.., and V, are the set-points of active pow-

set
er, frequency, and voltage, respectively; X, and X, are the

dgq
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virtual synchronous and transient reactances of d-axis or g-
axis, respectively; v, and i,,, are the output voltage and cur-
rent of d-axis or g-axis, respectively; T}, is the virtual tran-
sient open-circuit time constant of d-axis or g-axis; £}, is the
d-axis or g-axis voltage behind the virtual transient reactanc-
es; and u,,, is the d-axis or g-axis voltage reference of the

inverter.

I

I

I

|

i

I

! Virtual
! P, | governor
I

I

|

I

I

I

I

I

I

| |
I |
3 |
! R, X] 1
| [ S ] D 1
: 7Xd 7R" X indq :
| . +|E !
O I 4 ro ] |
! dqref«—(+ + + - I
i ’ T Tigos+1 + Yoy~ Xy !
i Electromagnetic i
| . I
L equation I

Fig. 4. Control structure of 4"-order model based VSG.

Although the 4™-order based VSG is much simpler than
that based on the 7"-order model, there are still many param-
eters to be designed corresponding to the transient windings.
Meanwhile, there is still no literature discussing the necessi-
ty of such parameters in the modelling of VSG.

3) 2"-order Model

A simpler modelling of VSG is based on the 2™-order
model of SG. As seen in Fig. 2, the constant £, model is not
applied in the VSG, and the other two models have the simi-
lar equivalent circuit as shown in Fig. 5 [23], where the in-
ternal voltage and the impedance used in the models are dif-
ferent.

128 R,
i #; J
(@)
X R,
E§ c# U
(b)
X R,
Ef c# U
(©

Fig. 5. Equivalent circuit of 2™-order model of SG. (a) Steady-state mod-
el. (b) Classical model (constant flux model). (c) Subtransient model (con-
stant flux model).
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In Fig. 5(c), X" is the subtransient impedance. In the liter-
atures of VSG, the virtual impedance is usually seen as the
synchronous impedance. Therefore, the steady-state model is
used, where all the winding transients are neglected and only
the steady-state influence is considered without changing the
inertia characteristic [34]. The dynamics of the voltage
source converter (VSC) are neglected as well due to the fast
response of the voltage control loop and the filter [35]. The
control structure is shown in Fig. 6 [34], where X, is the vir-
tual reactance. In this method, the virtual torque is evaluated
by the output power of VSG, which implies that, compared
to the SG, the virtual power consumed by the virtual stator
resistances does not appear in the calculation of the electro-
magnetic power.

|
| |
| |
| 1

|
|
! fL’ Virtual * 19 i
! P, | governor ~ Js s |
| T. |
: Vet Vabc |
| Virtual I
1 AVR Vg abc/dg foabe |
\ Power control loop i

Udgref

equation

I
I
|
I
! Electromagnetic
I
I
I

Fig. 6. Control structure of steady-state model based VSG.

It is worth mentioning that the stator parameters should be
designed carefully without leading to synchronous resonance
[36]. In [37], only the virtual resistance is added to limit the
current. It shows the flexibility of VSG, which can design
the parameters according to the requirement without consid-
ering the physical constraints of the real SG.

As mentioned before, the swing equation represents the
important inertia characteristics. Therefore, there are a lot of
literatures implementing the VSG by just using the swing
equation and focusing on the most important feature. One of
the famous implementations is called synchronverter, as
shown in Fig. 7 [38], where i, is the virtual excitation cur-
rent, and Q is the output reactive power.

] Virtual 1o
et | governor S
Vet Virtual 0 T, Uabcrefs 0
) - /
AVR b calculation
> Uabcref

Fig. 7. Control structure of synchronverter.

The synchronverter can take the filter inductance as the
stator windings. However, in terms of the control system, it
is a 2"-order system based on the swing equation. It is
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worth mentioning that the power calculation of the synchron-
verter is still based on the electromagnetic relationship of
SG rather than the output power of VSG. Reference [39] in-
troduces a damping correction loop into the synchronverter
to decouple the active power control and the frequency regu-
lation. Furthermore, a parameter design criterion is proposed
directly based on the required steady-state and transient re-
sponses. In [40], a Lyapunov function based synchronverter
is presented by changing the active power control loop,
which implies a better performance for frequency and volt-
age. In contrast, an improved synchronverter from the per-
spective of virtual excitation and virtual elements is pro-
posed in [41]. These modifications make the inverter more
stable even in asymmetrical grid operation.

A simpler implementation of VSG is shown in Fig. 8
[42]. In this strategy, only the electromechanical characteris-
tics represented by the swing equation are emulated without
modelling the electromagnetic characteristics of the SG. In
some cases, it is enough to obtain the favorable inertia dy-
namics [43]. This control structure is much like the tradition-
al droop control, which can also provide the frequency sup-
port. Some literatures have compared these two control strat-
egies from different aspects. In [3] and [16], it is proved that
the droop control and the VSG are equivalent to small-sig-
nals under certain conditions. In [44], the droop control is
combined with the DC-link capacitor in order to provide the
inertia to some extents like the VSG. Further, a VSG control
is proposed in [45], which has better performance compared
with the droop control. Although the swing equation based
VSG is simple, the parameters such as the virtual inertia can
be flexibly implemented to be variable or even negative in
order to achieve good performance [8], [46]. In [9], the reac-
tive power is also added into the swing equation to decouple
the active and reactive power, and then the output power os-
cillation is easy to be damped. An improved damping strate-
gy for the swing equation based VSG is shown in [47]. By
introducing the damping effect in the voltage control, the
proposed method gives more freedom to regulate the damp-
ing without influencing the inertia characteristics. The swing
equation based VSG focuses only on the inertia and damp-
ing characteristics of SG. As mentioned before, the VSG is
more flexible than an actual SG since its parameters are not
constrained by physical limitations. Therefore, a VSG can be
built with inertia and damping in a general way, where dif-
ferent forms lead to different required dynamics [48].

-f;'l?
= Virtual - 1 1o
Py | governor \i‘ s
T.|
E,=Esin 0
VS‘PI
- i Uaberef
— ) Virtwal | E Ey=Fsin (9737[) beref
y | AVR 3
E~=Esin (H+%n)

Fig. 8. Control structure of VSG based on swing equation [42].
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It should be mentioned that, in the above figures of the
control structure, it is assumed that the damping is included
in the virtual governor or the droop characteristics, whose
equation can be expressed as:

Pm _Pxet :Kd (a)set - CU) (2)

where P, is the mechanical power. This is because the damp-
ing provided by the rotor, which is much smaller than that
provided by the governor, can usually be neglected due to
an actual SG [23]. In some literatures, an additional damp-
ing term which can improve the performance of VSG is as
follows [3], [34], [49]:

P,=K,(0-w,) 3)
where P, is the damping power; and w, is the frequency of
the grid derived by a PLL. This can be seen as an indepen-
dent loop, which means that it can be added into different
VSG models. A detailed discussion on different damping
terms can be found in [50].

C. Comparison of VSGs

To evaluate different implementations of VSG, some com-
parison results are given in this part, and the response of the
SG is also investigated. The models of SG and their frequen-
cy characteristics are in focus, and therefore the inner loop
and virtual AVR are not included in the control system as
discussed in [3]. Actually, the inner loop and AVR have a
standalone structure, which means that the VSG with differ-
ent SG models can have the same AVR and inner loop con-
trol strategy. Besides, the DC source is assumed to be ideal
as well. A VSG system as shown in Fig. 1 is used as an ex-
ample. The system has a power rating of 20 kW with the pa-
rameters shown in Table 1.

TABLE I
SPECIFICATIONS OF TEST VSG SYSTEM

Parameter Value Parameter Value

P, 5 kW Soria 50 Hz

g 800 V D, 3% 107 rad/(Ws)
L 1.5 mH J 0.8 kg:m’
R, 0.1Q R, 0.0015 p.u.
C; 10 pF X, 0.3 p.u.
R, 0.64 Q X,/ 0.15 p.u.
L, 0.26 mH X, 0.15 p.u.
Vgia 380 V T 1.5s
St 50 Hz T 1.5s

» 380 V L, 0.3 p.u.

Figure 9 shows a general diagram of the power control
loop of the VSGs. The Bode plots of the open-loop transfer
functions of the power control loop for different VSGs
shown in Fig. 9 are compared in Fig. 10. The swing equa-
tion based model and the synchronverter have similar fre-
quency characteristics. When the synchronous impedance is
introduced in the VSG, the system becomes more stable
with a larger stability margin. In terms of the 4"-order mod-
el, the transient impedance is in action in the high-frequency
domain, which leads to a smaller stability margin than that

JOURNAL OF MODERN POWER SYSTEMS AND CLEAN ENERGY, VOL. 8, NO. 3, May 2020

of the VSG of the 2™-order with synchronous impedance.
The model of VISMA Method-2 has the same characteristics
as that of the VSG of the 2™-order with synchronous imped-
ance in the low-frequency domain. However, it introduces a
resonance at the synchronous frequency due to the differen-
tial term. A 180° phase lag is also induced at the resonant
peak.

APy + 1 Aw m Ao
JitKq s ]

Electromagnetic
model

Fig. 9. Block diagram of power control loop of VSGs.

100 -
o
=
(o}
<
2
‘s
&
<
= :
-200 L L !
290 -
-135F
& -180+
2 225+
<
£ 270+
=315 ¢
-360 . . 1
10! 102 10° 10
Frequency (rad/s)
2"order model with synchronous impedance; — 4™ order model
— Swing equation based model; — Synchronverter
—— VISMA Method-2
Fig. 10. Comparison of frequency characteristics of open-loop transfer

functions for different VSG implementations.

After the system is in the steady state, a load step from
10 kW (14.44 Q) to 20 kW (7.22 Q) occurs at t=2 s. Then
at 1=3.5 s, the power set increases to 10 kW. Furthermore, a
0.5 Hz frequency decrease in the system is implemented at
t=5 s. Finally, the VSG turns into islanded mode at 1=6.5 s.

Figure 11 shows the frequency measured at the load bus.
The control strategies without the impedances, which imply
the swing equation based model and the synchronverter,
have larger oscillations and longer settling times in response
to the load and power steps as well as the grid frequency. In
comparison, the other models have lower oscillations and/or
less settling times, which prove that the impedances of SG
contribute to the oscillation damping. Specifically, when
there is a load step, the swing equation based VSG causes
the largest frequency deviation, i.e., 0.104 Hz. The models
of VISMA Method-2 and the 2™-order model with synchro-
nous impedance have lower frequency deviations, i.e., less
than 0.06 Hz. However, the VISMA Method-2 leads to syn-
chronous oscillations because it includes the dynamics of the
stator windings. When the power increases to 10 kW, the
maximum frequency deviation, i.e., 0.094 Hz, still appears
in the swing equation based method, while the 2™-order
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model with synchronous impedance has the minimum fre-
quency deviation, i.e., 0.016 Hz. When the frequency of the
system decreases, all the control strategies lead to similar fre-
quency nadir, where both the synchronverter and SG have
the maximum and minimum values of the frequency devia-
tion, i.e., 0.720 Hz and 0.640 Hz, respectively. After t=6.5
s, it can be observed that all the control strategies operate in
the islanded mode due to their grid-supporting characteris-
tics. However, the dynamics and steady-state performances
are quite different. The virtual impedance of SG leads to a
voltage decrease on the load bus, which implies that the ac-
tual active power consumed by the resistive load is smaller
than the rated value. Therefore, the frequency of the island-
ed system is higher than that of the swing equation based
model and the synchronverter. In terms of dynamics, the 2™-
order model with synchronous impedance and the VISMA
Method-2 have large frequency oscillations, while the swing
equation based model and the synchronverter have much
smoother dynamics. This is because the virtual synchronous
impedance increases the equivalent electrical distance be-
tween the power supply and the load [3]. In contrast, the 4-
order model and the SG have smaller frequency oscillations
as well due to the transient and/or sub-transient damping
windings.
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Fig. 11. Comparison results of frequency on load bus under different VSG

implementations using data from Table I.

Figure 12 shows the RoCoF of the system, which is mea-
sured on the load bus as well. It is noted that the VISMA
Method-2 has the best performance under a load step, where
the RoCoF can be as small as 42.4% compared to the 4"-or-
der model. At the moment of power and frequency steps, al-
though the swing equation based model and the synchron-
verter have much longer settling time than other strategies,
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the RoCoFs are quite different. When there is a power step,
both the swing equation based model and the synchronverter
lead to larger RoCoF, while it is just opposite under the
change of system frequency. Finally, when turning to the is-
landed mode, the larger frequency devations always appear
with bigger RoCoFs.
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Fig. 12. Comparison results of RoCoF at load bus with different VSG im-
plementations using data from Table 1.

Based on the introduction and comparisons above, the dif-
ferent VSG emulation methods are summarized in detail in
Table II.

III. APPLICATIONS OF VSG IN POWER SYSTEMS

A. Application of VSG in RES Integration

As an increasing number of RESs are connected to power
systems and the number of conventional generators are de-
creasing, the total system inertia decreases, which may lead
to the increasing risk of unstable operation of the system dur-
ing transient events. The VSG is a promising solution to the
problem, and much research efforts have been devoted to
this area.

Figure 13 shows a schematic diagram of permanent mag-
net synchronous generator (PMSG) based wind power sys-
tem as an example, which also can operate as a VSG. Usual-
ly, P,, is determined by maximum power point tracking
(MPPT), while during the implementation of the VSG, P,
will deviate from the MPPT value. In terms of virtual iner-
tia, it can come from different sources such as additional
ESS (battery, super-capacitor), DC-link capacitor, the use of
operating rotor of the turbine, and power curtailing from the
MPPT.
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TABLE II
IMPLEMENTATION OF VSG BASED ON SG MODELS
. . Difference in modelling .
Model of SG VSG implementation between VSG and SG Advantage Disadvantage
9% and 8"-order No - - -
- Complicated

7"-order

VISMA [13], [28]

Neglect asymmetry of

. Inheriting all good characteristics of SG
inductances

- Unexpected characteristics of SG can
also be introduced

- Simpler than the original VISMA

- Neglect coupling of - Small frequency deviation and RoCoF

- Synchronous resonance
- May need current derivation

VISMA Method-1 windings . - Poor dynamics when changing to
. response to load disturbance -
and 2 [29], [30] - Neglect damping . islanded mode
e - Good dynamics response to power
windings ste - Large RoCoF response to change of
P system frequency
6"- and 5"-order No - - -
Exactly the same in : lskllllnlprile rotrl::rrllt dc?lt:;::e?ilsot(ii:sl are - Many parameters to be designed
4™ order [33] vl . mp - Large RoCoF under load disturbance
modelling included and change of system frequenc
- Good dynamic response to power step g Yy q y
3-order No - - -

2"-order (steady-
state)

Synchronverter [12],
[38]

- Simple
- Good dynamics when changes to
islanded mode

Neglect synchronous
impedance

- Dynamics is hard to regulate due to
low control freedom

- Large frequency deviation response to
change in system frequency

- Poor dynamic response to load
disturbance and power step

With synchronous
impedance [34],
[36], [37]

- Simple

- More stable due to synchronous
impedance

- Small frequency deviation response to
load disturbance

- Good dynamic response to power step

Neglect virtual loss of
synchronous impedance

- Poor dynamics when changing to
islanded mode

- Large RoCoF response to change of
system frequency

- Simplest

- Dynamics is hard to regulate due to

Swing equation

based [3], [8], [16], Neglect synchronous

- Good dynamics when changing to
islanded mode

low control freedom

[42], [43] impedance - Small RoCoF response to change of - Poor dynamic response to load
disturbance and power step
system frequency
2"-order (con-
stant flux/ No - - -
constant)

Generator-side Grid-side
converter

converter

i(zbc Vabe ioaln:

Fig. 13. Simplified diagram of PMSG-based wind power system con-
trolled as VSG.

In [51], the power oscillation of a PMSG-based VSG is
used as a study case. A “generator-motor-generator” system
is proposed in [52], where both the machine-side and the
grid-side converters of the PSMG are controlled as a VSG.
This system can improve not only the dynamics but also the
ride-through capability. To further enable the wind power
system to regulate the output power, a short-term energy
storage is added to the system in [53], which enhances the
dynamics of the wind turbine system in the power system.
In terms of a DFIG-based VSG, it can support the system
frequency as well, even for a weak power grid [54]. In [37],

the inertia of DFIG-based VSG is investigated in detail,
where the equivalent inertia constant is derived and the im-
pacts on the different parameters are investigated as well.

In addition, photovoltaic [55], controllable loads [56],
ESSs, etc., can also be controlled as a VSG. In this way,
more power electronic based systems in the future can still
have a stable operation like in the traditional SG dominated
power systems.

B. Application of VSG in Microgrids

Microgrid is a promising solution to integrate, manage,
and optimize the distributed generation (DG) units, which
can operate either in grid-connected mode or in islanded
mode. An islanded microgrid should build the voltage and
frequency by itself. However, as a power electronic dominat-
ed system without SGs, the islanded microgrid comes across
many problems such as lack of inertia, low power quality
and robustness.

Figure 14 shows a schematic diagram of a microgrid with
the VSG as an example, where the ESS-based VSG can be
responsible for voltage and frequency regulation, inertia sup-
port, etc.
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Fig. 14. Schematic diagram of AC microgrid using a VSG in connection

with an ESS.

In [57], a microgrid control structure is proposed based on
the VSG. The structure includes a grid-forming inverter oper-
ating as a VSG to provide virtual inertia during the transient,
which may improve the dynamic response of the traditional
microgrids. An H, based robust control design method of
the VSG is proposed in [58] to achieve better frequency per-
formance in the microgrid. Secondary control similar to the
traditional power system is also included in this paper. A
more specific microgrid structure is proposed in [59] for the
residential microgrid. In this microgrid, a VSG-controlled
battery storage system, which behaves as a grid-supporting
inverter, is the main power supply and energy buffer with
virtual inertia, while a current-controlled fuel cell system be-
haves as a grid-feeding inverter with constant power supply.
In [60], a combined VSG and digital frequency protection
system is proposed. During the abnormal operation, the VSG
can provide virtual inertia for the microgrid, and then with a
large disturbance, the digital protection system is activated
to keep security of the system.

As more and more DGs are connected into the distribu-
tion grid, microgrids are necessarily required to provide vari-
able auxiliary services. The VSG can help DGs participate
in the management of microgrids and improve the stability
and economy of the system, which should be investigated
further.

C. Application of VSG in VSC-HVDC

As an advanced power transmission technology, voltage
source converter based HVDC (VSC-HVDC) transmission
has many applications in system interconnection, wind pow-
er integration, and powering of islands, etc. However, tradi-
tional control strategies of HVDC cannot provide frequency
support to a weak grid, where large frequency deviations ap-
pear when there is power unbalance, and a stable operation
of the system is violated. Figure 15 shows a schematic dia-
gram of the VSC-HVDC controlled by VSG as an example,
where the DC-link capacitor C, might be used to provide
the virtual inertia.

VSC-HVDC
station

DC
network

Labe Vabe Toahe

Cdc l
T

Fig. 15.  Schematic diagram of VSC-HVDC controlled as VSG.
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To solve the problem above, the swing equation can be in-
troduced into the control strategy of the inverter station. It
has been proved under different conditions that the VSG-
based HVDC can help to improve the frequency stability of
the low-inertia AC grid [42]. On the other hand, like the SG,
the VSG can also introduce problems such as low-frequency
oscillations due to the large capacity, especially in the VSC-
HVDC system. The problem is studied in [49] by virtual
torque analysis. A lead-lag compensator is introduced in the
swing equation to eliminate the negative damping effect of
PLL. In [45], the VSG is adopted to damp the low frequen-
cy oscillations in multi-terminal VSC-HVDC systems. The
governor emulation and design of parameters are also dealt
with in this paper. When the multi-terminal VSC-HVDC sys-
tem is interconnected to a very weak AC grid, the VSG con-
trol can provide good grid synchronization ability, which
solves the problem induced by the PLL and, thereby, a more
stable system dynamics can be obtained [61]. Similar prob-
lem of weak AC grid is investigated in [26]. Impedance anal-
ysis shows that the proper design of parameters is sufficient
for the stable operation of VSG-based VSC-HVDC system
integrated into a weak AC grid. As an important issue, the
DC voltage control is studied in [62], where the receiving
end converter is controlled to provide virtual inertia from the
DC-link capacitor and the sending end converter is con-
trolled to regulate the frequency taking advantages of the in-
teraction between the frequency and the DC voltage. In [63],
the DC-side resonance of multi-terminal VSC-HVDC is ana-
lyzed, and it is solved by three different models of VSG. It
reveals the benefits of VSG in order to obtain the stable op-
eration of multi-terminal VSC-HVDC. In [64], the dynamics
of the DC voltage is considered as well. The interaction be-
tween the VSG and the DC voltage is investigated by a low-
order response model of the wind farm multi-terminal VSC-
HVDC based on the equivalent inertia and damping of DC-
link capacitor.

IV. CHALLENGES AND FUTURE TRENDS OF VSG SYSTEMS

A. Stability Analysis

The VSG has its own special dynamics compared to the
traditional grid-connected inverters, and changes the stability
of traditional power systems [65]. Stability analysis is impor-
tant in order to study the system operation characteristics
and the design of VSG.

Investigations in [66] show the possibility of small-signal
angular instability of power systems caused by VSG. In
[34], [67], both small-signal models of the grid-connected
and islanded modes are given to achieve eigenvalues and
parametric sensitivity analysis for a 2"-order model with syn-
chronous impedance. Similar work is done for the model us-
ing VISMA Method-1 in [68]. These studies are all done in
the time domain. Recently, the sequence impedance based
stability method in the frequency domain is also investigated
[27], but further research is important to carry on.

Transient stability is another important aspect of VSG.
With a large disturbance, the power system with VSG is no
longer a linear system, and the results from small-signal
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analysis are not available. To evaluate the transient stability,
the classic Lyapunov method can be applied [8], [69]. In [8],
a convenient energy function is designed to study the tran-
sient stability of VSG, and then a “bang-bang” control strate-
gy is proposed using the power-angle relationship to im-
prove the transient stability. An effective virtual inertia con-
stant is proposed in [70] including both SG and ESS for tran-
sient stability control. It helps to understand how the VSG
influences the transient stability. As the nonlinear characteris-
tics are enhanced due to the nonlinear components and non-
linear control strategy, a comprehensive method using nonlin-
ear transient test and analysis is of high importance to inves-
tigate. In particular, the ability to manage high short-circuit
current of the SG is still not an available feature for the
VSG due to the current capacity of VSC.

B. ESS

The VSG relies on the ESS to provide inertial energy no
matter whether it is from additional sources or from the ca-
pacitors in the VSC. It has been proved that the ESS can ef-
fectively support the system frequency with different kinds
of disturbances [2].

In practice, the ESS is limited by its power and energy
density, and the actual state of charge, etc. A self-tuning
VSG is proposed in [71] to change the inertia and damping
online. Then the required energy can be as small as 58% of
a regular VSG, which can extraordinarily decrease the cost
of the system. In [72], a combined battery and ultra-capaci-
tor hybrid ESS is used for VSG implementation. Therefore,
both power and energy requirements for VSG can be met.
Similar idea is discussed in [73] by using a solid oxide fuel
cell super-capacitor ESS. If only focusing on the short-term
energy buffer, the DC-link capacitor of the inverter can be
used to provide virtual inertia by a proper control strategy as
well, which will not require any additional hardware and
will be more economical [74]. An improved VSG is pro-
posed in [75].

It can be seen that there is still no effective method to de-
termine the optimal size and type of ESS by considering the
economy, stability and reliability in a complete context,
which is important for practical implementation of VSG. In
addition, a power curtailment strategy deviating the opera-
tion power away from the maximum power point of RES
during the transient state, which can use the power reserve
to provide virtual inertia, may also be an interesting direc-
tion for further investigation.

C. Multiple VSG Systems

Like traditional power systems with multiple SGs, the co-
ordination of multi-VSG in one system is of vital impor-
tance for the stable and reliable operation of power systems.
A consensus-based control of VSG is proposed in [43],
which focuses on the secondary control level of microgrid
control. In [76], a small-signal model is built to investigate
the dynamics of paralleled VSG. By proper regulation of the
synchronous impedances, the stable operation and proper
power sharing can be achieved. The transient stability of
multi-VSG system is investigated in [77]. After that, a
“bang-bang” controller is tuned by particle swarm optimiza-
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tion to determine the inertia among different VSGs. In [78],
frequency and voltage fluctuations in the microgrid with
both SGs and VSGs are studied. It verifies the benefits of
the VSG on damping oscillations. Another way to improve
the stability of multi-VSG system is using a higher control
level. The center of inertia is used in [79] to derive an addi-
tional power input in VSG control. In this strategy, a central-
ized controller and communication network are necessary. In
[80], an optimization method is proposed to investigate the
power sharing between different VSGs not only in the
steady state but also under dynamic conditions. In addition,
for multi-VSG systems, the inertia match between different
VSGs is important. Proper inertia design gives a better fre-
quency response [81]. A similar problem is the placement of
VSGs. In [82], an H, optimization based method is used to
determine the parameters and placement of virtual inertia
provided by both grid-forming and grid-feeding VSGs.

It is evident that some literatures have started to investi-
gate multi-VSGs rather than single VSG. As in a power sup-
ply case, multi-VSG system has the same problems such as
power sharing and power oscillation as the traditional paral-
leled inverters. Moreover, due to its special functions of iner-
tia and damping provision, the size, placement, and design
of parameters of multi-VSGs need to be further evaluated in
order to achieve stable, reliable, and optimal operation.

V. CONCLUSION

This paper has presented a comprehensive review of VSG
emulation including the modelling development and the im-
portant application in power systems such as RES integra-
tion, microgrids, and VSC-HVDC. As a promising technolo-
gy for more power electronic based power systems in the fu-
ture, the basic modelling, analysis, and design methods of
VSGs have been studied in the literature. However, to
achieve a practical application, further investigations on the
stability analysis and ESS controlling, sizing, and optimiza-
tion are still necessary. In particular, in terms of a system
with high penetration of RES, multi-VSGs system has drawn
more attention in recent years, which can be one of the most
important issues for future power systems.
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