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Comparison of Different Virtual Inertia Control
Methods for Inverter-based Generators

Dawei Sun, Hui Liu, Shunan Gao, Linlin Wu, Peng Song, and Xiaosheng Wang

Abstract—With the rapid development of inverter-based gen-
erators (IGs), power grid is faced with critical frequency stabili-
ty challenges because the existing IGs have no inertia. To equip
IGs with inertial response, researchers have proposed several
virtual inertia control methods, which can be classified into two
categories: virtual synchronous generator (VSG) control and
droop control based on rate of change of frequency (ROCOF-
droop control). In this paper, the comparison between both vir-
tual inertia control methods is conducted from three perspec-
tives: mathematical model, output characteristic and small-sig-
nal stability. State-space models are firstly built to analyze the
control mechanism of VSG control and ROCOF-droop control
methods. Simulation and eigenvalue analysis are conducted to
study the transient responses and oscillation characteristics of
both methods, which is helpful to understand the advantages
and limitations of existing virtual inertia control methods. Final-
ly, the obtained theoretical results are validated through real-
time laboratory (RT-LAB) hardware-in-loop simulation plat-
form.

Index Terms—Virtual inertia control, virtual synchronous gen-
erator (VSG), small-signal model, stability analyses, subsynchro-
nous oscillation.

1. INTRODUCTION

HE preservation of the environment has become the

main motivation to integrate more inverter-based genera-
tors (IGs) in power system [1]. IGs are connected to the net-
work by power electronic converter, which do not have any
inertial response [2]. Therefore, replacing conventional sourc-
es with IGs will reduce the inertia of the whole power sys-
tem. This fact is supported by [3], [4], both of which predict-
ed that the increasing number of IGs in the UK could reduce
the inertia constant by up to 70% between 2013 and 2033.
Due to this inertia reduction, the rate of change of frequency
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(ROCOF) of the power system will be high enough to acti-
vate the load-shedding controller, even at a small magni-
tudes of load imbalance [5]. Therefore, several virtual inertia
control methods were proposed for variable speed wind tur-
bines and solar photovoltaic (PV) generators [6], [7].

Reference [8] originally proposed a method to provide vir-
tual inertia based on the traditional grid-connected current
control strategy for IGs. In this method, the virtual inertia
was created by droop control based on ROCOF (ROCOF-
droop control). However, IGs equipped with this control do
not have grid-forming ability. Therefore, they are not able to
work in stand-alone mode. To make IGs possess grid-form-
ing ability, another control method, called virtual synchro-
nous generator (VSG) [9], or virtual synchronous machine
[10], or synchronous converter [11], was proposed for IGs to
implement inertia response by emulating the swing equation
of synchronous generators (SGs). To facilitate the explica-
tion, all methods with the idea of emulating swing equation
are called VSG control in this paper. The swing equation,
which is the essential element of VSG, is introduced in IGs
to replace the original grid-connected current control. There-
fore, the output voltage angle of IG is calculated by solving
swing equation instead of phase lock loop (PLL).

On December 27, 2017, the first 100 MW renewable pow-
er station based on VSG technology in the world was com-
pleted in Hebei Province, China [14]. The completion of this
project indicated that the virtual inertia control technology
for 1Gs was applied to large-capacity, grid-connected renew-
able energy power stations. With the increase of grid-con-
nected 1Gs equipped with virtual inertia, the analysis of the
output characteristic and small-signal stability for these 1Gs
has become vital to guarantee the safety of power grid. IGs
with virtual inertia inherit the hardware structure of IG and
emulate output characteristics of SGs. It is complicated to
analyze the stability and inertial response of IGs. Existing
relevant studies can be classified into two categories. On the
one hand, the research was implemented for VSGs in mi-
crogrid. In [17], a VSG-based method with adaptive virtual
inertia was proposed for PV generators in microgrid, which
improved the frequency regulation ability of the grid. In
[18], the effects of droop constant of primary frequency regu-
lation and virtual inertia on the sub-synchronous and super
synchronous oscillation modes were investigated in a mi-
crogrid system consisting of multiple PV-VSGs. On the oth-
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er hand, the existing research concentrates on the virtual in-
ertia control methods applied in grid-connected IGs. In [19],
a VSG-based inertial response control method was investigat-
ed for wind turbines with variable speed. The proposed VSG
method improved the inertial level and attenuated the RO-
COF when a disturbance occured. In [20], the performance
of virtual inertia control based on a case study of large-scale
power grid was identified. The results indicated that IGs
equipped with virtual inertia control may have negative ef-
fect on the damping of frequency stability, which is inconsis-
tent with the conclusion of [19]. The main factors affecting
the damping of grid-connected IGs with inertial response
were identified in [21], whose results clarified that the effect
of virtual inertia is negligible, while the primary frequency
regulation droop coefficient is the key factor to decide the
oscillation modal characteristics. However, [22] got the oppo-
site result. In [22], the stability analysis proved that a small
growth of virtual inertia may contribute serious negative
damping in high-frequency oscillation modes, but the varia-
tion of frequency-droop coefficient has little influence on
system stability.

Previous studies have provided inconsistent or even contra-
dictory results. It is believed in some work [17]-[19] that vir-
tual inertia of IGs offered improved damping for frequency
or small-signal stability of electrical network. However,
some other studies [20], [22] reported that the inertial re-
sponse of IGs would contribute to negative damping for sys-
tem stability on some occasions. Based on the above obser-
vations, it is worth noting that no prior research on this sub-
ject has given mechanism explanation for the contradictory
conclusions. Furthermore, it is confusing how to use virtual
inertia control in IGs because of the inconsistent characteris-
tic stated by various literatures. To address this problem, the
paper firstly investigates the existing virtual inertia control
methods for IGs and classifies them into two categories:
VSG control and ROCOF-droop control. The comparison be-
tween these two categories is conducted to comprehensively
understand the characteristics of virtual inertia control meth-
od and clarify the opposite performance of virtual inertia
control in different scenarios. Based on theoretical compari-
son between the two categories, the application scenarios of
both controls are proposed to provide engineers with guid-
ance to select the appropriate virtual inertia control for IGs.

The rest of this paper is organized as follows. The small-
signal models of VSG control and ROCOF-droop control are
established and compared in Section II. In Section III, the
comparison of output characteristics between both methods
is conducted to understand the inertia effect of IG on fre-
quency stability. In Section IV, the stability of both methods
is identified in various system scenarios and with different
control parameters, which clarifies the application scenarios
of VSG control and ROCOF-droop control. In Section V, the-
oretical results are verified with real-time laboratory (RT-
LAB) and tested with a hardware-in-the-loop setup. Finally,
brief conclusions are drawn in Section VI.
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II. COMPARISON BETWEEN MATHEMATIC MODELS OF VSG
CONTROL AND ROCOF-DROOP CONTROL METHODS

An overview of the electrical system of studied grid-con-
nected IG is shown in Fig. 1(a), where a typical IG is con-
nected to the grid at the point of common coupling (PCC)
through an LC filter, which is composed of the filter induc-
tor L, and capacitor C,. R, and L, denote the grid resistance
and inductance at the PCC, respectively. The IG in Fig. 1(a)
can be controlled by VSG control or ROCOF-droop control
method. The control diagrams of both methods are respec-
tively given by Fig. 1(b) and (c). The state-space models of
these two virtual inertia control methods are built and com-
pared in the following subsections. Moreover, the proposed
models are verified by comparing its dynamic response to
the time-domain simulation of a non-linear system mod-
el [16].
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Fig. 1. Studied grid-connected IG system. (a) Overview of electrical sys-
tem of studied grid-connected IG. (b) Control diagram of VSG control meth-
od. (c) Control diagram of ROCOF-droop control method.

A. State-space Model of VSG Control

Based on Fig. 1(b), in VSG, the output active power P, is
fed into the swing equation to calculate the angular frequen-
cy of the virtual rotor w, and the output reactive power Q, is
fed into the voltage-droop control to calculate the amplitude
of the voltage reference e. The state-space model of VSG
control, whose diagram is shown in Fig. 1(b) is given by (1)
and (2), where (1) reflects the inertia response and the prima-
ry frequency regulation and (2) embodies the voltage regula-
tion.
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where 0 is the phase angle of the voltage reference; 7; is the
virtual inertia constant; P, is the rated power of IG; f, is the
nominal frequency (50 Hz); w, is the nominal angular fre-
quency; P, and O, are the set values of active and reactive
power, respectively; K, is the droop coefficient of primary
frequency regulation; D, is the voltage-droop control coeffi-
cient; u, is the root-mean-square (RMS) value of PCC volt-
age; and u,,, is the set value of u,.

B. State-space Model of ROCOF-droop Control

The structures of PLL and current control in ROCOF-
droop control are the same as the ones in traditional grid-
connected current control for IGs [12]. State-space model of
ROCOF-droop control, whose diagram is shown in Fig. 1(c),
is given by (3)-(6), where (3) reflects the inertia response
and primary frequency regulation, (4) embodies the Q-V
droop mechanism, (5) introduces the dynamic characteristic
of PLL, and (6) describes the state equations of current con-
trol. In (3)-(6), the three-phase voltage and current variables
in stationary reference frame have been transformed into
ones in synchronous reference frame (SRF), which is also
known as dg frame. This transforming is achieved by ampli-
tude-invariant Park transformation [15], which is given by (7).
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where x,, x,, x. are the three-phase variables represented in
stationary reference frame; subscripts d and ¢ represent d-ax-
is and g-axis components of three-phase variables in dg
frame, respectively; i,, and i, are the output currents of IG in
dq frame; i, and i, are the set values of i,, and i, respec-
tively; i,, is the initial set value of IG output current; K, is
the voltage-droop control coefficient in ROCOF-droop con-
trol; V,. is the direct-current voltage of inverter; f,, and df,,/
dt are the frequency and ROCOF obtained by PLL, respec-
tively; x,, is the integrator state of the proportional-integral
(PI) controller in PLL; 6, is voltage phase angle obtained
by PLL; K, and K, are the proportional coefficient and in-
tegral coefficient in PLL, respectively; u,, and u,, are the
voltages of PCC in dg frame; u,,,, is the set value of u,; u,,
and u,, are the integrator states of the PI controller in cur-
rent control; and K,,, K,,, K,;, and K, are the proportional
coefficients and integral coefficients in PI controller applied
in current control, respectively.

C. Comparative Analysis on Mathematical Models

The state-space models of VSG and ROCOF-droop con-
trol are analyzed and compared to study the difference be-
tween the two virtual inertia control methods from the fol-
lowing three perspectives.

1) Stability Difference

Based on (1), @ and 6, which are the state variables re-
flecting swing characteristic of SGs, are introduced in VSG
to achieve inertial response. Because both of the variables
are not included in traditional IGs, the introduction of them
will generate new oscillation mode, which makes IGs inherit
the stability problem of rotor angle from SGs. On the other
hand, the ROCOF-droop control equips IGs with inertial re-
sponse without introduction of new state variable, which in-
dicates that no new oscillation mode will be produced. How-
ever, in this method, derivative controller is applied in PLL
to capture the ROCOF for emulating inertia, which will am-
plify high-frequency noise and may stimulate vibration.

2) Difference in Power Control

From the VSG control diagram in Fig. 1(b), the swing
equation is emulated in VSG to equip IGs with power-angle
characteristic of SGs. Therefore, the output power of VSG is
determined by controlling the reference phase angle of volt-
age. However, through the method of ROCOF-droop control,
the output power of IG is regulated by setting reference cur-
rent, which is calculated from droop control according to the
frequency and ROCOF obtained by PLL.

3) Difference in Primary Frequency Regulation

By comparing the swing equations of VSG and SG, it in-
dicates that the primary frequency regulation mechanism of
VSG is similar to that of SG. The reference signal of prima-
ry frequency regulation power is calculated by multiplying
the difference between the angular frequency of rotor and
the nominal angular frequency with a droop coefficient. The
reference signal will be transferred through an integral con-
troller with time constant 7; to influence the rotor angular
frequency, which will further change the reference phase an-
gle of voltage and implement primary frequency regulation.
However, in droop control, the reference signal for primary
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frequency regulation is generated to directly control the out-
put current of IG for the purpose of frequency regulation,
which makes IG with droop control output the power of pri-
mary frequency regulation more quickly than VSG.

The above analysis will be verified by simulations, small-
signal model and RT-LAB hardware-in-loop experiments.

D. Small-signal Model

The non-linear state-space models of VSG control and
ROCOF-droop control methods are listed in (1), (2) and (3)-
(6), respectively. By combining them with the state equa-
tions of other parts in Fig. 1 (refer to [20]), the state-space
models of grid-connected IG systems equipped with VSG
control and ROCOF-droop control can be established. The
corresponding linearized small-signal models of the systems
based on VSG control and ROCOF-droop control can be
found from the state-space models and defined on the gener-
al form given by (8) and (9).

Ax,=A,Ax,

Ax,=A4,Ax,
Au,,, Au,,, Ai,, Al

0q>

®)

©
where Ax, =[Ai,, A, Aw,A0Y", i, and
i,, are the input currents from 1G to PCC in dq frame; Ax, =
[Aiy, Aiyy, Aty A,y Aiyyy Al A,y ADy, Ay, Au, 1T and - the
elements in A, and A, matrices are given in Appendix A.

The model defined by (8) and (9) expresses the character-
istic under small-signal deviations around the point of linear-
ization.

0q>

0g>

E. Model Validation

Through (8) and (9), it is possible to calculate step re-
sponses of output power of IG (P,,) caused by a “1.0 p.u.—
1.1 p.u.” change in reference power. The theoretical results
are shown in Fig. 2 along with the corresponding simulation
results obtained by MATLAB. Parameters used for both theo-
retical calculation and simulation are the same, as listed in
Table 1.
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(b)
—— Simulation result; - — - Theoretical result

Fig. 2. Comparisons of responses obtained with both models. (a) Valida-
tion for small-signal model of VSG. (b) Validation for small-signal model
of ROCOEF-droop control.

As it is demonstrated in Fig. 2, for VSG control and RO-
COF-droop control, the simulation results almost overlap the
corresponding theoretical results. Thus, it can be concluded

that the effectiveness of small-signal models are verified.
The comparison in response speed of P,, between Fig. 2(a)

out

and (b) reflects that IG with ROCOF-droop control regulates
P, faster than VSG control, which verifies the theoretical

out

analysis results in Section 1I-C.

TABLE I
PARAMETERS OF STUDIED SYSTEM

Parameter Value Parameter ~ Value | Parameter Value
P, 500 kW O, 0 kvar | K,, Kp, 5
C, 300 pF T, 0.1s K, K, 2
L, 150 uH K, 20 R, 1.264 mQ
D, 2000 K, 4 L, 0.0386 mH

III. COMPARISON IN TRANSIENT OUTPUT CHARACTERISTICS
BETWEEN VSG CONTROL AND ROCOF-DROOP CONTROL
METHODS

The transient characteristics of output power in IGs
equipped with VSG control and ROCOF-droop control are
studied based on the simulation system shown in Fig. 3,
where the base capacity S, is 500 MVA and base voltage V;
is 110 kV. In the simulation, two loads (L, and L,) are pow-
ered by a generator SG, and another generator (SG,, VSG
IG or ROCOF-droop 1G). At 12 s, L, is connected into the
system. At 40 s, the droop coefficients of primary frequency
regulation (K)) of different generators are changed. The fol-
lowing three scenarios are studied: () scenario 1, only close
S, to connect SG,; @ scenario 2, only close S, to connect
VSG IG; 3 scenario 3, only close S, to connect ROCOF-
droop IG. The parameters of applied generators are listed in
Table I1.

S

SG, SG,

X7(0.1 p.u.
SJ X5(0.3pu) rO1p )XSG(0.3 pu) (S00MVA)

I & ~

I
ﬁLZ(ZOO MW)

QLI(ZOO MW) ﬁ

VSG-IG

S;
Ik 1

ROCOF-
droop IG

Ly(60 MW) T

Fig. 3. Simulation system for comparing generators.

TABLE 11
PARAMETERS OF STUDIED GENERATORS

Capacity Electrical distance K, (change
Generator =\ fya) to L, (p.u.) L®) Va0
SG, 500 0.3 3.20 20—10
SG, 500 0.4 6.40 20—30
VSG IG 500 0.4 6.40 20—30
ROCOF-
droop 1G 500 0.4 0.64 20—30

In scenario 1, the outputs of SG, and SG, are shown in
Fig. 4. Based on the law of energy conservation, when a
power impact (L,) occurs in the network, the power impact



772

will be “shared” by various generators. Figure 4 shows the
sharing rule of power impact between different SGs, which
is summarized as the “three-stage principle” in [23].

- -
=

=
£0.55 £ 0.55¢
2 0.50 M e 0.50¢
2.0.45t; 2.0.45} ar
o
Z 0.40 2 0.40
Q
2035 f; 0.35
£0.30 £0.30
& 10 20 30 40 505 11 12 13
t(s) t(s)
(@) (b)
e SG], 7SG2
Fig. 4. Distribution of L, between SG, and SG,. (a) Overall situation. (b)

L, is connected.

Stage 1: at the instant immediately following the impact
(L5 is connected in system), the SG electrically close to the
impact will pick up the greater share of the load and the en-
ergy source of power supplied by the generators is the ener-
gy stored in their magnetic fields. According to Fig. 4(b), at
12 s, SG,, which is electrically closer to L, than SG,, out-
puts more power to supply L; compared with SG,.

Stage 2: before the governor action begins, various SGs
will share the load increase based on their inertia constants.
In Fig. 4(b), during 12-13 s, SG,, which has larger 7}, out-
puts more power to supply L, compared with SG,.

Stage 3: after governor action fully functions, different
SGs will share the load impact based on their droop coeffi-
cients of primary frequency regulation. In Fig. 4(a), during
30-40 s, SG, and SG, pick up the same share of the impact
L, because they have the same K. At 50 s, SG, and SG, re-
spectively pick up 25% and 75% of L, because of the new
value of K, after 40 s.

A. Transient Output Response of VSG IG

In scenario 2, the simulation results of SG, and VSG IG
output are shown in Fig. 5.

)
u.)

u

5, 0.55 L 0.55

S S
5 0.50r fia. g 0.50 ~_
2.0.45 2.0.45
o v [5)
Z 040 Z 040
Q Q
£035 £035
=3 =
£030 &o3
& 10 20 30 40 508 11 12 13
1(s) 1(s)
(a) (b)
—SG,; —VSGIG
Fig. 5. Distribution of L, between SG, and VSG IG. (a) Overall situation.

(b) L, is connected.

As shown in Fig. 5, the sharing rule of L, between SGI
and VSG IG accords with the “three-stage principle” in
[23]. At the instant immediately following the impact, SG,,
which is electrically closer to L,, picks up greater share of
the load than that of VSG IG. Before the governor action be-
gins, VSG IG, which equips with larger 7, outputs more
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power to supply L, than SG,. After governor action fully
functions (30-40 s), SG, and VSG IG take the same share of
the L, as they have the same K. Then, SG, and VSG IG re-
spectively pick up 25% and 75% of L, at the end of the sim-
ulation because the two generators have different K, values
after 40 s.

By comparing the results in Figs. 4 and 5, the principle of
VSG IG to pick up the share of power impact is the same as
that of SGs, which indicates that VSG IG inherits the re-
sponse characteristic of transient output of SG.

B. Transient Output Response of ROCOF-droop IG

In scenario 3, the simulation results of SG, and ROCOF-
droop IG output are shown in Fig. 6. As shown in Fig. 6,
the sharing principle of power impact between SG, and RO-
COF-droop IG is not in accordance with the “three-stage
principle”. In Fig. 6(b), at the instant immediately following
the impact, ROCOF-droop IG picks up no share of L.
Based on the analysis in Section II-C, the above phenome-
non can be explained as follows: the outputs of ROCOF-
droop IG are regulated by setting reference current, which is
calculated based on the frequency and ROCOF obtained by
PLL. When L, is connected, the system frequency cannot
change instantly. Therefore, the reference current remains un-
changed and no variation appears in the output of ROCOF-
droop IG.

e 5
2055 2055
B =
% 0.50 % 0.50
2. 0.45 2,045
2 0.40 2040
2035 80235
=3 =
£0.30 - - - © £0.30
O: 10 20 30 40 505 11.8 12.0 12.2 124 12.6 12.8
1(s) 1(s)
(2) (b)
—SG,; — ROCOF-droop IG
Fig. 6. Distribution of L; between SG, and ROCOF-droop IG. (a) Overall

situation. (b) L, is connected.

Based on the output of SG, and ROCOF-droop IG during
12-30 s in Fig. 6(a), before governor action begins, ROCOF-
droop IG, which equips with smaller 7, (7, = 0.64 s), outputs
more power than that of SG,. It indicates that SG, and RO-
COF-droop IG do not share the power impact based on their
inertia constants.

By comparing the results of Figs. 4 and 6, the principle of
ROCOF-droop IG to pick up the share of power impact is
different from that of SGs before governor action begins.

IV. COMPARISON IN SMALL-SIGNAL STABILITY BETWEEN
VSG CONTROL AND ROCOF-DROOP CONTROL METHODS

A. System Eigenvalue Analysis

Based on the proven small-signal model of IGs based on
VSG control and ROCOF-droop control, the eigenvalues of
A, and A, matrices in (8), (9) can be calculated to systemati-
cally analyze the oscillation modes of VSG IG and ROCOF-
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droop IG. State variables which are strongly correlated with
the oscillation modes can be identified by the combination
of right and left eigenvectors [10]. All the oscillation results
based on eigenvalue analysis are listed in Tables III and IV.

TABLE III
OSCILLATION MODES FOR VSG IG

Mode  Eigenvalue Damping Oscillation State variable pf
ratio frequency (Hz) strong correlation
1 A 0.0015 1222.00 Ungis Ungs Logs 1oy
2 Ay 0.0035 1123.00 Ungis Ungs Togs g
3 As, Ag 1.0000 0.48 w, 0, P,
4 2 Ag 0.3700 7.98 o, 0, P,
TABLE IV
OSCILLATION MODES FOR ROCOF-DRrROOP IG

Mode Bt DTG Ol St v of
1 Qs Ay 0.00032 3425.00 Uy Ungs Logs Loy
2 Ay Ay 0.00140 3325.00 Upy Ungs Logs Loy
3 Ay A 0.64000 317.00 ligs Ty
4 Qg Mg 1.00000 0 Upgs Uy
5 Jo» 210 0.10000 3.37 Xy O

1) Difference in Oscillation Mode Between VSG IG and
ROCOF-droop IG

Based on Table III, in VSG IG, the oscillation modes 1
and 2 are strongly correlated with the state variables generat-
ed by filter, which indicates that the damping ratios of high-
frequency oscillation modes 1 and 2 are mainly dependent
on the parameter of a filter. The damping characteristic of os-
cillation modes 3 and 4 is highly sensitive to the parameter
of inner-loop control of IG. And the damping ratio of oscilla-
tion mode 5 is decided by PLL parameter. The above oscilla-
tion feature of ROCOF-droop IG is the same as the IG with
traditional grid-connected current control [17]. By comparing
the traditional IG control strategy, the application of RO-
COF-droop control does not introduce any new oscillation
mode. On the other hand, based on Table III, due to the emu-
lation of swing equation, oscillation modes 3 and 4 of VSG
1G, which do not exist in the traditional IG, are introduced
by the application of VSG control. Meanwhile, because VSG
IG has no inner-loop control and PLL, no corresponding os-
cillation mode exists in VSG IG.
2) Influence of PLL

Because VSG IG has grid-forming ability and can operate
in stand-alone mode [14], PLL is not needed in VSG IG.
However, PLL is significant in ROCOF-droop IG because it
is used to synchronize the inverter to the grid and calculate
the predefined output current of IG. The result of Table IV
clarifies that oscillation mode 5 of ROCOF-droop IG is high-
ly sensitive to the parameter of PLL. Therefore, PLL has an
important influence on not only the output response but also
the stability of ROCOF-droop IG.
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3) Common Oscillation Mode

The characteristic of oscillation modes 1 and 2 of VSG
IG is similar to that of ROCOF-droop IG. The high-frequen-
cy oscillation modes in both IGs are of small damping ratio
and are relevant with the filter of IG. This high-frequency os-
cillation mode caused by LC resonance between LC filter
and transmission line exists in any grid-connected IG system
with a filter, no matter which control strategy is applied.

B. Impact of Control Parameters on Stability

In both of VSG IG and ROCOF-droop IG, the K, and T,
are two significant parameters to decide the ability of IG to
actively take part in the power regulation of the grid. The
impact imposed by these two parameters on the stability are
introduced as follows.

1) Impact of K,

The eigenvalue trajectories of both kinds of IGs with K,
changing from 20 to 5 are given by Fig. 7. From Fig. 7(a),
it is observed that A, and A; monotonously move toward
right when K increases, which indicates that the damping of
oscillation mode corresponding to 4, and A, decreases rapid-
ly when K, increases. When K is smaller than 6.75, VSG IG
will produce negative damping that is sufficient to cause un-
stable oscillation. However, in ROCOF-droop IG, eigenval-
ues are insensitive to the change of K, which implies that
the stability of ROCOF-droop IG is not influenced by K.
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Fig. 7. Impact of K, on eigenvalues.

K, is not only a key parameter affecting the stability, but
also an important indicator for determining the capability of
primary frequency regulation of IGs. IGs equipped with larg-
er K, will output more active power when frequency drops.
By considering both the stability and the capability of pri-
mary frequency regulation, the value of K, in VSG IG or
ROCOF-droop IG should be set as the maximum value giv-
en by the standard range.

From the perspective of energy for primary frequency reg-
ulation, no matter for VSG IG or ROCOF-droop IG, a great-
er K, requires IGs to save more reserved power or install
more battery for energy storage, which has a negative effect
on the economic benefit for IG owners.

2) Impact of T,

The eigenvalue trajectories of VSG IG and ROCOF-droop
IG when sweeping 7, from 0.01 s to 20 s are shown in Fig.
8. Figure 8 shows that, in VSG IG, 4, and 1; move toward
right when 7} increases. The similar trend appears for 4, and
4, in ROCOF-droop IG. Based on the results of Fig. 8, unsta-
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ble oscillation will appear in VSG IG when 7 is larger than
9. And the marginal value of 7, in ROCOF-droop 1G is 0.7.
Comparing with ROCOF-droop control, the application of
VSG control is able to enlarge the value range of 7.
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Fig. 8. Impact of 7; on eigenvalues. (a) VSG IG. (b) ROCOF-droop IG.

Similar to K, 7; is a key parameter for both the stability
and the capability of frequency regulation. A larger 7; implies
a bigger inertia for IGs. The comparison between Fig. 8(a)
and (b) indicates that VSG IG can equip with a bigger T,
and a larger inertia. However, in ROCOF-droop IG, T; could
not be set as large as the value in VSG IG because of the

unstable high-frequency oscillation.

C. Adaptation of VSG IG and ROCOF-droop IG Under Vari-
ous Grid Conditions

For systematically analyzing the adaptation of VSG IG
and ROCOF-droop IG, the damping characteristics of both
IGs are investigated under various conditions, for instance,
different grid impedances and voltage levels.

1) Impact of Grid Impedance on Stability

The grid impedance Z, is defined as:

7= % R+ (100nL,)’

b

(10)

where S, = 500 kVA and V, = 315 V are the rated power
and voltage of IG, respectively.

The eigenvalue trajectories of VSG system when sweep-
ing Z, from 0.01 p.u. to 6 p.u. are shown in Fig. 9.
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Impact of Z, on eigenvalues. (a) VSG IG. (b) ROCOF-droop IG.
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Fig. 9.

As shown in Fig. 9(a), all eigenvalues stay in the left half
plane as Z, changing from 0.01 p.u. to 1 p.u., which indi-
cates that the damping of VSG IG is positive. Figure 9(b) in-
dicates that, in ROCOF-droop IG, the damping of oscillation
mode corresponding to 4, and 4,, declines when Z, increases.
Unstable subsynchronous oscillation will appear in ROCOF-
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droop IG system when Z, exceeds 0.3 p.u.. The above results
imply that it may destabilize the whole system by connect-
ing ROCOF-droop IG to weak power grid and VSG control
is suggested to be applied in IGs connected in a weak grid.
2) Impact of Voltage Level on Stability

As the ratio of grid resistance R, and inductance L, of AC
system in Fig. 1, 7, is defined by (11).

rux=R,/(100nL,) (11)

The value of ry, can reflect the voltage level of AC sys-
tem because a smaller 7, will accordingly appear in a high-
er voltage power grid. Corresponding to voltage levels of 10
kV and 500 kV, the typical values of ry, are 6 and 0.1, re-
spectively. For studying the system stability at most kinds of
voltage levels, the eigenvalue trajectories when sweeping 7y,
from 0.1 to 6 are shown in Fig. 10.
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Fig. 10. Impact of r,, on eigenvalues.

From Fig. 10, it is observed that 4,-4, monotonously move
toward left in both IGs when 7, increases. The other eigen-
values are insensitive to the change of 7,,. For both control
methods, no matter how r,, changes, no right-half-plane
pole is observed. Therefore, the instability caused by con-
necting IGs to grid with different voltage levels is not an im-
portant problem for choosing VSG control or ROCOF-droop
control.

D. Impact of PLL on Stability
The stability of ROCOF-droop IG is influenced by PLL.
The eigenvalue trajectories of ROCOF-droop IG when

sweeping the proportion coefficients of PLL (K,,,) from 1 to
100 are shown in Fig. 11.
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Fig. 11. Impact of K, on eigenvalues. (a) Impact of K, on -4, (b)

Impact of K, on 1, and 4,.

As shown in Fig. 11(a), 4, and 4, move toward right as K,
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increases, which indicates that the corresponding damping ra-
tio decreases. In contrast, the damping ratio of oscillation
modes corresponding to 4,, 4, and Ay, 4,, increases. The oth-
er eigenvalues are insensitive to the change of K. Figure
11(b) shows that unstable high-frequency oscillation will ap-
pear in VSG system when K, exceeds 26. However, no
such stability problem will occur in VSG IG because PLL is
not needed in it.

V. EXPERIMENTAL RESULTS

To validate the results obtained by eigenvalue analysis,
the VSG IG and ROCOF-droop IG controllers are fabricated
and tested on the RT-LAB semi-physical platform, as shown
in Fig. 12, where FPGA stands for field programmable gate
array. The key parameters of the test system are the same as
those of the small-signal model, which are listed in Table I.
The eigenvalue results from Figs. 7-11 indicate that VSG IG
or ROCOF-droop 1G will lose stabilization when K, T}, Z, or
K,,; is set to be unsuitable. Table V gives the stability re-
sults obtained by eigenvalue analysis. Based on the cases
given by Table V, the simulation results of RT-LAB semi-
physical platform are shown by Fig. 13.

FPGA -based
RT-LAB real-
time simulator

?

e s

VSG-RPG
controller

droop-RPG
controller

Ly
Fig. 12. RT-LAB semi-physical platform.

TABLE V
RESULTS OF EIGENVALUE ANALYSIS

Category Change . Oscillation
Case of IG Parameter extent Stability frequency (Hz)
1 VSG K, 8—6 Unstable 8.2
2 VSG T; 8s—10s Unstable 7.8
3 Rgrg(%}:' T, 0.01 s—1s  Unstable 3425.0
4 ROCOF- Z, 0.06 pu— Unstable 2.5
droop 0.6 p.u.
R(ci)rgf))pF- Ky 1030 Unstable 3425.0

The results of Fig. 13(a) illustrate that VSG IG remains
stable when K, equals to 8 but starts to vibrate when K, de-
creases to 6. This phenomenon is coinciding with the result
of case 1 in Table V. The results of Fig. 13(a)-(e), which are
obtained by RT-LAB test system, are respectively coinciding
with the results of five modes in Table IV. This coincidence
demonstrates the effectiveness of eigenvalue analysis, which
proves the effectiveness of eigenvalue analysis.
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Fig. 13. Simulation results of RT-LAB semi-physical platform. (a) Case 1:

VSG IG loses stability if K, decreases. (b) Case 2: VSG IG loses stability if
T; increases. (c) Case 3: ROCOF-droop IG loses stability if 7, increases. (d)
Case 4: ROCOF-droop IG loses stability if Z, increases. (¢) Case 5: ROCOF-
droop IG loses stability if K, increases.

VI. CONCLUSION

This paper compares two categories of virtual inertia con-
trol for IGs, which are VSG control and ROCOF-droop con-
trol, from three perspectives: mathematical model, output
characteristic and small-signal stability. The following con-
clusions can be drawn:

1) In VSG control, the swing equation of SGs is intro-
duced in IGs to replace the original grid-connected current
control to achieve inertial response, which makes IGs inherit
stability problem of rotor angle from SGs. Meanwhile, RO-
COF-droop control equips IGs with inertial response without
the introduction of stability problem of rotor angle. Howev-
er, in ROCOF-droop IG, derivative controller is applied in
PLL to capture the ROCOF for emulating inertia, which will
amplify high-frequency noise and may stimulate high-fre-
quency vibration.
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2) The principle of VSG IG to pick up the share of power
impact is the same as that of SGs, which indicates that VSG
IG inherits the response characteristic of transient active
power output of SG. However, in the period from the impact
load occurs until the governor action begins, ROCOF-droop
IG cannot imitate the characteristics of active power output
of SG.

3) The oscillation modal analysis clarifies that, because of
the emulation of the swing equation, new oscillation modes
which do not exist in the traditional IG are introduced by
the application of VSG control. While the application of RO-
COF-droop control equips IGs with inertial response without
introduction of new oscillation mode. The results of eigenval-
ue trajectory imply that it may destabilize the whole system
by connecting ROCOF-droop 1IG to weak power grid and
VSG control is suggested to be applied in IGs connected in
a weak grid.

APPENDIX A

The state-space models of VSG IG and ROCOF-droop IG,
which are given by (8) and (9), are rewrote in detailed by (A1)
and (A2). The initial operation points of the states are denoted
by subscript 0.
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