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Abstract—Aiming at the transient instability and overcurrent
issues of the virtual synchronous generator (VSG) under severe
grid voltage sag, the accurate and simultaneous control for the
phase angle and current of VSG is hard to be achieved without
using the fault information. And the requirement of the grid code
for the reactive current should be also considered. To address the
issues, this paper proposes a non-fault information based dual-
loop adaptive feedback control to take transient angle stability,
current limitation and the demand of the reactive current of VSG
into account. First the large-signal model of VSG with a dual-loop
control is built. To design the feedback coefficients, the feasible
coefficient region under different fault degrees and cases is
analyzed subsequently. It provides reference for the curve fitting,
which is further applied in the self-adaptive regulation of the
feedback coefficients. Thereby, a dual-loop adaptive feedback
control is realized based on an additional reactive power feedback
loop. With the proposed control scheme, all of the three control
objectives can be achieved without the fault information, since the
feedback coefficients are within the feasible coefficient region by
the self-adaptive regulation. Finally, the effectiveness and
robustness of the proposed control scheme for both VSG and a
paralleled system of VSG and grid-following (GFL) converter are
validated by the simulation results and the experimental results.

Index Terms—virtual synchronous generator, transient angle
stability, current limitation, reactive current, feasible coefficient
region, adaptive feedback control

[. INTRODUCTION

Renewable energy resources (RES) are normally integrated
to the power grid by the voltage source converter (VSC), which
is controlled by the grid-following (GFL) or grid-forming
(GFM) method for the different control objectives [1]. The
GFL converter is normally connected to a strong power grid
and aims to generate power by maximum power point tracking
scheme. To overcome the lack of inertia support of the GFL
converter, the virtual synchronous generator (VSG), a typical
GFM converter, is developed. VSG is able to emulate the
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voltage and frequency independently [2]. However, VSG is
more susceptible to the physical damage with low overcurrent
characteristics of the synchronous generator and establishes
capabilities compared with the GFL converter [3]. It also
suffers from the transient angle instability during fault such as
a grid voltage sag [4]. Therefore, both the transient angle
stability and current limitation of VSG attract a lot of attention
currently [5]. In addition, the requirement of the grid code for
VSG under severe grid voltage sag should be also considered.

The transient angle stability of VSG describes the ability to
synchronize with the grid under large disturbance, which can
be enhanced generally by two categories of methods [6]-[13].
One method is to change the power reference of VSG, and
reducing the reference of active power control loop (APCL) is
a straightforward way by solving the active power imbalance.
The grid voltage sag is detected and feeds back to APCL to
regulate the active power reference in [6], [7]. Compared with
[8], by feedforwarding the angular frequency difference from
APCL, the active power reference can be regulated without
fault detection though an additional high-pass filter is required.
In [9], increasing the reference of reactive power control loop
(RPCL) is beneficial to the transient angle stability. Thus, the
angular frequency difference from APCL can also be
introduced into RPCL to regulate the reactive power reference
[10]. The other method is to modify the control loops or
coefficients to improve the transient angle stability of VSG.
The damping and inertia coefficient is regulated in [11]. But
the reasonable determination of the coefficients is hard. In [12],
a mode-switching adaptive method is proposed, which could
achieve ride-through without an equilibrium point due to a
switched control coefficient in APCL for the active power
reference regulation. Similarly, a switched control coefficient is
applied in RPCL for the reactive power reference regulation
[13]. However, the mode-switching block is complicated.

The current limitation is another important issue of VSG to
avoid the physical damage, which can be realized generally by
two categories of methods [14]-[21]. One method is to limit the
current reference directly with a saturation block, and then the
converter works as a current source during fault. But the
transient angle stability with the saturation block is deteriorated
[14], [15]. To maintain the synchronization during fault, the
GFM control can switches to the GFL control with a backup
phase-lock loop (PLL) [16]. However, there is a problem to
switch back to the GFM control after fault. Even worse, the
characteristics of the GFM control are lost during fault. To



TABLE I
COMPARISON OF THE TRANSIENT ANGLE STABILITY ENHANCED METHODS

Control objectives No need for fault
Methods Transient Current | The grid code for the . rad
o L . information
angle stability | limitation reactive current

Reduce P reference in APCL [6-8] v X X X
Improve Q reference in RPCL [9-10] v X X X
Change inertia and damping in APCL [11] v X X X
Optimal calculation of the saturated v J % %

current angle or virtual impedance [15], [21]
Adaptive mode-switching control in APCL [20] v v X v
Dual-loop adaptive mode-switching control [25] v v v X
Dual-loop parameter-switching control [27] v v v X

Dual-loop adaptive feedback control
S v N N v
(proposed in this paper)

avoid the issue, the other method of voltage limitation is
applied. For instance, a virtual impedance (VI) is applied to
limit the current by reducing the voltage reference [17]. It can
also be realized by a virtual admittance to limit the current fast
with the current loop [18]. Nevertheless, the application of VI is
usually harmful to the transient angle stability, which limits its
practicability [19]. To avoid the negative influence, a transient
virtual resistor is activated during fault and then deactivated
[20]. In [21], a dq frame asymmetrical VI with the ingenious set
is proposed to avoid the negative transient influence. However,
the reasonable design of the virtual resistor or VI is hard.

In addition, the requirement of the grid code for VSG during
fault should be considered as well. For the continuous power
generation, RESs are required to remain connected with the
grid to realize low voltage ride-through and to inject reactive
current to support the grid [22]. The reactive current of RESs
during normal state is usually set to zero, while it is determined
by the grid code during low voltage ride-through (LVRT). In
special, RESs are supposed to inject pure reactive current under
a severe grid voltage sag which is lower than 50%, and active
current is set to zero for the current limitation [23], [24]. For the
safe and stable operation of VSG, how to comply with the grid
code for the reactive current injection under prerequisite of the
transient stability and current limitation is worthy of study.

However, the transient angle stability, current limitation and
the demand of the grid code of VSG have not been considered
simultaneously in the most references. There is a conflict
among the three control objectives. For instance, the transient
angle stability enhancement may provoke the current limitation
[9], [10]. In contrast, the current limiter or VI may drivers the
converter into transient instability [14], [15]. To address this
issue, the phase angle and current can be both precisely
controlled by a two-stage simultaneous control scheme based
on the fault information [25]. A dual-loop feedback control is
then proposed to achieve the transient angle stability and
current limitation without using the fault information [26]. But
how to select the reasonable coefficients is missing. In [27], the
comprehensive transient stability enhancement control strategy
of VSG considering power angle stability and current limitation
is realized with the dual-loop parameter-switching control of
the voltage difference. In addition, the requirement of the grid
code for VSG is also contradictory to the current limitation
during fault. The converter is required to inject expected
reactive current to support the grid during fault while the
increased reactive power reference is beneficial to the transient
angle stability. However, to increase the reactive current goes
against the requirement of the current limitation.

Overall, the above methods have disadvantages individually,
and there are three main problems need to be solved. First, the
methods based on the fault information acquisition such as the
parameter or mode-switching control is not effective when the
fault detecting device is not available. The fault detecting
device may not be installed on all of the lines for the practical
project due to the cost, while its accuracy and speed are also
limited by the fault detecting method and the necessary
equipment. Second, the design of the feedback coefficients is
missing, which should be within the feasible coefficient region.
Last but not least, the requirement of the grid code for the
reactive current of VSG during fault is not considered,
especially under a severe grid voltage sag. It is hard to achieve
the demand of the reactive current while the total current does
not provoke the limit. To clearly describe the pros and cons of
the above methods, a comparison table is given in Table I.

To overcome the disadvantages of the references, this paper
proposes a non-fault information based dual-loop adaptive
feedback control to take transient angle stability, current
limitation and the demand of the grid code of VSG into account.
Based on the large-signal model of VSG with a dual-loop
feedback control, the feasible coefficient region under different
cases and fault degrees is analyzed and provides reference for
the curve fitting, which is further applied in the self-adaptive
regulation of the feedback coefficients. Thereafter, a dual-loop
adaptive feedback control is realized based on an additional
reactive power feedback loop without using the fault
information. With the proposed control scheme, all of the three
control objectives can be achieved since the feedback
coefficients are within the feasible coefficient region due to the
self-adaptive regulation.

The main contributions of this paper are listed as follows:

* A non-fault information based dual-loop adaptive feedback
control is proposed, which can simultaneously achieve
three control objectives of transient angle stability, current
limitation and requirement of the grid code for the reactive
current of VSG, with robustness to the parameter errors.

* The proposed control scheme is fulfilled by the feasible
coefficient region analysis and the dual-loop adaptive
feedback control based on an additional reactive power
feedback loop. Besides, the control scheme can be applied
in both VSG and a paralleled system of VSG and VSC.

* The feasible coefficient region analysis for the feedback
coefficients of the dual-loop feedback control of VSG
under different cases is carried out. The three control
objectives can be realized when the reasonable sets of



feedback coefficients are derived and applied in APCL and
RPCL of VSG, with robustness to the parameter errors.

* An additional reactive power feedback loop is proposed to
realize the dual-loop adaptive feedback control. By the
curve fitting of the feasible coefficient region, the
reasonable feedback coefficients are derived through the

self-adaptive regulation without using the fault information.

The remainder of this paper is organized as follows. In
Section II, the large-signal models of VSG and the paralleled
system with a dual-loop feedback control of VSG are built. In
Section III, the feasible coefficient region of the feedback
coefficients under different fault degrees and cases are
analyzed. With the curve fitting due to the analysis, a dual-
loop adaptive feedback control is proposed in Section IV. The
effectiveness and robustness of the proposed control scheme
are validated by simulation in Section V. The effectiveness of
the proposed control scheme is also validated by experiment in
Section VI. Conclusions are drawn in Section VII.

II. A DUAL-LoOOP FEEDBACK CONTROL OF VSG

In this Section, the large-signal models of VSG and the
paralleled system of VSG and VSC are built respectively with
a dual-loop feedback control.

A. System Configuration

The system structure of a VSG connected to the grid is
depicted in Fig. 1. The internal voltage of VSG is expressed as
E /6., while the grid voltage is U, £ 6,. Taking the grid
voltage as a reference, the power angle J is equal to the phase
difference between U, and E, which is 0=60ysg-6;. Ziine represents
for the impedance of the parallel-circuit transmission line. Zr is
the transformer’s leakage impedance. Cy, Lt are the capacitor
and inductance of the filter. w, is the rated angular frequency.
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Fig. 1. System structure and the dual-loop feedback control of VSG.

As shown in Fig. 1, the phase and the internal voltage
amplitude commands of VSG, 6, and E, are produced by
APCL and RPCL respectively. Note that the inner voltage and

current loops can be considered as a unity gain when the
reference is tracked ideally during the transient process, due to
the decoupled timescales between the outer and inner loops [9].
Therefore, the transient angle stability of VSG is mainly
determined by APCL and RPCL. Similarly, the dynamic
influence of the capacitor and inductor can also be ignored.

B. Modelling of VSG with a Dual-Loop Feedback Control
The swing equation of APCL can be modelled as
J6==-D5+ (R, —P) (1)
where, J is the virtual inertia, D is the damping coefficient, P

and P, are the active power and its reference of VSG.
In addition, the droop control of RPCL is modelled as
E=K,(Q,-0)+U, @)
where, U, is the nominal voltage, K4 is the droop coefficient.
Q. and Qy are the reactive power and its reference of VSG.
Normally, the total system impedance can be expressed as
Z=ZjinetZ1=R+jX. And then the output active power and
reactive power of VSG can be expressed as

P, =-aU,Ecos6 + fU,Esin 6 + aE*
0. :—ocUgEsiné'—,HUgEcos5+ﬂE2

where, a=R/(R*+X?), B=X/(R*+X?).
According to (3), the steady-state output current of VSG in
dg frame can be derived as
—RU, cosé + XU, sind + RE
R+ X?
—RU_sind — XU, coso + XE
Iq = : R2 ;2
J’_
By substituting (3) into (2), the relationship between E and 6
can be revealed as (5).
By substituting (5) into (3), the relationship between P. and
o0 can be revealed. Thus, the P.-d curve with different U, K
can be plotted. By combining (1) and (3), the second order
nonlinear differential equation of VSG can be derived as

J&=-D6+[P, - (-aU,EcosS + pU,Esind + aE*)] (6)

Thereafter, the transient performance of VSG during fault
can be analyzed due to (6).

According to the IEEE standard 1159-2019 [28], the typical
range of grid voltage sags is between 0.1 and 0.9 pu. And the
IEEE standard 1547-2018 [29] requires that the converters
needs to remain connected with the grid about 1 s even if the
grid voltage falls a little below 0.5 pu. When the grid voltage
falls below 0.5 pu but not less than 0.1 pu, the converter could
choose to achieve ride-through. To better study the transient
performance of VSG under severe grid voltage sag, the grid
voltage sags between 0.1 and 0.5 pu are studied in this paper.

Note that the main concerned problems of VSG in this paper
are the transient angle instability, overcurrent and the violation
of the grid code under grid voltage sag. Fortunately, the VSG
control has two degrees of freedom. Thus, the simultaneous
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control for the phase angle and output current of VSG is
theoretically feasible, which can be achieved by the combined
control of APCL and RPCL, and thus the conflict among the
three control objectives as mentioned in the introduction can
be solved. For instance, though the increase of the reactive
power reference alone goes against the current limitation, the
reduction of the active power reference and the increase of the
reactive power reference can be combined to enhance the
transient angle stability of VSG while guaranteeing the current
limitation under grid voltage sag. Similarly, to further control
the reactive current of VSG for the demand of the grid code,
the regulation in APCL and RPCL should be combined to meet
the demand of the grid code for reactive current 1;;=1.0 pu
under severe grid voltage sag [24] while the total current does
not provoke the limit of 1.2 pu.

To achieve the above three control objectives without using
the fault information, a dual-loop feedback control is presented
in Fig. 1. The terminal voltage and reactive current of VSG are
measured and feed back to APCL and RPCL with the feedback
coefficients ki, k, respectively, to regulate the phase angle and
reactive current of VSG during fault. Note that the reactive
current takes a large proportion in the output current of VSG
under severe grid voltage sag. Thus, both the magnitude of the
reactive current and the total current can be controlled by
flexibly regulating coefficients ki, k». In addition, only the
terminal information of the converter is needed, which means
the fault information acquisition is not required in the dual-
loop feedback control. In addition, the mode switching is not
necessary in the dual-loop feedback control since (Iq-Iq0) and
(E-U,) are zero during normal state since the rated reactive
current of VSG is generally set to /;0=0 pu, and thus the two
additional paths do not affect the normal operation of VSG.
When the fault is occurred, (/-I) and (E-U,) are not zero
which means the feedback control in both APCL and RPCL is
activated automatically.

To better analyze the transient performance of VSG when
the dual-loop feedback control is applied, (5) is modified with
the consideration of the dual-loop feedback control as (7).

Furthermore, the second order nonlinear differential equation
of VSG in (6) with the dual-loop feedback control can be
derived as

J&=-DS+[(F,~P)~k(U, - E)]
=-DJ +[(P, - (~aU,E(0,,,.k,)cos S + BU,E(6

vsg? vsg 2
+aE(€vsg > kz )2) - kl (Un - E(gvsg > kl ))]

k,)sino

®)
C. Modelling of the Paralleled System of VSG and VSC

In addition, the effectiveness of the dual-loop feedback
control in a multiple-generators system should be considered
as well. Note that the multiple generators can be aggregated
with the order reduction method [30], [31]. Therefore, for the
simplification but not losing the generality, a paralleled system
of VSG and VSC with GFL control [32], [33] is studied in this
paper. As shown in Fig. 2. Cp, Lp, Z12 represent the capacitor
and inductance of the filter, and the transformer’s leakage

@)

impedance of VSC. Zi, Z, and Z; are the line impedances of
the system. Different with VSG in Fig.1 which is connected to
an ideal grid, the two converters in the paralleled system are
connected to point of common coupling (PCC) whose voltage
is fluctuated after fault, which can be expressed as Upcc £ Gpcc.
The internal voltage of VSC is expressed as Uy £ 6@y, where
the phase angle of VSC is decided by PLL. The output currents
of VSG and VSC are expressed as I1 £ (Ovsgtpi1) and L/
(Gpit i), while ¢i1, gi> represent the angles of current phasor.
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Fig. 2. Topology of the paralleled system of VSG and VSC with GFL control.

Note that the influence of the dc voltage and current loops
of VSC can also be ignored during transient process since the
transient angle stability of VSC is mainly determined by PLL
[24], [31]. And the transient angle instability of VSC usually
occurs due to the influence of the PLL dynamics under a
severe grid voltage sag. Even so, the transient angle stability of
VSG in the paralleled system and the effectiveness of the dual-
loop feedback control for VSG are mainly focused in this
paper. Thus, the transient process caused by PLL is not
considered since the timescales between PLL and power loops
of VSG are different [34], and thus the influence of the PLL
dynamics on VSG is small. In addition, VSC is less likely to
suffer the transient instability caused by PLL since the PCC
voltage is supported by VSG to some degree during fault. With
the above simplification of neglecting the PLL dynamics [33],
VSC is represented as a controlled current source. And thus it
can be considered that the output current of VSC is directly
specified by the current references. Thereby, the large-signal
model of the paralleled system of VSG and VSC can be
reduced and simplified.

In addition, the output current magnitude and the current
property of VSC have a great effect on VSG. To investigate
this issue, the switching logic of VSC control in Fig. 2 is
described as follows. When VSC operates during normal state,
S is at the position of logical 0. The active current reference of
VSC which generated by the dc voltage loop is about lgrer=1.0
pu at rated active power while the reactive current reference is
normally set as Irqr=0. When a fault occurs, S is switched to 1.
For the consideration of both the current limitation and grid



code [23], Larer=0 pu and Lgrer=-1.2 pu are required.
1.0 pu 0 pu $=0)
IZdref = > [2qref = _ (9)
0 pu -1.2 pu (S=1)
where, 4, I»q are the active current and reactive current of
VSC, and gip=arctan(loq/l4).
Thereafter, the voltage equation of VSC is derived as
U™ = a,Ee™ +aU,e" +(aZ, + Z,)L,e" ™" (10)

where, a1= Zi(Z1+253), az= Z3/(Z1+23), Zo=RotjXa, Z3=R5+)X;.
Neglecting the PLL dynamics of VSC and then (10) can be
decomposed in dg frame based on 6,y as

Uy =U =a;Ecos6, +qU, cosO,
+a,(Rylg — X1, )+ (Ry1y — Xy 1)
Uyy =0=a;Esind,; —aqU,sinb,

+al(R3Izq +X312d)+(R212q +X,1,4)

(11)

where, 5p11=9V5g—9p11.
Similarly, the voltage equation of PCC is derived as
Upccejepcc _ UOeJ'gpu _ 22 IzeJ(epu“/"z) (12)
And (12) can be decomposed in dg frame based on Gy as
Upcc cos §pcc = Upll - (R2[2d - XZIZq)
UpCC sin 5pcc = —(R212q +X,1,,)
where, dpcc=0vsg-Opcc.

Thus, the large-signal model of the paralleled system of
VSG and VSC can be built with Uy £, in (8) replaced by Uy
Z Gpee In (9)-(13). And thus the influence of the output current
property of VSC in the paralleled system on VSG can be
analyzed based on the large-signal model. Note that when the

transient performance of VSC in the paralleled system is
further concerned, the PLL dynamics can be modelled again.

(13)

ITII. FEASIBLE COEFFICIENT REGION ANALYSIS

In this Section, the feasible coefficient region for the
feedback coefficients of the dual-loop feedback control is
analyzed and validated in both VSG and the paralleled system
of VSG and VSC.

A. Feasible Coefficient Region of VSG

In the most of fault conditions, the dual-loop feedback
control of VSG can achieve the transient angle stability,
current limitation and demand of the grid code for the reactive
current. Note that when the grid voltage further falls to less
than 0.1 pu, the converter should trip immediately, while the
grid voltage falls above 0.5 pu need not to be controlled.
However, when VSG faces a severe grid voltage sag about 0.1
pu, both APCL and RPCL may exceed their control margin,
and then the control scheme may be ineffective. Therefore, the
feasible coefficient region of the dual-loop feedback control of
VSG with the grid voltage sags among 0.1~0.5 pu is analyzed
in this paper. And the reasonable design for the feedback
coefficients ki, k» is necessary.

According to (8), the three control objectives can be achieved
simultaneously based on the suitable feedback coefficients ki,
k> from APCL and RPCL. Thus, all of the sets of (ki1, k2) which
meet the control objectives are defined as the feasible

coefficient region of the control scheme. To obtain and analyze
the feasible coefficient region can offer the guiding significance
for the stable operation of VSG during fault.

To test the effectiveness of the dual-loop feedback control
with different sets of (k1, k2), each set of (ki, k») with the range
from 0~3 pu is examined with step 0.01. And thus the feasible
coefficient region of the dual-loop feedback control can be
obtained. With the solution of (8), the transient performance of
VSG can be depicted whether the control objectives are
achieved or not with each set of (ki, k2). All of the 300*300
different sets of (ki, k») are tested with the help of computer.
After the examination, the feasible coefficient region of the
control scheme is obtained. Note that the length of the 110 kV
transmission line is normally between 50~80 km. Thus, two
cases of VSG in Fig. 1, where the line lengths are 50 and 80 km
under different grid voltage sags are tested with the parameters
of VSG shown in Table II.

Objective I: transient angle stability
Objective I1: current limitation
Objective I1I: grid code for the reactive current

3 X
\  Unstable region Ziine: S0km, Ug:0.1pu
\
\\/ Region I: objective I
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Fig. 3. Feasible coefficient region of the dual-loop feedback control in case 1:
Ug=0.1 pu.

TABLE II
PARAMETERS OF VSG
Parameters Value Parameters Value

Po 100 MW (1.0 pu) Wn 1007 rad/s
o 0 Zr 0.005 pu

J 0.3 pu Le 0.2 pu

D 1pu Cr 0.15 pu
Kq 0.05 pu 1 0.2542 Q/km
Eo 690 V h 2.287¢3 H/km
Uy 110 kV ci 5.214¢”° F/km

In case 1, the line length is set to 50 km. The grid voltage sag
occurs at t=0.5 s and recovers at t=1.5 s. To better analyze the
characteristics of the feasible coefficient region, the fault
degrees when the grid voltage falls among 0.1~0.4 pu are
examined.

The feasible coefficient region of the dual-loop feedback
control is described and explained in detail by taking case 1
under Uy,=0.1 pu as an example. As shown in Fig. 3, the
feasible coefficient region is divided into four areas with
different colors including white, green, light blue and dark blue.
Firstly, the unstable region equals to the white area, where the
phase angle of VSG is not stable during fault with the related
sets of (ki, k») within the white area. Secondly, Region I
containing the green, light blue and dark blue areas represents
the stable operating region where the phase angle of VSG is



stable during fault with the related sets of (k1, k»). However, the
other two control objectives including the current limitation and
the requirement of the grid code for the reactive current cannot

be achieved in the green area. Furthermore, in Region II which
consists of the light blue and dark blue areas, both the transient
angle stability and the current limitation can be achieved. But
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Fig. 4. Feasible coefficient region of the dual-loop feedback control in case 1: (a) Ug=0.1 pu. (b) Ug=0.2 pu. (c) Uz=0.3 pu. (d) U,=0.4 pu.

(d

Zune: 80 km, Uy 0.1 pu

Unstable region

Region |Zinc: 80 km, Ug: 02 pu Zune: 80 km, Uy: 0.3 pu|

Region I

Region I

Region 11T
b=t k09 R egion IT1

(k=14 ky=0) (k=14 ky=1)

Unstable region

Unstable region
(ki=0, k;=0)

i Region IT . Region I1
) i R ) Regionll Unstable region
1 0 1 2 0 1 2 0 1 2 0 1 2
kz kz kz k2
(a) (b) (c (d)
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Fig. 6. Feasible coefficient region of the dual-loop feedback control in case 3: (a) Ug=0.1 pu. (b) Ug=0.2 pu. (c) Ug=0.3 pu. (d) U,=0.4 pu.
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(d

the requirement of the grid code is not guaranteed in the light Obviously, the change of the areas from white, green, light blue
blue area. Last but not least, only in Region III which equals to  to dark blue area is corresponding to the progressive realization
the dark blue area can all of the three control objectives be of the three control objectives.

guaranteed simultaneously with the related sets of (ki, k).



As shown in Fig. 4(a)~(d), with the deeper grid voltage sags
from 0.4 to 0.1 pu in case 1, the shading area of the feasible
coefficient region with the same color becomes smaller. For
example, the areas of Region I, II and III in Fig. 4(a) are
smaller than that of Fig. 4(b). Note that even if the fault is
severe when the grid voltage falls to 0.1pu, there still exists a
dark blue area (Region III) where all of the three control
objectives can be achieved.

In case 2, to further validate the existence of the feasible
coefficient region under the worse condition, the line length in
Fig. 1 is increased to 80 km. The grid voltage sag occurs at
t=0.5 s and recovers at t=1.5 s. As shown in Fig. 5, the change
rule of the areas with the different colors under the variety of
the grid voltage sags in case 2 is the same as it in case 1. As a
comparison, the shading area with the same color in case 2
becomes smaller compared with them in case 1 since the fault
condition is worse caused by the longer line. Nevertheless,
since the dark blue area (Region III) still exists even through
the grid voltage falls to 0.1 pu in case 2 with the longer line, the
universality of the dual-loop feedback control is guaranteed.

According to the analysis of case 1 and case 2, it can be
found that the large k> is helpful for the current limitation but
harmful for the transient angle stability. In addition, the large
ki improves the transient angle stability while limiting the
output current. With the flexible configuration of (ki, k2), the
control objectives of the transient angle stability, current
limitation, and the requirement of the grid code for the reactive
current can all be achieved. In addition, the dark blue area
(Region IIT) which meets all of the three control objectives is
moved exponentially from upper left to lower right with the
deeper grid voltage sag in each case.

B. Feasible Coefficient Region of the Paralleled System

Thereafter, the effectiveness of the dual-loop feedback
control for VSG in the paralleled system of VSG and VSC is
considered. Similarly, the feasible coefficient region of the
paralleled system is obtained based on the large-signal model
derived in Section II-C. Thereafter, two cases of the paralleled
system in Fig.2, where the reactive current references of VSC
are 0 pu and -1.2 pu under different grid voltage sags are tested

with the parameters of the paralleled system shown in Table III.

In case 3, Igrer of VSC during fault is set to 0 pu, where the
demand of the grid code for VSC is not considered. The grid
voltage sag occurs at t=0.5 s and recovers at t=1.5 s. Similarly,
the feasible coefficient region under the grid voltage sags
among 0.1~0.4 pu is depicted in Fig. 6.

In case 4, Lqrer of VSC during fault is set to -1.2 pu, which is
based on the configuration in (9). And the related feasible
coefficient region is shown in Fig. 7.

TABLE II1
PARAMETERS OF THE PARALLELED SYSTEM
Parameters Value Parameters Value

Pusg/Pusc 100/100 MW U, 110 kV
Ovse/ Ovse 0/0 MW Zr/Z12 0.005/0.005 pu

J 0.3 pu Li/Lp 0.2 pu

D 2 pu Ci/Cn 0.15 pu

Kq 0.2 pu Length of Z 30 km

E 690 V Length of Z» 20 km

Uo 690 V Length of Z3 10 km

Obviously, the change rule of the areas with the different
colors under the variety of the grid voltage sags in case 3 and
case 4 is the same as it in case 1 and case 2. That is, the shading
areas with different colors becomes smaller with the deeper
grid voltage sag. As a comparison, the shading areas with the
same color in case 3 are smaller than that in case 4 due to the
influence of the reactive current of VSC. When the current
property of VSC tends to reactive instead of active, the feasible
coefficient region of the control scheme becomes larger. Thus,
the reactive current of VSC is helpful for the control objectives
of VSG in the paralleled system under grid voltage sag.

C. Validation of the Feasible Coefficient Region Analysis

The feasible coefficient region analysis is validated by
testing the effectiveness of the dual-loop feedback control with
the specific sets of (ki, k») in the areas with different colors.
The worst fault condition of VSG such as U,=0.1 pu in case 2
is validated. Taking four sets of (ki, k») in each area with
different colors as examples, which are (k1=0, k»=0), (ki=1.4,
=0), (ki=1.4, kx=0.5), (ki=1.4, kx=1).

Note that the analytic solution of (8) is hard to obtain.
Instead, a graphical solution such as the phase portrait can
provide a simple and intuitive result. Thus, the feasible
coefficient region of VSG is first validated by the phase
portrait method. Since the output current of VSG is one of the
control objectives, a 3-D phase portrait with §—5—17 is
depicted in Fig. 8. By comparing Fig. 8(a) and (b), when (k,=0,
k»=0) is applied, the phase angle of VSG is divergent, which
means VSG loses the transient angle stability while the current
provokes the limit value of 1.2 pu. As a comparison, when
(k=1.4, k»=0.5) is applied, the phase angle of VSG is
convergent and current limitation of 1.2 pu is guaranteed,
which means the transient angle stability and current limitation
are achieved with the reasonable set of (k1, k).

I/pu I/pu
1.4 14
1.3 1.3

15 2 0 1.5

. ) . -1

S/(radss) * sirad O/radis) ' 35 O
a ()

Fig. 8. 3-D phase portrait with the dual-loop feedback control during fault in

case 2: (a) k1=0, k2=0. (b) ki=1.4, kx=0.5.
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Although the phase portrait is intuitive, the characteristics
such as magnitude of the reactive current cannot be reflected.
Thus, the conclusion needs to be further validated by simulation
carried out in MATLAB/Simulink. Fig. 9 shows the dynamics
of VSG during the transient process in case 2 with four sets of
(k1, k2) as mentioned. As shown in Fig. 9(a), when (k1=0, k»=0)
in the white area is applied, which means the control is not
applied, the phase angle of VSG is divergent and the current
provokes the limit. The simulation result coincides with Fig.
8(a). As shown in Fig. 9(b), when (ki=1.4, k»=0) in the green
area of Region I is applied, the phase angle of VSG is
convergent, but the current still provokes the limit of 1.2 pu. As
shown in Fig. 9(c), with (ki=1.4, k»=1) in the light blue area of



Region II, VSG can reach a stable equilibrium point while the
current limitation is also guaranteed. However, the requirement
of the grid code for the reactive current is not achieved. As a

comparison in Fig. 9(d), only with (ki=1.4, k»=0.5) in Region
III can the transient angle stability, current limitation, and
demand of the reactive current all be achieved, which coincides
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Fig. 10. Curve fitting of the feasible coefficient region in 4 cases: (a) case 1. (b) case 2. (c) case 3. (d) case 4.

with Fig. 8(b).

Overall, the effectiveness of the dual-loop feedback control
with the sets of (ki, k2) in the different areas can be validated.

IV. A DUAL-LoOOP ADAPTIVE FEEDBACK CONTROL

In this Section, the curve fitting of the feasible coefficient
region is applied to obtain the reasonable functional

relationship between the feedback coefficients. Then an
additional reactive power feedback loop is proposed to realize
the self-adaptive regulation of the feedback coefficients.

A. Curve Fitting of the Feasible Coefficient Region

The feasible coefficient region analysis of 4 cases in Fig. 4
to Fig. 7 in Section III offers the reference for the selection of
the feedback coefficients (ki, k2) of the dual-loop feedback



control. Therefore, the general conclusion and guidelines for
the selection of the feedback coefficients can be summarized
as follows:

1) Region I, II and III are the feasible coefficient regions
corresponding to different control objectives. Only in Region
IIT which equals to the dark blue area with the related sets of (i,
k») can all of the three control objectives of VSG be guaranteed.

2) The areas of Region I, II and IIT become smaller with the
deeper grid voltage sags. As for VSG with a transmission line
between 50~80 km, the longer line length leads to the larger
area of Region IIl. As for the paralleled system, when the
output current property of VSC tends to be reactive from active,
the area of Region III of VSG becomes larger.

3) Larger k, leads to the larger output current and the worse
transient angle stability of VSG, while larger k; leads to the
better transient angle stability and smaller output current of
VSG. Region III is made up with the reasonable co-regulation
of ki and k.

4) With the deeper grid voltage sag, Region III in each case
is moved exponentially from upper left to lower right.

Although the general guidelines for the selection of the
feedback coefficients is summarized, it is still a kind of
hindsight after knowing the fault information. The real-time
regulation of the feedback coefficients with the fault degrees
cannot be realized. Therefore, a self-adaptive regulation of (%1,
k2) needs to be investigated. First the functional relationship
between ki1 and k> should be found.

The article 4 of the general guidelines is applied: Region III
in each case is moved exponentially from upper left to lower
right with the deeper grid voltage sag. To better analyze the
change rule, Region III under grid voltage sags among 0.1 to
0.5 pu in each case can be plotted in the same figure.

As shown in Fig. 10, obviously, there is an upward and
leftward bulge in each area under deeper grid voltage sags, and
the connection to all of the endpoints coincides with the
exponential curve. Therefore, with the change rule, the fitting
curve of the feasible coefficient region in each case can be
obtained easily with the help of Cftool (Curve Fitting Toolbox)
of Matlab.

k =ae™ +c (14)
where, a, b, c¢ are the fitting parameters. And they have the
unique value in each case. According to (14), the functional
relationship between ki and k» can be derived, which is
expressed as k1=F(k2).

Subsequently, the parameter fitting in (14) can be obtained
with the help of Cftool as well. As shown in Table IV, the
parameters with the subscripts 1~4 represent the related fitting
parameters of case 1~4.

TABLE IV
PARAMETERS OF THE FITTING CURVES IN 4 CASES
Parameters ~ Value  Parameters  Value
a 0.9891 as 1.081
b 2.72 b3 2.443
ci 1.216 e 1.1
a 0.4453 as 0.8216
b2 3.61 bs 2.838
2 1.448 Cyq 1.16

Note that the system information in a specific case for the
parameter fitting can be obtained in advance before fault, such
as the system topology and line length. Thereby, the feasible

coefficient region analysis can be carried out and the
functional relationship between k1 and k» can also be
predetermined before fault in each case. Therefore, as for a
certain case under the grid voltage sags among 0.1 to 0.5 pu,
there is always a set of (ki, k2) in the fitting curve where all of
the three control objectives of VSG after fault can be achieved.

B.  Adaptive Feedback Control Based on an Additional
Reactive Power Feedback Loop

According to (14), the feedback coefficient k1 can be
expressed by k». To further achieve the self-adaptive regulation
of (ki, k2) related to the fault degrees, the relationship between
k> and the grid voltage sag should be found.

Thus, a dual-loop adaptive feedback control is proposed
based on an additional reactive current feedback loop to
achieve the self-adaptive regulation of k> under different grid
voltage sags. For example, the requirement of the grid code for
the reactive current of VSG during fault is /;1=1.0 pu. Then the
additional reactive current feedback loop is added as shown in
the red block in Fig. 11, which is regarded as the Q feedback
loop 2 with Iy, while the initial feedback path is the Q
feedback loop 1 with the rated reactive current /5=0 pu. With
the Q feedback loop 2, k> is derived adaptively to achieve the
demand of the reactive current, and to further regulate the
active and reactive power references by the Q feedback loop 1
and P feedback loop respectively. ko is the initial value of 4,
which is chosen as the maximum value of & in the worst fault
condition of VSG such as Uy=0.1 pu in each case. Besides, k>
is obtained before a saturation block, whose upper and lower
limits are corresponding to the maximum and minimum values
of k» in the fitting curve in each case.

P Feedback

.

Q Feedback
Loop 1

Q Feedback
Loop 2

Fig. 11. The dual-loop adaptive feedback control of VSG with an additional
reactive power feedback loop.

In Fig. 11, the dual-loop adaptive feedback control based on
an additional reactive power feedback loop is presented, which
is also depicted in the red block in Fig. 1. The realization of
the proposed control scheme is explained as follows. With the
feasible coefficient region analysis in Section III, Region II
which meets the two control objectives of the transient angle
stability and the current limitation is shrunken with the deeper
grid voltage sag in each case. And Region II under the deeper
grid voltage sag is a complete subset of Region II under the
shallower grid voltage sag.

Thus, first k> is chosen as the upper limit of the fitting curve
in the worst fault condition of VSG such as U=0.1 pu in a
certain case. When the grid voltage sags are changed from 0.1



to 0.5 pu, the proposed control scheme with the feedback
coefficients k> and the related k1=F(k>) in the fitting curve can
always achieve the transient angle stability and the current
limitation. Second, in the Q feedback loop 2, the perception of
the fault degrees is realized indirectly due to the difference
between /; and the set value /g1, and then k> can be derived to
further regulate the reactive power reference and thus the
demand of the reactive current can be achieved. Obviously, a
k2 for the demand of the reactive current combining with the
related k1=F(k») in the fitting curve constitutes a set of (ki, k2),
which can achieve the control objectives of transient angle
stability, current limitation and requirement of the grid code
for the reactive current at the same time.

In addition, the upper limit and lower limit of k» is
controlled by the saturation block, which ensures that the
derived k> is within the region under the grid voltage sags
among 0.1 to 0.5 pu in each case. Note that the feedback
coefficient ko of the Q feedback loop 2 is normally designed
among 100~300 based on the practical experience, where the
high regulating speed and accuracy can be realized while the
noise and oscillation can be avoided.

Therefore, with the proposed control scheme, the three
control objectives can all be achieved since the feedback
coefficients (ki, k2) are within the feasible coefficient region
due to the self-adaptive regulation.

C. Root Locus Analysis

In addition, the root locus of VSG with the proposed control
scheme during fault can also be pre-analyzed to ensure the
stability and the tuning of the control loops [35]. Taking case 2
with the grid voltage sags from 0.5 to 0.1 pu as an example, the
dominant mode (Af.s) trajectory of VSG during fault is shown
in Fig. 12. It can be found that the root locus related to the fault
degrees is still far away from the imaginary axis when the grid
voltage decreases to 0.1 pu, which means the stability margin of
VSG with the proposed dual-loop adaptive feedback control is
large enough. Even if the control loops are unstable, the
feedback coefficients in specific case can be redesigned before
fault based on the pre-analyzed result. Thus, the stability and
tuning of the control loops of VSG can be guaranteed.

150 T T i
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Fig. 12. Dominant mode trajectory of VSG (Grid voltage sags from 0.5 to
0.1pu) during the transient process in case 2.

V. CASE STUDIES

In this Section, the validation of the proposed control
scheme in both VSG and the paralleled system of VSG and
VSC is carried out by case studies. The robustness to the
parameter errors and the comparison with the method based on
the fault information are discussed as well.
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A. Validation Under a VSG System

To analyze the effectiveness of the proposed control scheme,
case 2 of VSG and case 3 of the paralleled system are
validated as examples in MATLAB/Simulink. The method in
[12], which is an adaptive mode-switching control, is also
analyzed as a comparison.

In case 2, the proposed control scheme for VSG is validated.
The line length is set to 80 km. The grid voltage falls to 0.15
pu and 0.45 pu respectively at t=0.5 s and recovers at t=1.5 s.
ko is set to 300. The system parameters are shown in Table II.

Fig. 13 shows the dynamics of VSG during the transient
process in case 2 under U,=0.15 pu with or without the control.
As shown in Fig. 13(a), when the proposed control scheme is
not applied, the phase angle of VSG is divergent and the current
provokes the limit. In Fig. 13(b), although VSG does not lose
the synchronization, the phase angle and power oscillate in a
bounded manner due to the mode-adaptive control in [12].
Besides, the fault current of VSG provokes the limit of 1.2 pu
periodically with this method. As a comparison in Fig. 13(c),
when the proposed control scheme is applied, a set of the self-
adaptive coefficients (k1=1.76, k»=0.27) are derived. Thus, the
phase angle of VSG is convergent, and the reactive current is
controlled to the set value 1.0 pu while the current does not
provoke the limit of 1.2 pu.

Fig. 14 shows the dynamics of VSG during the transient
process in case 2 under U,=0.45 pu with or without the control.
As shown in Fig. 14(a), when the proposed control scheme is
not applied, the phase angle of VSG is still divergent even if the
grid voltage sag is shallower. In Fig. 14(b), the mode-adaptive
control could not activate timely since the fault is slight and
thus the effectiveness to control the phase angle is small. As a
comparison in Fig. 14(c), when the proposed control scheme is
applied, a set of the self-adaptive coefficients (k1=5.23, k,=-
0.47) are derived. Thus, the transient angle stability, current
limitation, and demand of the reactive current of VSG can all
be achieved. Therefore, the effectiveness of the proposed
control scheme for VSG is validated.

B. Validation Under the Paralleled System

In case 3, the proposed control scheme for the paralleled
system of VSG and VSC is validated. The grid voltage falls to
0.15 pu and 0.45 pu respectively at t=0.5 s and recovers at
t=1.5 s. Dger of VSC remains 0 pu during fault, which is
harmful to the control objectives of VSG. ko is set to 150. The
system parameters are shown in Table III.

Fig. 15 shows the dynamics of VSG in the paralleled system
during the transient process in case 3 under U,=0.15 pu with or
without the control. As shown in Fig. 15(a), when the
proposed control scheme is not applied, the phase angle of
VSG is divergent and the current provokes the limit. In Fig.
15(b), the phase angle and current still oscillate periodically.
As a comparison in Fig. 15(c), when the proposed control
scheme is applied, a set of the self-adaptive coefficients
(k1=1.38, k»=0.52) are derived. Thus, all of the three control
objectives of VSG can be achieved.

Fig. 16 shows the dynamics of VSG in the paralleled system
during the transient process in case 3 under U,=0.45 pu with or
without the control. As shown in Fig. 16(a), when the
proposed control scheme is not applied, the phase angle of
VSG is increased but not divergent due to the shallower grid
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Fig. 17. Curve fitting of the feasible coefficient region in cases 4 with or
without the error of the line length.

voltage sag. However, the current is increased until the limit is
provoked. In Fig. 16(b), the mode-adaptive control could not
even activate since the fault is slight and the phase angle is
stable. But the current limit is provoked as the same as that in
Fig. 16(a). As a comparison in Fig. 16(c), when the proposed
control scheme is applied, a set of the self-adaptive
coefficients (k1=2.99, k»=0.23) are derived. Similarly, all of the
three control objectives for VSG in the paralleled system are
achieved as well.

In short, with the dual-loop adaptive feedback control, the
self-adaptive regulation of the feedback coefficients (ki, k2) of
VSG can be achieved, and thus the transient angle stability,
current limitation and the requirement of the grid code for the
reactive current of VSG can be achieved simultaneously. And
the effectiveness of the proposed control scheme is validated
in both VSG and the paralleled system.

C. Robustness to the Parameter Errors

In practice, there are some inevitable errors of the system
parameter adopted in the control loops, which may be harmful
to the effectiveness of the proposed control scheme. Therefore,
the robustness to the parameter errors should be considered. In
special, the parameter error due to the length measurement of
the transmission line is a primary error source of the proposed
control scheme, which should be discussed.

To analyze the influence of the parameter errors caused by the
length measurement on the proposed control scheme, the
paralleled system in case 4 with the error of the line length is
studied as a comparison. The line lengths of Zi, Z, and Z3 are
measured as 27 km, 18 km and 9 km, which exist a relatively
large error of 10% compared with the precise parameters
shown in Table IV. Thereby, with the parameter errors adopted
in the control loops, the related fitting curve of the feasible
coefficient region in case 4 is also influenced. According to
Section IV-A, the fitting parameters of the fitting curve in case
4 are changed as a3'=1.081, b3'=2.443, c¢3'=1.1 from their
original values shown in Table IV. The comparison between
the original fitting curve in case 4 and the fitting curve
influenced by the error of the line length is depicted in Fig. 17.

As shown in Fig. 17, the red curve is the original fitting
curve in case 4 which is also plotted in Fig. 10(d), while the
blue curve is the fitting curve with the error of the line length.
Obviously, there is only a small derivation between the two
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curves, which means the further self-adaptive regulation of (ki,
k») is almost unaffected by the error of the line length.

To verify the robustness of the proposed control scheme to
the parameter errors, the dynamics of the paralleled system
during the transient process in case 4 with or without a 10%
error of the line length are depicted in Fig. 18. The grid voltage
falls to 0.15 pu at t=0.5 s and recovers at t=1.5 s. lrgrer f VSC is
set to -1.2 pu during fault, which is helpful to the control
objectives of VSG. ko is set to 150. Other system parameters
remain unchanged.

When the proposed control scheme is not applied, the
transient angle stability, current limitation and the requirement
of the grid code for VSG are not guaranteed in Fig. 18(a), while
all of the three control objectives are achieved in Fig. 18(b)
with the proposed control scheme. As a comparison, when a
10% error of the line length is adopted in the control loops, the
self-adaptive coefficients are changed as (ki=1.38, k»=0.52)
from their precise values (ki=1.35, k»=0.51) without the error.
Although there is a mismatch of the self-adaptive feedback
coefficients caused by the error of the line length, it only has a
little impact on the control performance since the area of the
feasible coefficient region in Fig. 17 is large enough for a little
change of the fitting curves. As expected in Fig. 18(c), the
proposed control scheme is still effective at the cost of a little
larger fluctuation of the variables due to the error.

In short, the area of the feasible coefficient region of the
proposed control scheme is large enough for the achievement
of the three control objectives. Thus, the robustness of the
proposed control scheme to the parameter errors such as the
error of the line length is guaranteed.

D. Comparison with the Method Based on Fault Information

Note that the proposed control scheme can be utilized
without using fault information, while the method based on the
fault information acquisition may be not effective when the
fault detecting device is not available. Even so, the
performance of the method with the fault information should
be examined as a comparison. Therefore, the method in [27],
which is a parameter-switching control based on the fault
information, is also examined as a comparison.

Case 2 in Section V-A is analyzed again in Fig. 19 with both
the proposed control scheme and the method in [27]. The grid
voltage falls to 0.3 pu at t=0.5 s and recovers at t=1.5 s. ko is
set to 300. Other system parameters remain unchanged.

As shown in Fig. 19(a), the control objectives of VSG are
not achieved without control. In Fig. 19(b), the transient angle
stability and the current limitation of VSG are guaranteed with
the parameter-switching control based on the fault information.
And the fault information acquisition leads to good control
performance. However, the requirement of the grid code for
the reactive current of VSG is not realized in the method [27]
since /g is about 0.9 pu in Fig. 19(b). As a comparison in Fig.
19(c), when the proposed control scheme is applied, a set of
the self-adaptive coefficients (k1=2.12, k»=-0.12) are derived,
and all of the three control objectives can be achieved as well.

Obviously, the performance of the proposed control scheme
is almost equal to the method based on the fault information.
Therefore, the hardware requirement of the proposed control
scheme is low while the performance remains high level.
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[12]. (c) with the proposed control.

in case 4 under Uz=0.15 pu with a 10% error in the line length: (a) without control. (b)
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VI. EXPERIMENTAL RESULTS

To further verify the effectiveness of the proposed control
scheme and the simulation results, the experimental validation
is carried out based on the OPAL-RT real-time simulation
platform. The configuration diagram and physical picture of the
experimental platform are shown in Fig. 20. The main system
of VSG is modeled in the OP5700 simulator while the dual-
loop adaptive feedback control is implemented in the OP4510
simulator. The signal transmission between the main system
and control system in the real-time situation is realized by the
conversion board. The software code is generated by the real-

time WorkShop under a MATLAB/Simulink environment.

The advantages of the experiment based on the OPAL-RT
real-time simulation platform compared with the simulation are
mainly as follows: 1) the uncertain measurement disturbances
and the unknown harmonics in the signal transmission cables
and the device can be accurately reflected in the experimental
results instead of the simulation results; 2) the experimental
results respond slightly slower than that of the simulation
results since the existence of time delay of the real-time
controller.

Thereafter, the performance of the proposed control scheme
and the related simulation results are validated in the
experiment, with two cases in Section V-A and Section V-D as
examples. The parameters used in the experiment are the same
as the simulation analysis. Firstly, the dynamics of VSG
during the transient process in case 2 with different control
schemes under Uz=0.15 pu are observed based on the
oscilloscope. As shown in Fig. 21(a)-(c), it could be found that
the proposed control scheme makes better performance
compared with the method in [12], which achieves all of the
three control objectives of VSG. Secondly, the dynamics of
VSG during the transient process in case 2 with or without
fault information under U,=0.3 pu are observed based on the
oscilloscope. According to Fig. 22(a)-(c), the performance of
the proposed control scheme without the fault information is
very close to the method in [27] which requires the fault-
detecting device.

Obviously, the experimental results in Fig. 21 and Fig. 22
align with the related simulation results in Fig. 13 and Fig. 19.
Therefore, the effectiveness of the proposed control scheme
and the simulation results are further validated by the OPAL-
RT real-time simulation platform.
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VII. CONCLUSIONS

A non-fault information based dual-loop adaptive feedback
control is proposed in this paper, which can simultaneously
achieve the three control objectives of transient angle stability,
current limitation and the requirement of the grid code for the
reactive current of VSG during fault such as a serious grid
voltage sag. First, the large-signal models of VSG and the
paralleled system of VSG and VSC are built respectively with
a dual-loop feedback control. Subsequently, the feasible
coefficient region of the feedback coefficients in APCL and
RPCL under different fault degrees and cases are studied. The
change rule provides reference for the curve fitting, which is
further applied in the self-adaptive regulation of the feedback
coefficients. Therefore, a dual-loop adaptive feedback control
based on an additional reactive power feedback loop is
proposed. With the proposed control scheme, all of the three
control objectives can be achieved since the feedback
coefficients are within the feasible coefficient region due to the
self-adaptive regulation. Finally, the effectiveness and
robustness of the proposed control scheme in both VSG and
the paralleled system of VSG and VSC are validated with
simulation results and experimental results.
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