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Abstract—Due to inertia-less feature of inverters, microgrids 

with high penetration rate of inverter-interfaced distributed 
generators (DGs) usually suffer from power quality issues such 
as poor dynamic frequency stability. A promising solution of 
this issue is to apply virtual synchronous generator (VSG) 
control concept to inverter-interfaced DGs. In this paper, it is 
shown that compared to previous microgrid control scheme, 
e.g. conventional droop control, VSG control can improve 
microgrid frequency stability during loading transitions and 
fault events. This conclusion is demonstrated by theoretical 
time domain response of DG frequency obtained through 
small-signal analyses, and is verified by simulations performed 
in PSCAD/EMTDC. 

 
Index Terms—Distributed power generation, droop control, 

frequency stability, inverter, microgrid, virtual synchronous 
generator.  

NOMENCLATURE 
𝑆𝑆𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏   Power rating 
𝑃𝑃0, 𝑄𝑄0  Set value of active and reactive power 
𝑃𝑃𝑖𝑖𝑖𝑖   Virtual shaft power 
𝑃𝑃𝑜𝑜𝑜𝑜𝑜𝑜 , 𝑄𝑄𝑜𝑜𝑜𝑜𝑜𝑜  Output active and reactive power 
𝑃𝑃𝑙𝑙𝑜𝑜𝑏𝑏𝑙𝑙   Load active power 
𝑄𝑄𝑟𝑟𝑏𝑏𝑟𝑟   Reference value for reactive power control 
𝜔𝜔0, 𝐸𝐸0  Nominal angular frequency and voltage 
𝜔𝜔𝑚𝑚  Virtual rotor angular frequency 
𝜔𝜔𝑔𝑔  Output voltage angular frequency 
𝜃𝜃𝑚𝑚  Virtual rotor phase angle 
𝐸𝐸  Virtual internal electromotive force 
𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜  Inverter output voltage 
𝑉𝑉𝑏𝑏𝑜𝑜𝑏𝑏  Common ac bus voltage 
𝐼𝐼𝑜𝑜𝑜𝑜𝑜𝑜   Inverter output current 
𝑉𝑉𝑝𝑝𝑝𝑝𝑚𝑚, 𝜃𝜃𝑝𝑝𝑝𝑝𝑚𝑚 Voltage and phase of PWM reference 
𝐽𝐽, 𝐷𝐷  Virtual inertia and virtual damping factor 
𝑀𝑀∗  Inertia constant (= 𝐽𝐽𝜔𝜔0

2/𝑆𝑆𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏) 
𝑘𝑘𝑝𝑝, 𝑘𝑘𝑞𝑞  ω–P and V–Q droop coefficient 
𝑅𝑅, 𝐿𝐿,  Resistance and inductance 
𝑋𝑋, 𝑍𝑍   Reactance and impedance 
𝛿𝛿  Power angle 
𝐾𝐾  Synchronizing power coefficient 
𝑘𝑘𝑍𝑍, 𝑋𝑋/𝑅𝑅 proportional gain and 𝑋𝑋/𝑅𝑅 ratio of transi-

ent virtual stator impedance 
𝑇𝑇𝑟𝑟𝑝𝑝, 𝑇𝑇𝑟𝑟𝑞𝑞  Time constant of 1st order filter for calcu-

lated active and reactive power  
𝐾𝐾𝑝𝑝𝑞𝑞, 𝑇𝑇𝑖𝑖𝑞𝑞  Gain and time constant of reactive power 

PI controller 
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frequency restoration PI controller 
 

Subscripts/Superscripts: 
*  Per unit value based on DG power rating 
i  (i =1, 2) ith distributed generator 
f  Inverter output LC filter 
line  Distribution line 
ls  Virtual stator 
α, β  α-axis and β-axis component 

I. INTRODUCTION 
Distributed power generation systems using renewable 

energy resources such as solar panels and wind turbines 
have been developed in recent decades. As an inverter is 
usually installed at the output terminal, these systems are 
known as inverter-interfaced distributed generators (DGs). 

To facilitate grid integration of DGs, the concept of 
“microgrid” is proposed to manage a cluster of DGs, distrib-
uted energy storage systems (DESSs) and nearby loads as a 
single sub-system [1]. By applying microgrid configuration, 
the complexity of power system introduced by DGs can be 
significantly reduced. Meanwhile, as a microgrid can oper-
ate in both islanded and grid-connected mode, high power 
supply reliability for internal loads can be obtained. 

The control system of a microgrid is usually in a 
hierarchical structure, in which the primary control level 
embedded in DGs is responsible for basic operation and the 
secondary (and sometimes a tertiary) control level installed 
in a microgrid central controller (MGCC) is designed for 
optimal operation [2], [3]. Droop control is widely adopted 
in primary control level of microgrids, because it can 
provide automatic active and reactive power sharing 
between DGs in islanded mode and seamless transition 
between the two operation modes [4], [5]. 

However, unlike synchronous generators (SGs) with 
rotating mass, inverters have barely any inertia to support 
dynamic frequency stability. As a result, microgrids with 
high penetration rate of inverter-interfaced DGs may suffer 
from power quality issues such as large frequency deviation 
during loading transitions and fault events. To address this 
issue, virtual synchronous generator (VSG) control [6]–[10], 
or synchronverter [11], [12], inverter control methods to 
mimic dynamic characteristics of a SG by emulating the 
swing equation with virtual inertia and virtual damping 
factor, are proposed in the literature. It is also pointed out 
that inverters with VSG control can reduce rotor speed 
deviation of the conventional SGs moved by diesel or gas 
engine and operating in parallel with them in a VSC-HVDC 
transmission system [13] or a microgrid [14]; however, 
theoretical analysis is not provided. Detailed small-signal 
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Fig. 2.  Block diagrams of the adopted VSG control [16]. (a) Overall 
control scheme. (b) “Governor Model” block. (c) “Q Droop” block.  
(d) “Stator Impedance Adjuster” block. (e) “Vbus Estimator” block. 

 

 
Fig. 1.  The studied microgrid composed of two inverter-interfaced DGs. 

 

analyses on the improved frequency stability introduced by 
VSG control are discussed in [15]; however, the case of 
parallel inverters, frequency restoration control in the 
secondary control level, and frequency behavior during a 
fault event are not included in this reference. An enhanced 
VSG control scheme for microgrid applications is presented 
in [16]; however, its improved dynamic frequency stability 
compared to conventional droop control is not thoroughly 
developed and thus should be further discussed.  

In this paper, small-signal analyses are presented to study 
the dynamic response of microgrid frequency during loading 
transitions and fault events, for both VSG control proposed 
in [16] and an analogous droop control. The results are 
verified by simulations executed in PSCAD/EMTDC. It is 
demonstrated that thanks to the virtual inertia, VSG control 
results in lower frequency deviation during both loading 
transitions and fault events, thus improves the power quality 
of the microgrid. 

II. SYSTEM CONFIGURATION AND CONTROL SCHEMES 
A microgrid composed of two parallel inverter-interfaced 

DGs shown in Fig. 1 is studied in this paper. Two inverter-
interfaced DGs are connected to the common ac bus in 
parallel, and passive loads composed of resistors and 
inductors are also connected to the bus through breakers. 
Control scheme embedded in the DGs using VSG concept is 
shown in Fig. 2 [16], and an analogous droop control 
method shown in Fig. 3 is also studied in this paper. As 
shown in Fig. 3, in order to focus on the dynamic frequency 
and to avoid influence from different voltage performance, 
only active power control part of VSG is replaced by 
conventional droop control, and reactive power control part 
is kept the same.  

In the block “Swing Equation Function” of Fig. 2(a), 
swing equation (1) of a SG is emulated through iterative 
method, to provide virtual inertia and damping [7]–[10].  

 𝑃𝑃𝑖𝑖𝑖𝑖 − 𝑃𝑃𝑜𝑜𝑜𝑜𝑜𝑜 = 𝐽𝐽𝜔𝜔𝑚𝑚
d𝜔𝜔𝑚𝑚
d𝑜𝑜

+ 𝐷𝐷�𝜔𝜔𝑚𝑚 − 𝜔𝜔𝑔𝑔� (1) 

In order to share steady-state active and reactive power, 
𝜔𝜔 − 𝑃𝑃 and 𝑉𝑉 − 𝑄𝑄 droop control relations are inherited in the 
adopted VSG control, as shown in Figs. 2(b) and 2(c). 

The “Stator Impedance Adjuster” block shown in Fig. 
2(d) is to adjust the total output impedance of the DG by 
adding virtual stator impedance 𝑍𝑍𝑙𝑙𝑏𝑏 . The virtual stator 
impedance is composed of two parts, the constant virtual 
stator inductance 𝐿𝐿𝑙𝑙𝑏𝑏0 and the transient virtual stator imped-
ance ∆𝑍𝑍𝑙𝑙𝑏𝑏 = ∆𝑅𝑅𝑙𝑙𝑏𝑏 + 𝜔𝜔0∆𝐿𝐿𝑙𝑙𝑏𝑏 . The constant virtual stator 

inductance 𝐿𝐿𝑙𝑙𝑏𝑏0 is designed to share transient active power 
and to increase system damping, by adjusting the total 
output reactance of ith DG to 0.7 pu as shown in (2). 
 𝑋𝑋𝑖𝑖∗ = (𝐿𝐿𝑙𝑙𝑏𝑏0 𝑖𝑖 + 𝐿𝐿𝑟𝑟 𝑖𝑖 + 𝐿𝐿𝑙𝑙𝑖𝑖𝑖𝑖𝑏𝑏 𝑖𝑖)𝑆𝑆𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 𝑖𝑖𝜔𝜔0/𝐸𝐸02 = 0.7 pu (2) 

The transient virtual stator impedance ∆𝑍𝑍𝑙𝑙𝑏𝑏 is proposed in 
[17] and developed in [16] to limit the DG overcurrent 
during a fault event. If the output current exceeds the 
predefined threshold value 𝐼𝐼𝑜𝑜ℎ𝑟𝑟𝑏𝑏𝑏𝑏ℎ (normally 1 pu), transient 
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Fig. 3.  Block diagrams of an analogous droop control. (a) Overall control 
scheme. (b) “P Droop” block.  

 
Fig. 4.  Secondary control scheme in MGCC. 

TABLE I.  CONTROL PARAMETERS 
Parameter Value Parameter Value 
𝑆𝑆𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏1 10 kVA 𝐿𝐿𝑙𝑙𝑏𝑏0 1 6.39 mH 
𝑆𝑆𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏2 5 kVA 𝐿𝐿𝑙𝑙𝑏𝑏0 2 13.81 mH 

𝐸𝐸0 = 𝑉𝑉𝑔𝑔𝑟𝑟𝑖𝑖𝑙𝑙 200 V 𝑘𝑘𝑍𝑍 𝑖𝑖 
∗  1.79 pu 

𝜔𝜔0 = 𝜔𝜔𝑔𝑔𝑟𝑟𝑖𝑖𝑙𝑙 376.99 rad/s 𝑋𝑋/𝑅𝑅𝑖𝑖 5 
𝑀𝑀𝑖𝑖

∗ 8 s 𝑇𝑇𝑟𝑟𝑝𝑝 𝑖𝑖 7.96 × 10−3 s 
𝐷𝐷𝑖𝑖∗ 17 pu 𝑇𝑇𝑟𝑟𝑞𝑞 𝑖𝑖 7.96 × 10−3 s 

𝑃𝑃0 𝑖𝑖
∗  (default) 1 pu 𝐾𝐾𝑝𝑝𝑞𝑞 𝑖𝑖

∗  0.0125 pu 
𝑄𝑄0 𝑖𝑖
∗  (default) 0 pu 𝑇𝑇𝑖𝑖𝑞𝑞 𝑖𝑖 1.25 × 10−4 s 
𝑘𝑘𝑝𝑝 𝑖𝑖
∗  20 pu 𝐾𝐾𝑝𝑝𝑏𝑏𝑏𝑏𝑝𝑝∗  1 pu 
𝑘𝑘𝑞𝑞 𝑖𝑖
∗  5 pu 𝑇𝑇𝑖𝑖𝑏𝑏𝑏𝑏𝑝𝑝 0.05 s 

 
virtual stator impedance proportional to the amount of 
overcurrent will be applied to the DG in order to keep the 
overcurrent within acceptable range. 

In the “Vbus Estimator” block shown in Fig. 2(e), ac bus 
voltage 𝑉𝑉𝑏𝑏𝑜𝑜𝑏𝑏  is calculated from DG output voltage and 
current, in order to generate an equivalent voltage reference 
for reactive power sharing. 

In the droop control scheme shown in Fig. 3(a), the 
“Swing Equation Function” and “Governor Model” blocks 
of VSGs are replaced by a simple “P droop” block, in which 
conventional 𝑃𝑃 − 𝜔𝜔 droop relations is applied, as shown in 
Fig. 3(b). A first order low pass filter (LPF) with time 
constant 𝑇𝑇𝑟𝑟𝑝𝑝  is added in this block to filter the ripples in 
calculated output active power. It is pointed out in [13], [15] 
that this LPF can be also considered as virtual inertia; 
however, if this filter is designed traditionally, e.g. using 20 
Hz cutoff frequency, the value of this virtual inertia is very 
small compared to that of VSG control. 

As shown in Fig. 1, a MGCC is also included in this 
study. The secondary control scheme in MGCC shown in 
Fig. 4 is designed to restore the voltage and frequency of the 

microgrid during islanded mode by adjusting the set value 
of active and reactive power of DGs. It is noteworthy that 
this secondary control should be inactivated during grid-
connected mode and fault events, to avoid saturation of PI 
controller and the resulted abnormal control output.  

The values of control parameters adopted in this paper are 
listed in Table I. It is noteworthy that per unit values of each 
DG are calculated according to respective power rating of 
each DG, in order to facilitate the design of the presented 
inverter-interfaced DGs. 

III. ANALYSES OF DYNAMIC FREQUENCY STABILITY 

A. Loading Transition Without Frequency Restoration 
First, to study the frequency dynamic during loading 

transition, we begin with the case without frequency 
restoration control. By ignoring reactive power and line 
resistance in view of inductive output impedance and highly 
decoupled active and reactive power control, a state-space 
model for active power control part of the microgrid shown 
in Fig. 1 can be derived as shown in the following [16]. 

 ��̇�𝒙 = 𝑨𝑨𝒙𝒙 + 𝑩𝑩𝑩𝑩
𝒚𝒚 = 𝑪𝑪𝒙𝒙 + 𝑫𝑫𝑩𝑩 , (3) 

where 
 𝑩𝑩 = [∆𝑃𝑃𝑙𝑙𝑜𝑜𝑏𝑏𝑙𝑙 ∆𝑃𝑃0_1 ∆𝑃𝑃0_2]𝑇𝑇  (4) 
 𝒚𝒚 = [∆𝜔𝜔𝑚𝑚1 ∆𝜔𝜔𝑚𝑚2 ∆𝑃𝑃𝑜𝑜𝑜𝑜𝑜𝑜1 ∆𝑃𝑃𝑜𝑜𝑜𝑜𝑜𝑜2]𝑇𝑇 (5) 
and other matrices are omitted due to page limits, which can 
be referred to [16]. From this state-space model, transfer 
function of DG frequencies during a loading transition 
∆𝜔𝜔𝑚𝑚 𝑖𝑖/∆𝑃𝑃𝑙𝑙𝑜𝑜𝑏𝑏𝑙𝑙  (i = 1, 2) can be obtained from the terms of 
𝐺𝐺11(𝑠𝑠) and 𝐺𝐺21(𝑠𝑠) of transfer matrix 𝑮𝑮(𝑠𝑠) shown in (6). 
 𝑮𝑮(𝑠𝑠) = 𝑪𝑪(𝑠𝑠𝑰𝑰 − 𝑨𝑨)−1𝑩𝑩 + 𝑫𝑫 (6) 

With these transfer functions, theoretical dynamic 
frequency performance of DG1 during a 15 kW (= 𝑆𝑆𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏1 +
𝑆𝑆𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏2) step loading transition can be obtained as shown in 
Fig. 5. DG2 frequency is not shown because it is almost the 
same as that of DG1. 

The transfer function of the case of using droop control 
can also be obtained from the same state-space model, by 
letting  𝐽𝐽𝑖𝑖 = 𝑘𝑘𝑝𝑝 𝑖𝑖𝑇𝑇𝑟𝑟𝑝𝑝 𝑖𝑖/𝜔𝜔0 and 𝐷𝐷𝑖𝑖 = 0 [15]. The resulted time 
response of DG1 frequency is also shown in Fig. 5. 

As it is shown in Fig. 5, frequency change of DG1 is very 
fast in the case of droop control, but is slowed down in the 
case of VSG control, owing to the virtual inertia applied to 
the inverter. It implies that the frequency of VSG is less 
prone to change under a disturbance. This feature leads to 
better frequency stability as it is shown in later discussions. 

B. Loading Transition With Frequency Restoration 
If the frequency restoration control in the MGCC is also 

included, the state-space model shown in (3) should be 
modified. From Fig. 4, equation (7) can be easily obtained. 

 ∆𝑃𝑃0_𝑖𝑖 = −𝐾𝐾𝑝𝑝𝑏𝑏𝑏𝑏𝑝𝑝 𝑖𝑖(1 + 1
𝑇𝑇𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑏𝑏

)∆𝜔𝜔𝑏𝑏𝑜𝑜𝑏𝑏 (7) 

To simplify the model, it is supposed that ∆𝜔𝜔𝑏𝑏𝑜𝑜𝑏𝑏 ≈ ∆𝜔𝜔𝑚𝑚1 
in (7). This approximation will not influence the accuracy of 
the model because it is always true except the first several 
million seconds after a disturbance, whereas the settling 
time of frequency restoration control is usually of several 
seconds. Substituting (7) into (3), the state-space model 
should be modified as follow. 



 

 𝑨𝑨 =

⎣
⎢
⎢
⎢
⎢
⎡−

𝐷𝐷1𝐾𝐾2
𝐽𝐽1𝜔𝜔0(𝐾𝐾1+𝐾𝐾2)

− 𝑘𝑘𝑝𝑝1+𝐾𝐾𝑝𝑝𝑖𝑖𝑖𝑖𝑖𝑖1
𝐽𝐽1𝜔𝜔0

𝐷𝐷1𝐾𝐾2
𝐽𝐽1𝜔𝜔0(𝐾𝐾1+𝐾𝐾2)

− 𝐾𝐾1
𝐽𝐽1𝜔𝜔0

− 𝐾𝐾𝑝𝑝𝑖𝑖𝑖𝑖𝑖𝑖1
𝐽𝐽1𝜔𝜔0𝑇𝑇𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖

𝐷𝐷2𝐾𝐾1
𝐽𝐽2𝜔𝜔0(𝐾𝐾1+𝐾𝐾2)

− 𝐾𝐾𝑝𝑝𝑖𝑖𝑖𝑖𝑖𝑖2
𝐽𝐽2𝜔𝜔0

− 𝐷𝐷2𝐾𝐾1
𝐽𝐽2𝜔𝜔0(𝐾𝐾1+𝐾𝐾2)

− 𝑘𝑘𝑝𝑝2
𝐽𝐽2𝜔𝜔0

𝐾𝐾1
𝐽𝐽2𝜔𝜔0

− 𝐾𝐾𝑝𝑝𝑖𝑖𝑖𝑖𝑖𝑖2
𝐽𝐽2𝜔𝜔0𝑇𝑇𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖

𝐾𝐾2
𝐾𝐾1+𝐾𝐾2

− 𝐾𝐾2
𝐾𝐾1+𝐾𝐾2

0 0
1 0 0 0 ⎦

⎥
⎥
⎥
⎥
⎤

 (9) 

 

𝑩𝑩 =

⎣
⎢
⎢
⎢
⎢
⎢
⎡ − 𝐾𝐾1

𝐽𝐽1𝜔𝜔0(𝐾𝐾1+𝐾𝐾2)
− 𝐷𝐷1𝐷𝐷2𝐾𝐾2

𝐽𝐽1𝐽𝐽2𝜔𝜔0
2(𝐾𝐾1+𝐾𝐾2)2

+ 𝐷𝐷1
2𝐾𝐾2

𝐽𝐽1
2𝜔𝜔0

2(𝐾𝐾1+𝐾𝐾2)2
+ 𝐷𝐷1(𝑘𝑘𝑝𝑝1+𝐾𝐾𝑝𝑝𝑖𝑖𝑖𝑖𝑖𝑖1)

𝐽𝐽1
2𝜔𝜔0

2(𝐾𝐾1+𝐾𝐾2)
1

𝐽𝐽1𝜔𝜔0
0

− 1
𝐽𝐽2𝜔𝜔0

+ 𝐾𝐾1
𝐽𝐽2𝜔𝜔0(𝐾𝐾1+𝐾𝐾2)

− 𝐷𝐷1𝐷𝐷2𝐾𝐾1
𝐽𝐽1𝐽𝐽2𝜔𝜔0

2(𝐾𝐾1+𝐾𝐾2)2
+ 𝐷𝐷2

2𝐾𝐾1
𝐽𝐽2
2𝜔𝜔0

2(𝐾𝐾1+𝐾𝐾2)2
+ 𝐷𝐷2𝑘𝑘𝑝𝑝2

𝐽𝐽2
2𝜔𝜔0

2(𝐾𝐾1+𝐾𝐾2)
+ 𝐷𝐷1𝐾𝐾𝑝𝑝𝑖𝑖𝑖𝑖𝑖𝑖2

𝐽𝐽1𝐽𝐽2𝜔𝜔0
2(𝐾𝐾1+𝐾𝐾2)

0 1
𝐽𝐽2𝜔𝜔0

− 𝐷𝐷1𝐾𝐾2
𝐽𝐽1𝜔𝜔0(𝐾𝐾1+𝐾𝐾2)2

+ 𝐷𝐷2𝐾𝐾2
𝐽𝐽2𝜔𝜔0(𝐾𝐾1+𝐾𝐾2)2

0 0

− 𝐷𝐷1
𝐽𝐽1𝜔𝜔0(𝐾𝐾1+𝐾𝐾2)

0 0 ⎦
⎥
⎥
⎥
⎥
⎥
⎤

 (10) 

 
Fig. 5.  Time responses of DG1 frequency during 15 kW loading transition 
while frequency restoration control is inactivated. 

 
Fig. 6.  Time responses of DG1 frequency during 15 kW loading transition 
while frequency restoration control is activated. 

 
Fig. 7.  Time responses of DG1 frequency during three-phase ground fault. 
(Input rectangular pulse duration: 0.1 s; amplitude: 15 kW) 
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∆𝜔𝜔𝑚𝑚2 + 𝐷𝐷2
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1
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⎥
⎥
⎥
⎥
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 𝑪𝑪 = �

1 0 0 0
0 1 0 0
0 0 𝐾𝐾1 0
0 0 −𝐾𝐾1 0

� (11) 

𝑨𝑨 and 𝑩𝑩 are shown in the bottom of this page, and 𝑩𝑩, 𝒚𝒚, and 
𝑫𝑫 are not changed. 

With this modified state-space model, for the case where 

frequency restoration control is applied, similar to Fig. 5, 
theoretical dynamic frequency performance of DG1 during a 
15 kW step loading transition can be obtained as shown in 
Fig. 6. As it is shown in Fig. 6, owing to slower rate of 
change of frequency, VSG control results in smaller 
maximum frequency deviation during a loading transition 
before the frequency is restored by the secondary control 
from MGCC. Therefore, it can be concluded that the power 
quality of microgrid during a loading transition can be 
improved by VSG control. 

C. Three-Phase Ground Fault 
To study the frequency behavior during a fault event, a 

three-phase ground fault occurs in the ac bus of the 
microgrid is also investigated. As bus voltage is forced to 0 
during the fault, the output power of DGs will drop down to 
a very low value. As a result, a three-phase ground fault can 
be modeled as a rectangular pulse in the input ∆𝑃𝑃𝑙𝑙𝑜𝑜𝑏𝑏𝑙𝑙. As 
mentioned previously, frequency and voltage restoration 
controls should be inactivated during a fault event to avoid 
PI controller saturation. Therefore, the transfer function 
derived from the state-space model without frequency 
restoration control shown in [16] is adopted in fault event 
study, and the results are shown in Fig. 7. 

As it is shown in Fig. 7, when a 0.1 s, 15 kW rectangular 
pulse is imposed on ∆𝑃𝑃𝑙𝑙𝑜𝑜𝑏𝑏𝑙𝑙  to simulate a three-phase ground 
fault, the frequency of DG controlled by droop control soars 
up to around 1.05 pu, whereas the maximum frequency of 
DG controlled by VSG control is limited around 1.01 pu. 
Although the settling time in the case of droop control is 
shorter, it is a less important index than the maximum 
frequency deviation, as some sensible loads cannot work 
during a large frequency deviation of power supply. Again, 
VSG control outperforms conventional droop control owing 
to its virtual inertia which provides frequency support. 

IV. SIMULATION RESULTS 
To verify the analyses presented in Section III, simula-

tions of the microgrid shown in Fig. 1 are performed in 
PSCAD/EMTDC, and the results are shown in Figs. 8–10. 

In Fig. 8, the microgrid is initially operated in grid-
connected mode, while Load 1 is connected and secondary 
control in MGCC is inactivated. At 8 s, the break BK3  
in Fig. 1 is open, thus the microgrid is transferred 
automatically to islanded mode, and secondary control in 
MGCC is activated. It can be noticed that VSG-control-



 
Fig. 8.  Simulation results of islanding event and loading transition with VSG control in the left column and droop control in the right column. 
(a) Active power and frequency; (b) reactive power and voltage. 

 

 
Fig. 9.  Simulation results of three-phase ground fault with VSG control in the left column and droop control in the right column. 
(a) Active power and frequency; (b) reactive power and voltage. 

 

 
Fig. 10.  Simulation results of fault current during three-phase ground fault with VSG control in the left column and droop control in the right column. 

based microgrid suffers smaller maximum frequency 
deviation during the islanding event, and similar conclusion 
can be drawn during a loading transition at 16 s by 
switching on Load 2. The dynamic performances of the 

microgrid during the islanding event and during the loading 
transition are similar. This implies that islanding event can 
be also considered as a loading transition in islanded mode. 
It can be confirmed that the frequency dynamics of both 



VSG control and droop control shown in Fig. 8 are similar 
to those in Fig. 6; therefore, the small-signal analyses on 
loading transition discussed in Section III is verified. 

Fig. 9 is the following part of Fig. 8, in which the 
microgrid dynamics during a three-phase ground fault 
beginning at 25 s and lasting 0.1 s are depicted. It can be 
observed that the dynamic frequency during the fault is 
similar to Fig. 7, for both VSG control and droop control. 
This verifies the small-signal analyses and proves that VSG 
control leads to better dynamic frequency stability during a 
fault event. Some differences between Fig. 7 and Fig. 9 can 
be noticed after the clearance of fault, because the bus 
voltage does not settle down immediately as shown in Fig. 
9(b), thus the  ∆𝑃𝑃𝑙𝑙𝑜𝑜𝑏𝑏𝑙𝑙  is not a strict rectangular pulse after 
the clearance of fault. Besides, in the simulations, secondary 
control is inactivated after detection of fault event, and is 
reactivated right after the clearance of fault is detected, 
whereas Fig. 7 shows the time response without secondary 
control even after the clearance of fault. 

The waveforms of the output current of DG1 during the 
three-phase ground fault are shown in Fig. 10. Considering 
the nominal peak current is about 41 A, the overcurrent is 
well controlled within 1.5 pu during the fault event by the 
transient virtual stator impedance method. 

It is noteworthy that the performances of reactive and 
voltage are almost the same for both control methods as 
shown in Figs. 8 and 9, because the same reactive power 
control strategy is adopted in this study, and the active and 
reactive power controls are properly decoupled. 

V. CONCLUSION  
In this paper, dynamic frequency of microgrid during 

loading transitions and fault events was studied through a 
comparative approach, to demonstrate that the studied VSG 
control outperforms conventional droop control in view of 
better dynamic frequency stability. Both theoretical results 
from small-signal analyses and simulation results obtained 
in PSCAD/EMTDC were presented and compared, and the 
coherent results verified the improved frequency stability of 
microgrids introduced by the studied VSG control. 
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