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Abstract: In this paper, the virtual synchronous generator (VSG) concept is utilized in the controller 
of the grid-connected dual two-level voltage source inverter (DTL VSI). First, the topology of the 
VSG and the DTL VSI are presented. Then, the state-space equations of the DTL VSI and the grid-
connected two-level voltage source inverter (TL VSI), regarding the presence of the phase-locked 
loop (PLL) and the VSG, are given. Next, the small-signal modeling of the DTL VSI and the TL VSI 
is realized. Eventually, the stability enhancement in the DTL VSI compared with the TL VSI is 
demonstrated. In the TL VSI, large values of virtual inertia could result in oscillations in the power 
system. However, the ability of the DTL VSI in damping oscillations is deduced. Furthermore, in 
the presence of nonlinear loads, the potentiality of the DTL VSI in reducing grid current Total Har-
monic Distortion (THD) is evaluated. Finally, by using a proper reference current command signal, 
the abilities of the DTL VSI and the TL VSI in supplying nonlinear loads and providing virtual 
inertia are assessed simultaneously. The simulation results prove the advantages of the DTL VSI 
compared with the TL VSI in virtual inertia emulation and oscillation damping, which are realized 
by small-signal analysis. 

Keywords: Virtual Synchronous Generator (VSG); Virtual Inertia; Dual Two-Level Voltage Source 
Inverter (DTL VSI); Two-Level Voltage Source Inverter (TL VSI); small signal stability analysis; sta-
bility enhancement; Total Harmonic Distortion (THD); oscillation damping 
 

1. Introduction 
In order to prevent the growing disadvantages of fossil fuels, the idea of using clean 

energies has become more critical in recent years. Photovoltaic (PV) systems and the wind 
turbines are employed much more than other clean energies to generate the requested 
electric power. In conventional centralized power supplies, lots of enormous synchronous 
generators (SGs) are responsible for providing electric energy for the loads. When a 
change happens in the demanded load, the power system frequency could immediately 
deviate from its nominal value. During the load transitions and disturbances, SGs could 
assist in frequency recovery due to the tremendous kinetic energy, which is reserved in 
the rotating mass of the SGs. Therefore, the inertia of the SG’s rotating mass is the most 
important factor in damping frequency oscillations. One of the most important differences 
between the conventional centralized power generations and the distributed generations 
(DGs) such as PVs and wind turbines is that DGs have a low amount of inertia to damp 
the frequency fluctuations. Hence, in the current power system, which consists of an in-
evitable number of DGs, the power system’s total inertia could be lower than the conven-
tional power system that all the demanded power is supplied by SGs. Thus, the higher 
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the DG’s penetration rate in the power system, the more frequency deviations could hap-
pen during transient situations.  

Numerous researches have been conducted to improve the power system stability 
[1]. In [2], the idea of a virtual synchronous generator (VSG) is presented for the first time 
to emulate SG’s behavior during the contingencies. Several simulations and experimental 
tests have been carried out by the VSYNC research group to validate the capabilities of 
the VSG idea [3]. In [4], the synchronverter approach is presented. In [5], the self-synchro-
nized synchronverter is proposed that needs the inception time and information of the 
grid to operate. Nevertheless, in [6], by means of a nonlinear controller, the problems of 
[5] are solved without any need for a synchronization unit. In [7], to obtain self-synchro-
nization, the DC-link capacitor model is implemented, and the DC-link voltage is con-
trolled simultaneously. In [8], the synchronverter method is employed in a rooftop PV 
controller. The idea of applying a machine learning-based synchronverter to integrate PV 
with the utility grid is proposed in [9]. In [10], novel techniques are proposed to reduce 
active power fluctuations in two parallel synchronverters. A solution is suggested in [11] 
to enhance the robust stability of parallel synchronverters. 

The VSG controller could be obtained by implementing the swing equation of SGs in 
the droop controller’s power loop [12]. Therefore, several papers worked on providing 
virtual inertia by applying the droop controller. In [13], a modified droop controller is 
proposed to enhance the power system’s operation during the disturbance. The inertial 
droop control and the analogy between droop control and VSG control are elaborated in 
[14]. In a real SG, the swing equation’s inertia coefficient is always constant, but in the 
VSG controller, the ability to change and optimize the inertia coefficient is available. In 
[15], to improve the response of the VSG controller, the direct search method is used, and 
the disadvantage of this approach is the complexity to use and lack of theoretical analysis. 
The idea of the alternating moment of inertia, which is performed to specify the amount 
of virtual inertia coefficient in the swing equation during each disturbance, is proposed in 
[16]. The upgraded version of [16] is presented in [17], and the optimization of the damp-
ing coefficient in the swing equation is considered. 

The distributed virtual inertia (DVI) concept is introduced in [18]. In the DVI method, 
the DC-link capacitor voltage variation is according to the frequency deviations. There-
fore, without any need to maintain the system’s hardware, virtual inertia could be 
achieved in the DVI method. The most important drawback of the DVI scheme is the large 
requested capacitor to provide an acceptable amount of virtual inertia, which increases 
the total cost of the devices. In the weak grid condition, the differential operator, which is 
implemented in the DVI controller, may impose the system on instability due to the cou-
pling between the controller’s d frame and q frame [19]. In [19], an auxiliary loop is added, 
and in [20], different compensators are implemented to prevent instability of the DVI 
method in the weak grid condition. The inducverter concept, which provides virtual in-
ertia without any requirement to a phase-locked loop (PLL), and obtains auto-synchroni-
zation by applying the induction machine model, is elaborated in [21]. In [22], the parallel 
application of two VSGs and connection of a VSG to an SG in an isolated microgrid is 
investigated, and dynamics modeling is presented. A multi-loop controller scheme of the 
VSG is performed in [23] to enhance the VSG performance under both islanded and grid-
connected conditions. The VSG implementation in the dual two-level voltage source in-
verter (DTL VSI) controller is proposed in [24], but no analyses were derived. 

The benefit of the DTL VSI compared with the Two-Level Voltage Source Inverter 
(TL VSI) is in its ability to reduce voltage and current harmonics, fault tolerance, a lower 
amount of rate of change of voltage and decreased requested size of the passive filter, and 
lower power loss [25]. A control strategy to enhance the system’s power quality by apply-
ing the DTL VSI is proposed in [26]. The investigation in the conventional passive filters, 
which are utilized in the DTL VSI topology and parameter design process of the filters 
and comparison between the proposed filter and conventional filters is presented in [27]. 
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The idea of employing integrated inductors to eliminate the circulating current in DTL 
VSI topology is elaborated in [28]. 

In this paper, first, the VSG controller is added to the DTL VSI controller and using 
eigenvalue analysis, the stability enhancement is proved compared with the conventional 
TL VSI. Furthermore, the oscillation damping improvement in the DTL VSI is achieved. 
Second, the control method in reference [29], which provides compensation of harmonic 
load current components in the TL VSI, is implemented in the DTL VSI configuration, 
which results in a reduced Total Harmonic Distortion (THD). Finally, a reference current 
generator block is introduced to provide virtual inertia in contingencies and compensate 
the grid current THD at the same time. To the best knowledge of the authors, no reference 
current command signals are proposed in the literature that enable the DGs to compensate 
harmonic components of the load current and provide virtual inertia simultaneously. The 
simulation results demonstrate the grid-connected DTL VSI superiority in lower grid cur-
rent THD, enhanced system stability, and damped oscillations compared with the grid-
connected conventional TL VSI. 

The remainder of this paper is arranged as follows. In section 2, the DTL VSI topology 
and the VSG controller structure is characterized. The state-space equations of the grid-
connected DTL VSI and the grid-connected TL VSI are established in section 3. In section 
4, the analysis of the eigenvalues of both topologies, i.e., DTL VSI and TL VSI, is derived, 
and the simulation result is validated by the small-signal analysis. The privilege of the 
DTL VSI in lower grid current THD is represented in section 5. In section 6, the simulation 
results are obtained in the presence of nonlinear loads, and the abilities of both topologies 
in virtual inertia imitation and lower grid current THD is investigated concurrently. Sec-
tion 7 concludes this paper. 

2. Model Description 
2.1. DTL VSI Configuration 

The DTL VSI topology with the common capacitor type (CCT) filter is illustrated in 
Figure 1. Another conventional DTL VSI arrangement with the individual capacitor type 
(ICT) filter is depicted in Figure 2. The most important disadvantage of the CCT filter is 
the inability in fault tolerance. In the ICT filter, when a fault occurs on the DC voltage 
sources side, another DC voltage source can supply a number of AC loads through its 
dedicated inverter. Nevertheless, in the CCT filter configuration, the capacitor filters can-
not be decoupled from the other side. Therefore, the fault tolerance feature could not be 
achieved by this type of filter. Compared to the DTL VSI with the ICT filter, the grid cur-
rent THD, and the cost will be lower in the DTL VSI with the CCT filter. In this paper, 
since the grid current THD is also studied, the DTL VSI with the CCT filter is imple-
mented. 

It is necessary to use an open-end winding transformer in the DTL VSI configuration, 
which is easily reachable by changing the multi-parallel inverter configuration. Since in 
the DTL VSI configuration, two TL VSIs are implemented, the voltage level is the same as 
a three-level NPC inverter from the load point of view. Additionally, the number of 
switches would be twice that of a TL VSI. Therefore, lower voltage harmonics, decreased 
rate of change of voltage, alleviated power loss, and also reduced switching frequency are 
the most important benefits of the DTL VSI, compared with the TL VSI. Consequently, 
lower harmonics results in a lower rate of device breakdown and a decrease in the size of 
required filters. Hence, the total expenditures of the power system would be reduced. By 
employing two DC voltage sources, which are separated, the cancelation of zero sequence 
current (ZSC) can be achieved. This configuration of DC voltage sources could be simply 
implemented in photovoltaic systems. In Figure 3, the equivalent circuit of the grid-con-
nected DTL VSI topology with the CCT filter is depicted. According to Figure 3, the state 
space equations in section 3 are derived. 
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Figure 1. Dual two-level voltage source inverter (DTL VSI) topology with the common capacitor 
type (CCT) filter. 
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Figure 2. DTL VSI topology with the individual capacitor type (ICT) filter. 
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Figure 3. DTL VSI equivalent circuit. 

2.2. VSG Method 
The VSG method, which is used in this paper, is based on the topology that is em-

ployed in the VSYNC project. Due to the inherent features of the SGs, the output power 
of the SG changes during the contingencies’ like load transitions. For example, when a 
massive increase in the demanded power occurs, the SG slows down and generates extra 
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power in a short time using its stored kinetic energy in its rotating mass. Hence, the fre-
quency drop will be lower. This behavior is according to the swing equation. 

PVSG=KDV∆ω+KIV
d∆ω

dt  (1)

where PVSG is the output power of the VSG. KDV and KIV are the frequency deviation coef-
ficient and the derivative of the frequency deviation coefficient, respectively. According 
to equation (1), the extra power, i.e., PVSG, is controllable by two coefficients KDV and KIV. 
By applying a frequency detection device, i.e., phase-locked loop (PLL), the frequency de-
viation could be calculated. The coefficient KDV assists in the decrement of frequency de-
viations during the perturbations, and the coefficient KIV affects the recovery of the rate of 
change of frequency (ROCOF). It is worth noting that during the disturbances, the larger 
values of KDV, the more virtual inertia provided by the inverter. Nevertheless, the main 
problem of large values of KDV is that it can result in oscillated output power of DG and 
hence, oscillation in system frequency, which may take a few seconds to be completely 
damped. 

3. State-Space Modeling of the System 
In this section, in order to obtain the small-signal analysis of the TL VSI and the DTL 

VSI, state-space equations of both topologies are written, and all parts of the system, in-
cluding the current controller, equivalent circuit, PLL, and VSG are considered. Since 
these equations are nonlinear, the linearization around an operating point is derived in 
section 4, and the system’s eigenvalues are evaluated. The model dynamics are considered 
in the d-q frame. 

3.1. Current Controller Model 
The current controller of the DTL VSI block diagram is shown in Figure 4. The refer-

ence current generator block is thoroughly investigated in Section 3.4. By means of the 
proposed controller, both inverters, which are dedicated to two DC voltage sources of the 
DTL VSI topology, could be adequately controlled. The DTL VSI controller is the same as 
the conventional current controller of the TL VSI. The only difference is in the 180-degree 
phase shifter block, which is shown in Figure 4. The conditions in (2) must be satisfied to 
obtain the maximum output voltage: |mi|= m’

i                  i=1,2,3∠mi=∠m’
i+180°        i=1,2,3

 (2)

where mi is a reference voltage space vector. The reference current in d frame, i.e., i*dref, 
which is generated through the reference current generator block, is compared with the 
inverter’s output current, i.e., icd, and passes through the PI controller to obtain zero 
steady-state error. Because of using two PI controllers in the d and q frame, two state-
space equations are obtained: 

dαd

dt =idref
* -icd (3)

dαq

dt
=iqref-icq (4)
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Figure 4. The current controller block diagram. 

where αd and αq are the states associated with two PI controllers in d and q frame, re-
spectively. Furthermore, i*

qref and icq are the q frame reference current and the output 
current of the inverter, respectively. The feed-forward filter is used in this current control-
ler to eliminate the initial transient effect. Due to the appliance of a low pass filter for this 
aim, two state-space equations in d and q frames are defined as: 

dVd

dt =
Vpccd

T -
Vd

T  (5)

dVq

dt =
Vpccq

T -
Vq

T  (6)

where Vpccd and Vpccq are the voltages measured at the point of common coupling (PCC) 
and are passed through the feed-forward filter to obtain the output voltages, which are Vd 
and Vq. 

Vcd and Vcq are the command signals of the output voltages of the inverters. Accord-
ing to Figure 4, the command signals are defined as two equations below where Kp, ω(t), 
Ki, Lf, and Rf are proportional gain of PI controller, angular frequency of the system which 
is realized by the PLL, the integral gain of PI controller, and the LC filter’s inductance and 
its resistance, respectively. 

Vcd=Kpiidref
* -Kpiicd+Kiiαd-Lfω t icq+Vd+Rficd (7)

Vcq=Kpiiqref-Kpiicq+Kiiαq+Lfω t icd+Vq+Rficq (8)

3.2. Equations of the Equivalent Circuit of the TL VSI 
The equivalent circuit of the TL VSI is depicted in Figure 5. By neglecting the 

switches’ losses, the Vcd and Vcq, described in the latter section, could be considered as the 
output voltage of the inverter. Therefore, the following equations are derived. 

Lf
dicd

dt =-Vpccd+Vcd-Rficd+Lfω t icq (9)

Lf
dicq

dt =-Vpccq+Vcq-Rficq-Lfω t icd (10)

Lg
digd

dt =Vpccd-Vgd-Rgigd+Lgω t igq (11)

Lg
digq

dt =Vpccq-Vgq-Rgigq-Lgω t igd (12)

Cf
dVpccd

dt
=icd-igd+Cfω t Vpccq (13)
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Cf
dVpccq

dt
=icq-igq-Cfω t Vpccd (14)

where igdq, Vgdq, Lg, Rg, and Cf are the grid current and the grid voltage in the d-q frame, 
the grid inductance, the grid resistance, and the filter capacitor, respectively. By substitut-
ing (7) and (8) in (10) and (11), the equations are rewritten as: 

Lf

Vc_dq Cf
Vg_dq

Lg Rg

Ic_dq Ig_dq

VPCC_dq
Rf

 
Figure 5. Two-level voltage source inverter (TL VSI) equivalent circuit. 

Lf
dicd

dt
=-Vpccd+Kiiαd+Kpiidref

* -Kpicd+Vd. (15)

Lf
dicq

dt =-Vpccq+Kiiαq+Kpiiqref-Kpicq+Vq (16)

3.3. Equations of the Equivalent Circuit of the DTL VSI 
The equivalent circuit of the DTL VSI is illustrated in Figure 3. Equations (11)−(14) 

are the same for the DTL VSI topology. Another two different equations are established 
as below: 

Lf
dicd

dt =-Vpccd+2Vcd-Rficd+Lfω t icq (17)

Lf
dicq

dt
=-Vpccq+2Vcq-Rficq-Lfω t icd (18)

By replacing (7) and (8) in (17) and (18), these two state-space equations are realized as: 

Lf
dicd

dt =-Vpccd+2Kiiαd+2Kpiidref
* -2Kpiicd+2Vd-Lfω t icq+Rficd-Vpccd (19)

Lf
dicq

dt
=-Vpccq+2Kiiαq+2Kpiiqref-2Kpiicq+2Vq+Lfω t icd+Rficq-Vpccq (20)

3.4. Phase-Locked Loop 
The conventional block diagram of the PLL is depicted in Figure 6. The main task of 

the PLL is to make sure that φ equals ω0t+θ0. Therefore, Vpccq will be zero in steady-state. 
To do so, a controller, i.e., H(s), must contain at least one integrator to be developed in the 
control loop to obtain zero steady-state error, as mentioned in [30]. In this paper, a Pro-
portional Integral Derivative (PID) controller is applied. Therefore, the transfer function 
of the H(s) is as (21). 

H s =
KI+KPs+KDs2

s
 (21)

where KP, KI, and KD are the proportional, integral, and derivative coefficients of the PID 
controller, respectively. Therefore, as mentioned in [30], by implementing the diagonal 
canonical form of the PID controller, two state-space equations are defined as follows. 

dα1PID

dt =-C1α1PID+Vpccq (22)
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dα2PID

dt =-C2α2PID+Vpccq (23)

where α1PID and α2PID are two states related to the PID controllers in the d-q frame. Fur-
thermore, C1 and C2 are constants, which cause the numerator and denominator degree of 
the H(s) to become identical in order to have a proper transfer function. Additionally, the 
value of C1 and C2 is mentioned in the Appendix (Table A1). The state-space model of the 
system with an integrator shown in Figure 6 can be written as follows. 

dφ
dt

=ω t =m1α1PID+m2α2PID+
KD

C2
Vpccq (24)

where m1 and m2 are obtained from the equations below [30]. 

⎩⎪⎨
⎪⎧ m1=

KI+KPs+KDs2

C2s+1                    s=-C1

m2=
1

C2

KI+KPs+KDs2

s+C1
                s=-1/C2

 (25)

abc

dq

vga

vgb

vgc

H(s)
1
s

ω θ
Saturation

VPCC_q

VPCC_d

 
Figure 6. Phase-locked loop (PLL) block diagram. 

3.5. VSG Controller 
In this section, the reference current generator block in Figure 4 is described. The 

detailed block diagram of the reference current generator block is illustrated in Figure 7. 
As can be seen, the inverter’s reference current command signal, i.e., i*dref, is composed of 
iVSG and idref. 

idref
* =

PVSG+Pref

1.5Vpccd
=idref+

KDV 2πf0-ω t +KIV(
d 2πf0-ω t

dt )
1.5Vpccd

=idref-KDV
* ω t -KIV

* dω t
dt

+2πf0KDV
*  (26)

By substituting (22)−(24) and (14) in (26), i*dref could be rewritten as (27). 

idref
* =idref+2πf0KDV

* +α1PID -m1KDV
* +m1C1KIV

* +
m1KDKIV

*

C2
Vpccd + 

α2PID -m2KDV
* +m2C2KIV

* +
m2KDKIV

*

C2
Vpccd +Vpccq -m1KDV

* -m2KIV
* +

KD
2KIV

*

C2
2 Vpccd-

KDV
* KD

C2
-

icq
KDKIV

*

C2Cf
+igq

KDKIV
*

C2Cf
  

(27)

+
_ωref

ω(t)

Δω KDV

d/dt

+
+

KIV

PVSG

Pref

+
+ 1/(1.5Vpccd) i*dref

 
Figure 7. The detailed reference current generator block. 



Energies 2021, 14, 1160 9 of 21 
 

 

4. Small-Signal Modelling and Simulation Verifications 
In this section, according to (28) and (29), in order to realize the whole eigenvalues 

and analyze them, the state-spaces of the TL VSI and the DTL VSI are linearized around 
the operating points, which are denoted by subscript 0. By increasing the coefficient KDV, 
the eigenvalues migration of the TL VSI and the DTL VSI are compared to each other, and 
the stability enhancement in the DTL VSI is investigated. Additionally, the ability of the 
DTL VSI in damping the oscillations is evaluated. 

∆xDTL VSI = ADTL VSI ∆xDTL VSI + BDTL VSI ∆u  (28)

∆xTL VSI = ATL VSI ∆xTL VSI + BTL VSI ∆u  (29)

where xDTL VSI and xTL VSI, representing vectors of the state variables, are the same and 
could be described as (30). All of the matrices in (28) and (29) are entirely given in the 
Appendix. 

∆xDTL VSI, TL VSI= ∆icd ∆icq ∆αd ∆αq ∆Vpccd ∆Vpccq ∆igd ∆igq ∆Vd ∆Vq ∆α1PID ∆α2PID ∆φ
T
 (30)

4.1. Dominant Eigenvalues Analysis of the TL VSI and the DTL VSI 
In this section, in order to compare the effect of the virtual inertia on the stability of 

the TL VSI and the DTL VSI, the dominant eigenvalues of the TL VSI and the DTL VSI are 
demonstrated in Figure 8. It is assumed that the values of the coefficient KDV and the co-
efficient KIV in the swing equation are the same for both topologies. The eigenvalues of 
the TL VSI are shown by blue multiplication signs, and the eigenvalues of the DTL VSI 
are illustrated by red plus signs. As it is depicted in Figure 8 (b,c), two eigenvalues of the 
DTL VSI are the same as the TL VSI. Another two eigenvalues of the DTL VSI are farther 
from the jω-axis compared with the TL VSI eigenvalues. Therefore, compared with the TL 
VSI, the system’s stability is enhanced in the DTL VSI. 

  
(a) (b) 

 

 

(c)  

Figure 8. (a) Dominant Eigenvalues of the TL VSI and the DTL VSI; (b,c) zoomed photos of (a). 

4.2. Oscillation Damping Ability of the DTL VSI and the TL VSI 
As mentioned in the latter section, larger values of the virtual inertia coefficient, i.e., 

KDV, could lead to fluctuations in the system, which may take a few seconds to be thor-
oughly damped. In order to illustrate these fluctuations, the simulation results are ob-
tained in the next section. All eigenvalues of the grid-connected TL VSI and the grid-con-
nected DTL VSI are shown in Figures 9 and 10, respectively. In both figures, the migration 
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of the eigenvalues is started with a green sign and ended with a red sign, and the coeffi-
cient KDV is increased from 0 to 5000. The eigenvalues of the TL VSI are depicted by mul-
tiplication signs, and the eigenvalues of the DTL VSI are shown by plus signs. 

As expected, in Figure 9, two eigenvalues move on the real axis, and by increasing 
the coefficient KDV, they take distance from the real axis and become a complex number. 
By increasing the coefficient KDV, only these two eigenvalues move away from the real 
axis. Therefore, the oscillations, which happen in the system by large values of the coeffi-
cient KDV, are only because of these two eigenvalues in the grid-connected TL VSI. It is 
noteworthy that these two eigenvalues are not dominant, but regarding the amount of 
their imaginary term, they can have an influence on the operation of the whole system. In 
Figure 10, as it is depicted, the DTL VSI eigenvalues migrate on the real axis, and by in-
creasing the coefficient KDV, they remain a real number. Thus, it can be deduced that by 
higher values of the virtual inertia coefficient, the fluctuations are eliminated in the grid-
connected DTL VSI. It must be noted that the dominant eigenvalues, which are illustrated 
in Figure 8, are not shown in Figures 9 and 10 for more clarity. 

 
Figure 9. The TL VSI eigenvalues. 

 
Figure 10. The DTL VSI eigenvalues. 

4.3. Simulation Results 
In this section, in order to confirm the small-signal analysis presented in the previous 

section, the simulation results are presented. Note that all parameters of the small-signal 
analysis and the simulations are given in the Appendix (Table A1). All of the parameters 
of the grid-connected TL VSI and grid-connected DTL VSI are the same, and the virtual 
inertia coefficient, i.e., KDV in both systems, is 3000. As it is depicted in Figure 11, by a 
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change in the demanded active power of the load, the grid-connected TL VSI frequency 
oscillates, but the grid-connected DTL VSI frequency eliminates these oscillations. 

 
Figure 11. System frequency of the grid-connected TL VSI and grid-connected DTL VSI. 

5. Grid Current THD Reduction in the DTL VSI Topology 
As explained before, one of the most important benefits of the DTL VSI is lower volt-

age and current harmonics. In this section, in order to study the abilities of the TL VSI and 
the DTL VSI to supply a nonlinear load, the controller that is presented in the reference 
[29] is introduced, and the grid current THD of the TL VSI and the DTL VSI is compared 
in the simulations part. 

The difference between the conventional controller and the controller proposed in 
reference [29] is in the reference current generator block. By means of the reference current 
generator block, which is proposed in reference [29], the DG could be able to compensate 
harmonic load current components while it is integrated into the utility grid. In Figure 12, 
the reference current generator is illustrated. As can be seen, by means of a low pass filter, 
the harmonic component of the load current is added to the reference current, i.e., iref in 
the d frame. Therefore, the grid current’s harmonic components could be lower, and the 
DG compensates these components. 

Pref 1/(1.5Vpccd)

ild LPF
_

+

+
+ i*dref

iref

 
Figure 12. Reference current generator block diagram in [29]. 

Simulation Results and the Grid Current Analysis 
Similar to the reference [29], in order to simulate a nonlinear load, diodes are applied 

at the load point where a resistive-inductive load exists. The simulation results of the TL 
VSI and the DTL VSI are demonstrated in Figures 13 and 14, respectively. In both figures, 
the utility grid supplies nonlinear load until t = 0.1 s. At this moment, the DG is connected 
to the grid, and due to the controller method introduced in the prior section, the DG sup-
plies the nonlinear load. Therefore, the grid current will be equal to zero. At t = 0.2 s, 
another similar nonlinear load is connected to the load point. 

Since the maximum active and reactive power of the DG is less than the demanded 
active and reactive power of loads, the DG provides its maximum active and reactive 
power and supplies harmonic components of loads, and the remaining active and reactive 
requested power of loads is generated by the utility grid. This process is carried on until t 
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= 0.35 s. In this period, as it is depicted in Figure 13 and Figure 14, compared with the grid-
connected TL VSI, the grid current THD is reduced in the grid-connected DTL VSI simu-
lation. Using the MATLAB software’s FFT analysis tool, the grid current THD of the grid-
connected TL VSI and the grid-connected DTL VSI is 7.83% and 0.97%, respectively. 
Therefore, the grid current THD reduction in the DTL VSI could be concluded. At t = 0.35 
s, the added nonlinear load is disconnected from the demand side, and the grid current 
becomes zero again. 

 
Figure 13. TL VSI simulation results. 

 
Figure 14. DTL VSI simulation results. 

6. Performance Comparison Between the TL VSI and the DTL VSI 
In order to benefit the advantages of the DTL VSI, which is investigated in the prior 

sections, a proper reference current command signal is designed. The proposed reference 
current generator block diagram is shown in Figure 15. Through the illustrated block di-
agram, stability enhancement, oscillation damping during the contingencies, and the abil-
ity to alleviate the grid current THD could be investigated in both topologies, i.e., the TL 
VSI and the DTL VSI, simultaneously. 
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_ωref
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d/dt
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KIV
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_

+
+

 
Figure 15. The proposed reference current generator block diagram. 

6.1. Simulation Results of the Proposed Controller 
In this section, in order to demonstrate decreased frequency deviations adequately 

and evaluate the VSG controller operation, a 20kVA synchronous generator is utilized 
instead of a utility grid. In two cases, the simulation results are derived. In both cases, the 
virtual inertia coefficient, i.e., KDV, is 4000. 

6.1.1. Case A: Grid-Connected TL VSI 
In this case, the proposed reference current generator block is applied to control the 

grid-connected TL VSI. Until t = 0.5 s, the SG supplies the nonlinear load. At this moment, 
the DG is connected to SG, and as discussed in Section 5, the SG current will be equal to 
zero. This process continues until t = 1.6 s. At t = 1.6 s, another similar load is connected. 
At this moment, since the frequency deviates from its nominal value, the VSG controller 
attempts to provide extra power to prevent large frequency variations. Due to the analysis 
presented in Section 4, owing to the fact that the inertia coefficient is large, fluctuations 
happen in the system frequency and the output power of the DG. In Figures 16 and 17, 
the load, SG, and DG current are depicted. As it is demonstrated in Figure 17 when the 
nonlinear load is connected, the VSG induces oscillations in the system, and therefore, 
after t = 1.6 s, the SG current is not sinusoidal, and the DG operation is not proper. The 
system frequency in two situations without inertia and with inertia is illustrated in Figure 
18. The output active power of the DG is shown in Figure 19. Fluctuations are observed in 
Figures 18 and 19. As mentioned before, these fluctuations could take a few seconds to be 
completely damped. 

 
Figure 16. Load, synchronous generators (SG), and distributed generations (DG) currents before and after connecting the 

DG. 
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Figure 17. Load, SG, and DG currents before and after connecting the additional nonlinear load. 

 
Figure 18. System frequency with and without virtual inertia. 

 
Figure 19. Output active power of the DG. 

6.1.2. Case B: Grid-Connected DTL VSI 
The process arranged in this case is the same as Case A. The DG is connected to the 

SG at t = 0.5 s, as it is shown in Figure 20. After the connection of another nonlinear load, 
which is similar to the prior nonlinear load, as it is demonstrated in Figure 21, it can be 
seen that unlike the simulations of the grid-connected TL VSI, the grid-connected DTL 
VSI can damp the system oscillations completely, and the SG current will be in a sinusoi-
dal form. Therefore, as investigated in section 4, in the presence of the VSG controller, the 
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grid-connected DTL VSI operates appropriately. After t = 1.6 s, the DG compensates the 
load current’s harmonic components and injects its maximum active and reactive power. 
The remaining demanded power is supplied by the SG. The transient response in the SG 
current, which is demonstrated in Figure 21, is because of the VSG controller, and from 
the utility grid (or SG in this case) point of view, the inverter looks like a synchronous 
generator. 

In Figure 22, the system frequency with and without virtual inertia is depicted. As 
can be seen, the frequency deviation during the contingency is alleviated compared to the 
system without virtual inertia. The output active power of the DTL VSI is illustrated in 
Figure 23. In this case, no fluctuations are observed, and the simulation results prove the 
analysis of the eigenvalues derived in Section 4. 

 
Figure 20. Load, SG and DG currents before and after connection of the DG to the SG at t = 0.5 s. 

 
Figure 21. Load, SG and DG currents before and after connection of the additional nonlinear load at t = 1.6 s. 
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Figure 22. System frequency with and without virtual inertia. 

 
Figure 23. Output active power of the DG. 

7. Conclusion 
Due to DG’s increasing penetration rate, the VSG controller is one of the most im-

portant parts of the upcoming controller design. In this paper, the grid-connected DTL 
VSI advantages in improving the power system stability and damping the system fluctu-
ations while utilizing the VSG controller were proven through the small-signal analysis 
and simulation results. The state-space equations of the grid-connected DTL VSI and the 
grid-connected TL VSI, considering the presence of the PLL and the VSG controller, were 
obtained. The small-signal analysis showed how poles are moved by increasing the inertia 
coefficient and which poles will be the cause of fluctuations in the system. Moreover, the 
small-signal analysis of the DTL VSI was derived, and it was proven that larger values of 
the virtual inertia coefficient in conventional topology, i.e., TL VSI, could result in fluctu-
ations in the power system. However, by using the DTL VSI, the fluctuations could be 
eliminated. Furthermore, in the DTL VSI configuration, the power system is more stable 
than the TL VSI configuration. Furthermore, the DTL VSI benefits in reducing grid current 
THD were demonstrated. A reference current command signal was designed to simulta-
neously supply nonlinear loads and emulate the transient behavior of SGs during the con-
tingencies. The simulation results proved that compared to the grid-connected TL VSI, the 
grid-connected DTL VSI enhanced the performance and the stability of the system and 
dampened the oscillations that occur in the conventional grid-connected TL VSI. 
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Appendix A 

Table A1. System parameters. 

Parameter Value 
PID controller of the PLL coefficients (KP/KI/KD) 180/3200/1 

DC link voltage (VDC) 500 V 
RLC filter resistance, inductance and capacitance (Rf/Lf/Cf) 0.01 Ω/0.0024 H/10-6 F 

Line to line rms voltage (VLLrms)  25000 V 
Nominal frequency (f0) 60 HZ 

C1/C2 0.001/0.001 
Switching frequency 8000 HZ 

Transformer ratio 1:96.15 
Nonlinear loads inductance and resistance 0.01 H/20 Ω 

PI Current controller (Kpi/Kii) 1000/30 
The low-pass filter time constant (T) 0.05 

The grid inductance and resistance (Lg/Rg) 2083.3
377√2

 H/ 2083.3√2
 Ω 

SCCR 10 
Nominal rated power of the inverter 30 kVA 

 

ADTL VSI = M -1 A11DTL A12DTL
A21DTL A22DTL

 

ATL VSI = N -1 A11TL A12TL
A21TL A22TL

 

where matrixes M , A21DTL , A22DTL , and A21TL , A22TL , N  are the same, re-
spectively. 

A11DTL=

⎣⎢⎢
⎢⎢⎢
⎢⎢⎢
⎢⎢⎢
⎢⎢⎡
R-2Kpi a1,2 2Kii 0 a1,5 a1,6 0

Lfω0 R-2Kpi 0 2Kii 0 icd0Lf
KD

C2
-1 0

-1 -
KIV

* KD

C2Cf
0 0

(1+a1,5)
2Kpi

(icq0Lf
KD
C2

+a1,6)

2Kpi
0

0 -1 0 0 0 0 0

1 0 0 0 0 Cf m1α1PID0+m2α2PID0+
2KD

C2
Vpccq0 -1

0 1 0 0 -Cfω0 -Cf
KD

C2
Vpccd0 0

0 0 0 0 1 Lg
KD

C2
igq0 -Rg⎦⎥⎥

⎥⎥⎥
⎥⎥⎥
⎥⎥⎥
⎥⎥⎤
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A12DTL=

⎣⎢⎢
⎢⎢⎢
⎢⎢⎢
⎢⎢⎢
⎡2KIV

* KDKpi

C2Cf
2 0 a1,11 a1,12 0

0 0 2 icd0Lfm1 icq0Lfm2 0

KIV
* KD

C2Cf
0 0

(icq0Lfm1+a1,11)
2Kpi

(icq0Lfm2+a1,12)
2Kpi

0

0 0 0 0 0 0
0 0 0 Cfm1Vpccq0 Cfm2Vpccq0 0
-1 0 0 -Cfm1Vpccd0 -Cfm2Vpccd0 0

Lgω0 0 0 Lgm1igq0 Lgm2igq0 -
2
3 Vllrmssinα0⎦⎥⎥

⎥⎥⎥
⎥⎥⎥
⎥⎥⎥
⎤
 

A21DTL=

⎣⎢⎢
⎢⎢⎢
⎢⎢⎢
⎢⎡0 0 0 0 0 1-Lg

KD

C2
igd0 Lgω0

0 0 0 0
1
T 0 0

0 0 0 0 0
1
T 0

0 0 0 0 0 1 0
0 0 0 0 0 1 0

0 0 0 0 0
KD

C2
0 ⎦⎥⎥

⎥⎥⎥
⎥⎥⎥
⎥⎤
 

A22DTL=

⎣⎢⎢
⎢⎢⎢
⎢⎢⎢
⎢⎡-Rg 0 0 -Lgm1igd0 -Lgm1igq0

2
3 Vllrmssinα0

0 -
1
T

0 0 0 0

0 0 -
1
T

0 0 0

0 0 0 -C1 0 0
0 0 0 0 -C2 0
0 0 0 m1 m2 0 ⎦⎥⎥

⎥⎥⎥
⎥⎥⎥
⎥⎤
 

A11TL=

⎣⎢⎢
⎢⎢⎢
⎢⎢⎢
⎢⎢⎢
⎢⎢⎢
⎡
-Kpi -

KIV
* KD

C2Cf
Kpi Kii 0

(a1,5-1)
2

(a1,6+icq0Lf
KD
C2

)

2 0

0 -Kpi 0 Kii 0 -1 0

-1 -
KIV

* KD

C2Cf
0 0

(1+a1,5)
2Kpi

(icq0Lf
KD
C2

+a1,6)

2Kpi
0

0 -1 0 0 0 0 0

1 0 0 0 0 Cf m1α1PID0+m2α2PID0+
2KD

C2
Vpccq0 -1

0 1 0 0 -Cfω0 -Cf
KD

C2
Vpccd0 0

0 0 0 0 1 Lg
KD

C2
igq0 -Rg⎦⎥⎥

⎥⎥⎥
⎥⎥⎥
⎥⎥⎥
⎥⎥⎥
⎤
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A12TL=

⎣⎢⎢
⎢⎢⎢
⎢⎢⎢
⎢⎢⎢
⎡KIV

* KDKpi

C2Cf
1 0

(a1,11+icq0Lfm1)
2

(a1,12+icq0Lfm2)
2 0

0 0 1 0 0 0
KIV

* KD

C2Cf
0 0

(icq0Lfm1+a1,11)
2Kpi

(icq0Lfm2+a1,12)
2Kpi

0

0 0 0 0 0 0
0 0 0 Cfm1Vpccq0 Cfm2Vpccq0 0
-1 0 0 -Cfm1Vpccd0 -Cfm2Vpccd0 0

Lgω0 0 0 Lgm1igq0 Lgm2igq0 -
2
3

Vllrmssinα0⎦⎥⎥
⎥⎥⎥
⎥⎥⎥
⎥⎥⎥
⎤
 

M=

⎣⎢⎢
⎢⎢⎢
⎢⎢⎢
⎢⎢⎢
⎢⎡Lf 0 0 0 0 0 0 0 0 0 0 0 0

0 Lf 0 0 0 0 0 0 0 0 0 0 0
0 0 1 0 0 0 0 0 0 0 0 0 0
0 0 0 1 0 0 0 0 0 0 0 0 0
0 0 0 0 Cf 0 0 0 0 0 0 0 0
0 0 0 0 0 Cf 0 0 0 0 0 0 0
0 0 0 0 0 0 Lg 0 0 0 0 0 0
0 0 0 0 0 0 0 Lg 0 0 0 0 0
0 0 0 0 0 0 0 0 1 0 0 0 0
0 0 0 0 0 0 0 0 0 1 0 0 0
0 0 0 0 0 0 0 0 0 0 1 0 0
0 0 0 0 0 0 0 0 0 0 0 1 0
0 0 0 0 0 0 0 0 0 0 0 0 1⎦⎥⎥

⎥⎥⎥
⎥⎥⎥
⎥⎥⎥
⎥⎤
 

a1,2=-Lf(m1α1PID0+m2α2PID0+
KD

C2
Vpccq0+

2KIV
* KDKpi

LfC2Cf
) 

a1,5=-1+
2α1PID0m1KDKIV

* Kpi

C2
+

2α2PID0m2KDKIV
* Kpi

C2
+

2Vpccq0KD
2 KIV

* Kpi

C2
2  

a1,6=-icq0Lf
KD

C2
+

2Vpccd0KD
2 KIV

* Kpi

C2
2 -

2KDKDV
* Kpi

C2
-2m1KIV

* Kp-2m2KIV
* Kp 

a1,11=-icq0Lfm1+
2Vpccd0m1KDKIV

* Kpi

C2
-2m1KDV

* Kpi+2m1C1KDV
* Kpi 

a1,12=-icq0Lfm2+
2Vpccd0m2KDKIV

* Kpi

C2
-2m2KDV

* Kpi+2m2C2KDV
* Kpi 

ω0=m1α1PID0+m2α2PID0+
KD

C2
Vpccq0 

BDTL VSI=

⎣⎢⎢
⎢⎢⎢
⎢⎢⎢
⎢⎢⎢
⎢⎡2πKDV

* 2Kpi 0
0 0 2Kpi

2πKDV
* 1 0

0 0 1
0 0 0
0 0 0
0 0 0
0 0 0
0 0 0
0 0 0
0 0 0
0 0 0
0 0 0 ⎦⎥⎥

⎥⎥⎥
⎥⎥⎥
⎥⎥⎥
⎥⎤

f0
Idref
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BTL VSI=

⎣⎢⎢
⎢⎢⎢
⎢⎢⎢
⎢⎢⎢
⎢⎡2πKDV

* Kpi 0
0 0 Kpi

2πKDV
* 1 0

0 0 1
0 0 0
0 0 0
0 0 0
0 0 0
0 0 0
0 0 0
0 0 0
0 0 0
0 0 0 ⎦⎥⎥

⎥⎥⎥
⎥⎥⎥
⎥⎥⎥
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