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Abstract—Since the wide application of virtual synchronous
generators (VSGs), the power grid faces great challenges in the
safe and stable operation due to their limited thermal capacity
and weak anti-disturbance ability. During transient period, for
example, a fault occurs in the transmission line, the VSG may lose
the transient angle stability and provoke the current hard limit.
Even if the fault is cleared by tripping of line, it still faces the
problem of instability and voltage dips. To address this problem,
in this paper, the post-fault large-signal model of VSG is derived
first via the travelling waves based fault information acquisition.
Subsequently, with the effect of both active and reactive power
loops taken into account, a two-stage simultaneous control
scheme is proposed for improving the transient stability of VSG,
while considering the current limitation during fault state and
voltage support after fault clearance. This method is fulfilled by
mode switching and an additional feedback control based on the
fault signal. Finally, the effectiveness of the proposed method
under both symmetrical and asymmetrical faults is verified.
Moreover, the application of the proposed method in a multiple
VSGs system is also verified. Besides, the robustness to parameter
mismatch and the feasible operating region for the method are
discussed.

Index Terms—virtual synchronous generator, large-signal
model, fault, transient angle stability, current limitation, voltage
support

NOMENCLATURE
Ug, 64 grid voltage amplitude and phase angle
Us, 6 fault point voltage amplitude and phase angle
Upce, Gpee fault point voltage amplitude and phase angle

) phase difference between grid and VSG

L, Ct filter inductance and capacitor of VSG

21,2 parallel-circuit transmission lines impedance
Zn, Z2 line impedance on either side of the fault point
Z1, Zs transformer impedance and fault impedance

Manuscript received March 06, 2021; revised July 22, 2021 and September
05, 2021; accepted October 17, 2021. This work was supported by the
National Natural Science Foundation of China under Grant 52022035. Paper
no. TPWRS-00357-2021. (Corresponding author: Wei Yao.)

K. Sun, W. Yao, and J. Wen are with State Key Laboratory of Advanced
Electromagnetic Engineering and Technology, School of Electrical and
Electronic Engineering, Huazhong University of Science and Technology,
Wuhan, 430074, China. (email: kunsun93@foxmail.com; w.yao@hust.edu.cn;
jinyu.wen@hust.edu.cn)

L. Jiang is with the Department of Electrical Engineering and Electronics,
University of Liverpool, Liverpool, U.K. (e-mail: ljiang@liv.ac.uk).

m, n line length on either side of the fault point

U, Uq refracted and reflected wave from fault point

J, Dy virtual inertia and damping coefficient of VSG

R,R', R" system total resistance during normal state,
fault state and O/S state

X, X', X" system total inductance during normal state,
fault state and O/S state

E E,E" terminal voltage of VSG during normal state,

fault state and O/S state

phase angle of VSG during normal state, fault
state and O/S state

output current of VSG during normal state,
fault state and O/S state

Hvsg, avsg', avsg"

Pe, Pe', Pe" output active power of VSG during normal
state, fault state and O/S state

Po, Po', Po" active power reference of VSG during normal
state, fault state and O/S state

Kq Kq'y Kg" reactive droop coefficient of VSG during
normal state, fault state and O/S state

Qe Qo output reactive power and reference of VSG

Oset, Eset, lset set value of Oysg, E, 1 of VSG during transient

Superscript

+, - positive and negative components
Subscripts
d, q d, q axis components in dq frame

I. INTRODUCTION

With the increasing application of renewable energy resources,
the power grids are interfaced by voltage source converters
(VSCs) with the flexibility and full controllability [1]. To solve
the reduced inertia and less damping caused by the connection
of VSCs, virtual synchronous generators (VSGs) are designed
to mimic the output characteristics of traditional synchronous
generators (SGs) [2]. While benefiting from the SG-like
operation, VSGs also suffer from the transient angle stability
problem after a large-signal disturbance, like severe grid
voltage dips, fault on transmission lines or tripping of line.
Moreover, VSGs are a type of grid-forming VSCs with low
over-current capabilities and thus are susceptible to physical
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damages under severe disturbances [3]. But the current
limitation units may lead to instability problems of VSGs in
turn [4]. Therefore, both the transient stability and current
limitation during fault state of VSGs attracts increasing
research interests recently. In addition, the transient stability
and voltage recovery of VSGs after fault clearance are also
concerned.

Substantial research efforts have been devoted to VSGs,
with the main focus on small-signal analysis [5]. However, it is
not applicable if the equilibrium operating point is changed by
a large-signal disturbance. Thus, the transient angle stability of
VSGs, which describes the ability to maintain synchronization
with the grid, is worth of studying. To enhance the transient
stability of VSGs, two categories of methods can be adopted.
One is the change of power references, and the other is the
modification of the control loops or parameters [6]. A method
of reducing active power reference is adopted in [7] to solve
the active power imbalance due to the analysis with power-
angle curve. In [8], the effect of Q-V droop loop is studied,
which would deteriorate the stability of VSGs caused by the
positive feedback of the voltage control loop. It is concluded in
[9] that the synchronization issues of grid-forming VSCs are
determined by the transient response of both the active and
reactive power loops. Besides, variable inertia coefficient and
damping adaptation methods are proposed to improve stability
margin of the system [10]. In addition, transient stability of
multiple VSGs is also addressed in [11], [12].

In addition, the current limitation of VSGs is important.
Unlike the SGs, the converter has a rigid current limit to avoid
overcurrent damage. To guarantee secure operation of VSGs
during fault state, varieties of current limiting strategies have
been proposed. One basic strategy is to limit the current
directly with a saturation block, and then the converter works
as a constant current source during fault state [4]. However,
the converter would lose synchronization due to the
uncontrollable outer loops and wind-up in them [13]. To
maintain the synchronization during fault state, the methods of
mode switching from voltage control to grid-following control
are adopted in [14], [15]. However, a backup PLL is necessary,
and there is a problem to switch back after fault clearance.
Even worse, the robust properties of the grid-forming control
are lost during fault state. To avoid this switching, the virtual
impedance is implemented to limit the current by reducing the
voltage reference [16], [17]. Nevertheless, the dynamic
performance of VSGs may be influenced by the virtual
impedance, which may limit its usefulness. Besides, the
current limitation can also be fulfilled by the modification of
power references [18] or droop controller parameters [19].

For the sake of stable and safe operation of VSGs, lots of
researches have been done. But there are still some problems
not extensively studied in the references. Firstly, the transient
stability and the current limitation during fault state should be
considered simultaneously. However, the methods in [7]-[12]
for the transient stability may provoke the current limitation. In
contrast, the use of the current limiter drives the converter into
transient instability area easily during fault state [15]. And the
activation of the virtual impedance results in a decrease of the
critical clearing time [19]. Secondly, the operating state with
one of the parallel-circuit lines out of service (O/S state) after
fault clearance is rarely taken into account in the above

references. This state may also cause the transient instability
and internal voltage dips of VSGs due to the increase of
system impedance, which should be investigated as well. Note
that the transient stability in O/S state is considered with a
mode-switching control in [20], which could ride through even
without an equilibrium point according to a switched control
gain k in the forward path of the active power loop. However,
the voltage recovery in O/S state is not considered in this
method. Thirdly, the power angle and output current during
fault state cannot be accurately controlled at the same time in
the above methods. For instance, the typical challenge of the
method in [7], [8] lies in how to quantify the changes of power
references. In [20], the power angle is oscillated, since the
mode is keep switching without an equilibrium point.

In short, how to accurately and simultaneously control the
transient stability of VSG while considering the current
limiting during fault state and the voltage support after fault
clearance should be explored. To solve the above problems,
this paper proposes a two-stage simultaneous control scheme
of VSG for a fault in the transmission line. Based on the fault
information obtained by TWs method, the post-fault large-
signal model of VVSG can be built. By taking the effect of both
active and reactive power control loops into account, the
transient angle stability and current limitation of the VSG
during fault state can be controlled precisely at the same time.
In addition, the transient stability and internal voltage recovery
of the VSG are also guaranteed during O/S state. The main
contributions of this paper are listed as follows:

* A two-stage control scheme for the transient angle stability
of VSG is proposed, while considering the current
limitation during fault state and voltage support during O/S
state. The method is fulfilled by mode switching and an
additional feedback control with the TWs-based fault
information acquisition.

* With the effect of both active and reactive power loops
taken into account, the transient angle stability and the
current limitation of VSG during fault state can be
guaranteed simultaneously and precisely by the proposed
method. Similarly, the phase angle and the internal voltage
of VSG after fault clearance can be controlled at the
meanwhile.

* The robustness to parameters mismatch originated from
fault location and calculation is analyzed. And the feasible
operating region of the proposed method during fault state
is investigated as well.

e In particular, the effectiveness of the proposed method
under asymmetric fault is verified as well. In addition, the
application of the proposed method for a multiple VSGs
system is analyzed.

The rest of the paper is organized as follows. In Section 11,
the large-signal model of VVSG is derived. In Section 111, a two-
stage simultaneous control scheme is proposed for the transient
stability of VSG while considering the current limitation and
voltage support. The effect of the proposed method is analyzed
by case studies in Section IV, where the robustness and
feasible operating region for the proposed method are
discussed as well. In addition, the validation of the proposed
method under asymmetric fault and for multiple VSGs are
carried out. Conclusions are drawn in Section V.



Il. LARGE-SIGNAL MODELING OF VSG DURING FAULT STATE
AND O/S STATE

In this Section, the system configuration and control
structure of VSG are illustrated. Based on that, the large-signal
models of VSG during fault state and O/S state are derived,
respectively.

A. System Configuration

The single-line diagram of a grid-connected VSG and its
control structure are shown in Fig. 1. The VSG is connected to
the grid through a transformer and parallel-circuit transmission
lines. Zi, Z, represent for the line impedance. Zr is the
transformer’s leakage impedance. Ly, Cr are the inductance and
capacitor of the LC filter for VSG. When a grounding fault
occurs in one of the lines, Zr denotes the grounding impedance,
while Z21, Z»; represent the line impedance on either side of the
fault point. The grid voltage is represented by a vector Ug with
amplitude Ug and phase 6. Similarly, the voltage at the fault
point is represented as Us with amplitude Ur and phase 6.
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Fig. 1. System structure and the proposed method of VSG.

The control structure of VSG can be divided into two parts.
The active power control loop aims to mimic mechanical rotor
motion of SGs. The reactive power control loop is used to
regulate output reactive power. The phase and the voltage
amplitude commands, vy and E, are produced by the control
loops respectively, and then combined to generate the voltage
reference vector E. In general, the dynamic of the outer power
loop is over ten times slower than that of the inner voltage and
current loop [21], [22]. Due to the decoupled timescales, the
outer and inner loop can be evaluated individually. Thus, the
inner voltage and current dual-loops can be regarded as a unity
gain with an ideal reference tracking, while the transient
stability issue is mainly determined by the outer power control
loop. This simplification used in this paper has been validated
in [7-9], [18-20]. Similarly, the dynamic characteristics of the
inductor and the capacitor can also be ignored.

B. Mathematical Model of VSG in Normal State

As shown in Fig. 1, E is VSG’s internal voltage which is
expressed as E £ 6ysq. Ug is the grid voltage which is expressed

as Ug L6, Taking Ug as a reference, the power angle J is
defined as the phase difference between Ug and E, which is =
Ousq - B. wn is the rated angular frequency. The swing equation
of the active power control loop can be modelled as

J6=-Dé+(R,—PR.) (€
where, J is the virtual inertia, D is the damping coefficient, Po
and P. are the active power reference and the output active

power of the VSG. Besides, the Q-V droop of reactive power
control loop is modelled as
Equ(QO_Qe)+Un (2)

where, U, is the nominal voltage magnitude, Kq is the Q-V
droop coefficient. Qo and Q. are the reactive power reference
and the output reactive power of the VSG.

Normally, the total system impedance can be expressed as
Z2=7,||Z,+Zt=R+j(X+X1). And then the output active power and
reactive power of the VSG can be expressed as

P, =—aU EcosS+ pU Esins +aE’ (3)
Q, =—aU,Esins — pU Ecoss + BE® @)

where o =R/[R* +(X + X;)?], B= X I[R* + (X + X;)°].
By combining (3) and (4), the steady-state output current of
VSG can be derived as

E-U, 1

Z 0 RP (X + Xp)
By substituting (4) into (2), the relationship between E and 6
can be revealed as (6)
_ KU, (asins + fcoss) -1+ \/[Kqu(asinéJrﬁcos&) -17 +48K, U, +K,Q)
N 28K

I = +JU,2 +E? —2U,Ecoss (5)

q
(6)
By substituting (6) into (3), the relationship between P. and
o can be revealed. Thus, the Pe - ¢ curve with different Ug, K,
can be plotted. By combining (1) and (3), the second order
nonlinear differential equation of the VSG can be derived as

J6=-D6+[R, — (~aU Ecoss + fU Esins +aE?)] (7)

Based on (7) with the E represented by (6), the dynamic
characteristics of this second-order nonlinear dynamic system
can be described. However, the analytic solution of (7) is hard
to obtain. Instead, the phase portrait, which is a graphical
solution of (7), can provide a simpler and more intuitive result.

C. Mathematical Model of VSG During Fault State

The mathematical model of VSG in normal state is derived
in (3)-(7). However, it is no longer applicable during fault state
since the system topology is changed after fault occurs. To
obtain the real-time fault information like Zy1, Z», Zs for the
large-signal model of VSG during fault state, a suitable
method for on-line fault location and fault impedance
measurement is necessary.

Travelling waves (TWSs) based method is adopted due to its
advantages such as high accuracy, speed and reliability [23]-
[25]. In particular, since the velocity of propagation near the
speed of light, the fault information acquisition can be
achieved by TWs method within 0.5 ps for 1 MHz sampling
frequency. Nowadays TWs method has been widely applied in
practice, especially used in high voltage transmission line fault
location. Therefore, the accuracy and speed requirement is



guaranteed by TWs method for the further control in this
paper. Note that only the system topology nearby the fault line
is changed and needs to be updated, while the other regions of
the system remain unchanged. Thus, the fault information
acquisition can be realized timely, and then the further
parameters calculation can be implemented instantaneously.
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Fig. 2. Time-space diagram for a fault in the transmission line.

As shown in Fig. 2, | is the line length while m and n are the
fault distance seeing from the ends. When a fault occurs on
one of the lines, the fault point will generate TWSs transmitted
to both ends. The initial forward TW u.q is reflected at the
VSG side which generate the refracted wave u; and reflected
wave uir. After a delay of 2m/v, uss is reflected as uyq at the
fault point and then arrives at the VSG side again where it is
refracted as up. The propagation process on the grid side is
similar. Due to the above analysis, a single-end method is
adopted to calculate the fault distance, by detecting the time
different between uy and u,. The fault distance and the line
impedances on either side of the fault point can be derived as

m:%(tlz_tu)v’ n=I-m ®)

Zy =m(r+jel,), Z,=n(n+jel) ©)
where tjp and ti2 are the arrival times of u; and u; at the VSG

terminal. v = /[0.5w¢, (o, + 12 + w?l,2)[? is propagation
speed while ry, 11, 1 are the positive distributed parameters of
line resistance, inductance, capacitance per unit length. Note
that the line in this study is shorter than 100 km, so the lumped
parameters are applicable for the further parameters design
since the main concern is the transient characteristics of VSG.
In addition, the fault impedance Zs can be derived based on

the relationship between uyr and uzq by reflection laws [24].

1, uge?"

Zi=—>Z,(——+1)
2 Uyq

where Z, =1f(rl+ja)ll)/ja)cl, 7/=«/(rl+ja)ll)ja)cl are the

line wave impedance and the TWs attenuation coefficient.
Note that to detect and extract the TWs accurately, the signals
should be further processed by the modal and wavelet
transform for decoupling and noise elimination.

With the fault information Zyi, Zz, Zs acquired from the
TWs method, the large-signal model of VSG during fault state
can be built by the equivalent circuit method. A delta-star
transformation is adopted first, and then yields the Thé&venin
equivalent circuit seeing from the VSG side towards the grid
side [26]. Thus, the system circuit during fault state is
transformed to the equivalent circuit shown in the green block
in Fig. 1, which is as where the equivalent circuit parameters
can be derived as

(10)

Z Z
Ueq = 2L Ug + L U;
Z,+7, Z,+27, (11)
— leZI
a9z +Z,

where Ueq and Zeq are the equivalent grid voltage vector and
impedance in the Thésenin equivalent circuit. In particular, as
to a symmetrical three-phase-to-ground fault, the derivation of
the equivalent circuit parameters in (11) can be further
simplified with the detection of fault impedance Z.

B 2,2, +22,7Z;
27,4702, +22,Z; °

_ 2,2, +22,2+ + (2,2, +22,Z2,)|| 2,2,
eq 27,

Thus, the steady-state output current of VSG during fault
state is expressed as

- E'-U 1

eq |_

z JRZ + X2
where Z'=Z+Z1=R'+jX" is the total system impedance. The
equivalent power angle ¢' during fault state is changed to the
phase difference between Ueq and E', that is ' = fsg' - Geq. And
then the relationship between I', 6" and E' during fault state can
be directly analyzed by (13), which is derived as

E'=U, cos8+[I”(R? +X?)-U, sins?  (14)
And the relationship between Kq' and E' during fault state
can be derived according to (6).
. u,-F
Y BEZ—EUg(d'sing + B cosS)-Q,

where o =R/ (R'? + X'?), f = X" [ (R'"* + X'?).
Meanwhile, the output active power of the VSG during fault
state can be rewritten as

P =—aU,E'cosd + BUE'sing +dE?  (16)

Thereby, during fault state, the VSG’s second order
nonlinear differential equation in (7) are modified with Pe,
replaced by P¢', o'. With this equivalent method, the transient
stability of VSG during fault state can be further analyzed and
the related improvement strategy can be explored.

D. Mathematical Model of VSG During O/S State

In addition, when the fault is cleared by tripping of the
faulty line, the system is operated in O/S state with single-
circuit line. Thereby, the mathematical model of VSG after
fault clearance is derived as follows. Compared with the
normal state, the total system impedance is changed to
Z2"=7Z1+Z7y =R"+jX". Thus, the steady-state output current of
VSG in O/S state is expressed as

1 JUg* +E"? =20 E" cos 5"
where the power angle ¢" after fault clearance is the phase
difference between Ug and E", that is 0" = vy - 6. And then
the corresponding E", Kq", Pe" during O/S state are derived as

E"=U, cosé"+\/|"2(R"2 +X"%)-Usins"?  (18)

(12)
A

JUg? +E? 20 E coss (13)

(15)

(17)




" u,-E"

T P'E"? —E"U (a"sind" + B cos5") - Q,
P =—a"U,E" c0s8" + B'U, E"sin 8" +o"E"?

where o' =R" [ (R"2 + X"?), f" = X" [ (R"? + X"?) |

Note that the system structure and its mathematical model
will return to the initial normal state after the line reclosing.

(19)

(20)

I1l. PROPOSED TWO-STAGE SIMULTANEOUS CONTROL

In this Section, the control principle and algorithm of the
proposed method are introduced. In particular, the parameters
design and the feedback control during fault state and O/S state
are well illustrated.

A. Control Principle of the Proposed Method

Before introducing the proposed method, the main problems
of VSGs under a large disturbance are reminded again, which
are the transient instability and overcurrent.

The transient angle stability mechanism is explained as
follows. Generally, the transient angle stability of VSG is
dependent on the dynamic response of ¢ under a large
disturbance. The VSG will be stable if § can converge to a
steady-state value, or will be unstable if ¢ diverges [7], [9],
[20]. As shown in Fig. 3, the parallel transmission lines are
initially both in service and the VSG operates at the
equilibrium point a, where P.=Py in the steady state. Taking
the fault without equilibrium points as an example, VSG
operates from initial equilibrium point a to the point b directly
after fault occurs. The phase angle of VSG keeps increasing
during fault state due to Pe¢'<Po. Then the operating point of
VSG is changed from b to ¢, which finally leads to the loss of
synchronization of VSG without any control. In short, the
operating trajectory is a—b—-c. In addition, when the fault is
cleared by tripping of line, normally there are two equilibrium
points during O/S state. Note that the phase angle can only be
decreased to the stable equilibrium point d with the fault
clearance before the critical clearing angle J. considering the
negative inertial effect of VSG. Otherwise, VSG may
crossover the unstable equilibrium point e. Therefore, the fast
fault clearance is of importance without any other control.

P. &

- — \Pe"
Po O N\
R4 P\ \
PD"/ /o //N\\\
s [£2 b(a) Q o
E— 5 >

Fig. 3. Pe-d curves during normal state, fault state and O/S state.

Even worse, a large fault current always accompanied under
a grid fault, especially in a symmetrical three-phase-to-ground
fault. The inverter may provoke the overcurrent limit and faces
the physical damages. Therefore, the improvement of the
transient stability and the current limitation must be both
considered at the same time during fault state. In addition,

when the fault is cleared by tripping of the faulty line, the
output current of VSG will decrease from the limit value.
However, it still faces the problem of transient instability due
to the increase of system impedance after fault clearance. And
the internal voltage of VSG is also lower than the rated voltage.
Therefore, the transient stability and the internal voltage
should be both considered in O/S state. Only when the line
reclosing is successful will the system return to its initial
normal state.

As far as we know, VSG control has two degrees of freedom.
Thus, the simultaneous control of two objectives is
theoretically feasible, which can be achieved by the original
control loops of VSGs. The relationship between E, I, J is
expressed in (13)-(14), when two of them are given, another
can be determined under the premise of knowing the fault
information, which can be acquired from the TWs method.
Therefore, during fault state, the control objectives are the
phase angle 6.sg' and output current amplitude I', which should
be controlled as Gsr and lse: in the meantime. Similarly, the
phase angle 6.sg" and internal voltage amplitude E" should be
controlled as st and Es: after fault clearance.

Note that for the consideration of reaching both transient
angle stability and current limitation faster, the phase angle of
VSG should remain its original value during the transient.
Normally, after the fault occurred, even if Oy is convergent
without any control, it still needs time to reach the new
equilibrium point. As a comparison in Fig. 3, the initial power
reference Py is changed to Po' during fault state based on the
basic idea, and thus the new equilibrium point a' is reached
directly if the phase angle of VSG is controlled as its original
value. And it is less likely to crossover the critical clearing
angle .. Similarly, the new equilibrium point a" is reached
directly during O/S state, and it is less likely to approach the
unstable equilibrium point. In short, the operating trajectory is
a—a'(b)—a". Therefore, VSG can reach a new equilibrium
point during the transient process very fast with the basic idea,
and thus the transient stability of VSG can be ensured. In
addition, the current limitation can be realized fast
simultaneously. The output current of VSG during the first
cycle is fluctuated a lot with the increased Oysg. Since s is set
as its initial value and the trajectory of 6sq is barely budged,
the output current of VSG can be stabilized to its limitation
value fast as well.

B. Parameters Design of the Proposed Method

As shown in Fig. 1, during transient period, in order to
control Gysq, 1 or E to the given value, two parameters in the
active power and reactive power loops respectively should be
regulated at the same time, which could be one of Py, D, J and
one of Qo, Kq. According to (1)-(2), in the active power loop,
Po is more convenient to be calculated than D, J due to their
differential terms. And in the reactive power loop, Ky would
influence the stability of VSGs caused by the positive
feedback of the voltage control loop [9] while Qo may be
regulated for other demands of the grid codes. Therefore, in
the proposed method, Py and Kq are the chosen parameters
need to be calculated and regulated. Similarly, the active
power reference is changed with the variation of the droop
coefficient in [27], which means the changing of power
reference and droop coefficient can be realized simultaneously.



By combining (11)-(20) and the control principle proposed
in Section I1I-A, the active power reference and Q-V droop
coefficient of VSG are designed as subsection function in (21)-
(22) in normal state, fault state and O/S state, respectively. To
better illustrate the parameters design, the subsection function
is expressed as Fig. 4(a). In normal state, Po and Ky are
unchanged. Then Po' and Kg' are applied in fault state to
control 6ysg' and I' to the set value Ost and lser. Similarly, Po"
and K" are applied in O/S state to control 6ysg" and E™ to the
set value Ost and Eset. Fig. 4(b) depicts the Pe-0 and 1-0 curves
in different state. Note that they are the function of the phase
angle 6y instead of the power angle 6. The green solid lines
represent the initial state, and point a is the initial steady-state
equilibrium point. VSG reaches a new equilibrium point a'
from point a during fault state, when the new power balance is
implemented by the application of Py’ and Kq'. And its output
current also reaches a steady-state value as lst. Similarly, the
equilibrium point is moved from a' to a" after fault clearance
with the provided Po" and K", while the internal voltage is
controlled as Ese=Eo. Finally, it returns to the initial point a in
normal state after line reclosing. As far as we can see, with the
designed parameters applied in different states, Ovsy keeps its
original value throughout. And the movement of the operating
points is only in a vertical line with the unchanged 6ysq. Thus,
the movement of operating points can always meet the
requirements of current limitation in fault state and voltage
recovery in O/S state, while the transient angle stability is
achieved at the same time.
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Fig. 4. The variation of system parameters during normal state, fault state and
O/S state: (a) The change of Po, Kq, I, E, 6usg during transient process and (b)
The curves of Pe, | with .

Note that the instantaneous inrush current of VSG includes
both the transient and steady-state components. Only the
steady-state current limitation is considered in the proposed
method since power converters can cope with overcurrent
lasting for no longer than 20 ms, which usually does no harm
to the converter valve [14]. Thus, the output current limit is set
to lse=1.2 pu during fault state and the internal voltage is set to
Es:=1.0 pu after fault clearance in this paper.

However, it is an open loop control if only Py and Kq are
modified. The control accuracy and stability of the VSG after
the modification of Py and K4 are not reliable if there is any
other disturbance. Besides, there are also errors brought from
the fault location, and the difference between the distributed

and lumped parameters. Thus, an additional feedback control
is needed whose role is to fix the power imbalance and
maintains the equilibrium. To achieve that, AP is added in the
active power loop and regulated by detecting the feedback of
the change tendency of AJd and d(Ad)/dt. Note that the
modification of Py and K have already provided a new post-
fault operating point for the feedback control, where the phase
angle Oy is very close to the set value Os. Therefore, Po only
needs to be regulated slightly with a small AP, which means
the regulation would not make a big fluctuation. The feedback
control can be mathematically expressed as:

J6=-Dé+(P,+AP-P,) (23)
where
, A6 <0)&(dAS/dt <0
apo P (A5<0)&( O
-p, (A6>0)&(dAS/dt>0)

According to (23)-(24), to track the change tendency of J,
Ao and d(Ad)/dt are detected and compared with zero. Note
that a small positive threshold values for the better noise
immunity is not necessary here, since the fluctuation of J is
usually smaller than power. The adjustment coefficient p of the
additional feedback control does not need to regulate often.
Normally, the required regulation range of the feedback
control is slight due to the accuracy of the TWs method, and p
is set to a small value for the accurate feedback regulation.
Thus, p = 0.01 pu is adopted in this paper. Only under severe
circumstances such as communication failure should p be set
to a relatively large value to guarantee the transient stability.

C. Algorithm of the Proposed Method

|
| Normal operation with
| parameters Po and K. |

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Fault Location:

Obtain fault information
and parameters Zeq, Ueg,
0Ocq by Eq. (8)+-(11).

Parameters Calculation:
Calculate Py’ and Ky’ to Modify Py’ with AP
control 65 and current I' to fix the error by
by Eq. (13)-(16). Eq. (23)-(24).

Feedback Control:

i T OGS Sae
} Parameters Calculation: Feedback Control: |
| Calculate Po" and K," to Modify Py" with AP }
} control s, and voltage E' to fix the error by |
! by Eq. (17) ~ (20). Eq. (23)-(24). |

|

| .

| Return to the initial Normal State }
|

parameters Po and K. |

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

End
Fig. 5. Flow chart of the proposed method.

The flow chart of the proposed method is depicted in Fig. 5.
In normal state, the initial parameters Po, Kq are applied. When
the fault is occurred, the fault information is obtained at first
by (8)-(12). Then Po', Ky are calculated by (13)-(16) and
adopted to control 6ysq and I' to the set value in fault state,



while Po' is further regulated by AP according to (24).
Similarly, when the fault is cleared by tripping of line, Po", Kq"
are calculated by (17)-(20) and applied to control sy and E' to
the set value in O/S state, while Po" is regulated by (24) as
well. After line reclosing, Po and K should set to their initial
values to make sure VSG can deliver the rated power in
normal state.

In addition, the corresponding control logic is described as
follows. When the VSG operates in normal state, Si3 in Fig.1
are at the position of logical 0. When fault is detected by the
TWs-based detection unit, S;-3 are switched from logic 0 to 1,
and S4 s are switched to 0. When fault is cleared by tripping of
line, S4s are switched from 0 to 1. Finally, after line reclosing
and VSG returns to normal state, S;_3 are switched from 1 to 0.
And the additional feedback control is removed after line
reclosing by switching out Ss.

IV. CASE STUDIES

In this Section, the validation of the proposed method is
carried out by case studies. The robustness and feasible

operating region for the proposed method are discussed as well.

In addition, the application of the proposed method under

asymmetric fault and for a multiple VSGs system are validated.

A. Validation of the Proposed Method

To analyze the effectiveness of the proposed method, two
cases are carried out in the MATLAB/Simulink environment.
The method in [20], which is an adaptive mode-switching
control, is also analyzed as a comparison. The parameters of
the VSG are given in Table | based on the guidelines in [14].

TABLE |
PARAMETERS OF THE INVESTIGATED SYSTEM

Parameters Value Parameters Value

Po 150 MW (1.0 pu) wn 100z rad/s

Qo 0 ZT 0.01 pu

J 0.25 pu L¢ 0.2pu

D 2pu Ct 0.15pu

Kq 0.1 pu r 0.2542 Q/km

Eo 690 V Iy 2.287¢* H/km

Ug 110 kV C1 5.214e° F/lkm

Case 1: A three-phase-to-ground fault is occurred at t=0.5 s
and cleared at t=1.5 s, while line reclosing at t=2.5 s. The line
length is 60 km and fault point is at the 25% length of the line,
while the fault impedance Zs is 0.02 pu. According to Section
I1-C, the fault information is obtained by the TWs method.

Arrive times of the initial and second TWs at the VSG end are
t1=52 us and t;,=156 us. Then the fault distances are calculated
as m=14.78 km and n=45.22 km by (8). And the fault
impedance is calculated as Zs=0.026 pu by (10). Thereby, the
modified control parameters are calculated as Po'=0.3744 pu
and K4'=1.1877 pu during fault state by (15)-(16), to keep the
original Oysg and the current limitation of 1.2 pu. Besides,
Po"=0.5753 pu and Kq"=0 pu after fault clearance by (19)-(20),
to keep the original fysg and the terminal voltage of 1.0 pu.

Fig. 6 shows the dynamics of VSG during the transient
process in case 1 with different control strategies. As shown in
Fig. 6(a), when the fault occurs without any control, the phase
angle of VSG is divergent, which means the VSG loses the
transient stability. And the post-fault output current of VSG is
increased suddenly, which is well over the limitation. In Fig.
6(b), with a mode-adaptive control in [20], though the VSG
does not totally lose the synchronization, the phase angle still
oscillates in a bounded manner which leads to a large power
oscillation. The system does not reach a true stable equilibrium
point. Besides, the fault current of VSG cannot be limited in
this method neither, which means this method is not acceptable
in such a serve fault. As a comparison in Fig. 6(c), with the
proposed method, the system can reach a stable equilibrium
point fast and stable. In addition, the post-fault output current
of VSG can reach the given current limit 1.2 pu fast during
fault state. Only a short current spike lasting for no longer than
20 ms is observed on the VSG’s current at the initial stage of
the fault, which usually does no harm to the converter valve
[14]. Compared with the method in [20] where only the active
power loop is used for control, the proposed method uses two
degrees of freedom of both the active and reactive power loops,
to achieve both the transient stability enhancement and the
steady-state current limitation at the same time during fault
state, which brings better control performance.

In addition, the VSG is transient stable even without control
after fault clearance at 1.5 s since the line length is short in
case 1. Thus, the control in [20] is inactive during O/S state in
case 1. However, the internal voltage of VSG is not recovered,
which cannot provide the voltage support for power system.
As shown in Fig. 6(c), due to the proposed method, the
terminal voltage of VVSG reaches the given value 1.0 pu during
O/S state. Finally, the system returns to the normal state by
line reclosing at 2.5 s and the control is then switched out.

Py, (S.5=0)

Py = —a'U (U, COS Ty +\/ISSIZ(R'2 + X2)=U .2 siN 6,2 ) €08 S + BU o (U, COS Iy + \/Imz(R‘z + X2 =U,,2sin 6,7 )sin O (21)
+0/[U,7 €080," + 1 (R + X'2) U Psin g, ” +2U,, cosasmjlsef(R'2 +X2) Uy sin s, ], (S5 =1) &(S,5 =0)

R =—a"U Ey cosd" + U Eg, sin g, + a"Esetz, (Sp3=1)&(S,5=1)

Ky, (S, =0) 22)
K. U, - (U, cos3, + \llse‘z(R'z +X'?)=U,2sins,?) (5.0 =1)& (5, =0)

BlU 7 €0s8,7 + 1,2 (R? + X'?) =U,2sin 5,

set

242U €08 51’ (R + X'%) =U,  sin 6, ]

K" = Un — Eset
! ﬂ"Eserz - EseIUg (a" sin 5set + IB" COS&set) - QO

U,y (@'sinS, + 056, ) (Uy, COS T,y + \llsetz(R'z +X'?)=U,2sing,,?) - Q,

(S15=1)&(S,5=1)
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Case 2: A three-phase-to-ground fault is occurred at t=0.5 s
and cleared at t=1.5 s, with line reclosing at t=2.5 s. Compared
with case 1, the line length is increased to 80 km. Arrival times
of the initial and second TWs at the VSG end are ;=69 us and
t,=207 us. Then the fault distances are calculated as m=19.61
km and n=60.39 km. And the fault impedance is calculated as
Z#=0.025 pu. Thereby, the modified control parameters are
calculated as Py'=0.3926 pu and K4'=0.9731 pu during fault
state, to keep the original 6ysg and the current limitation of 1.2
pu. And P"=0.5693 pu and K;'=-0.0413 pu after fault
clearance, to keep the original 6ysg and the terminal voltage of
1.02 pu.

Fig. 7 shows the dynamics of VSG during the transient
process in case 2 with different control strategies. Compared
with case 1, the VSG still loses the transient stability without
control even if the fault is cleared due to the rest of the line is
longer than it in case 1. Compared with Fig. 7(a)-(c), the
system can only reach a true stable equilibrium point during
O/S state with the proposed method, which guarantees the
system transient stability and the internal voltage at the
meanwhile. Similarly, the transient stability and the fault
current are controlled at the same time during fault state.

In addition, the VSG may face another problem. As shown
in Fig. 7 (a)(b), the output current of VSG after the line
reclosing is increased rapidly and exceeds the current

limitation a lot. That is because there is a great phase angle
difference of VSG compared with its original value, and then
lead to a serve fluctuation. This overcurrent cannot be solved
by method [20] since it also produces an oscillation of phase
angle. For a comparison, the proposed method is acceptable to
handle this problem. Since the phase angle of VSG maintains
its original value during the whole transient process, and thus

the transient fluctuation after line reclosing decays fast.
TABLE Il
COMPARISON OF THE METHODS

Change PQ | Change inertia, Mode- Pronosed
Methods reference damping switching meﬁho y
[71[8] [9][10] [20]
Improve stability
during fault state Yes Yes Yes Yes
Current limit
during fault state No No No Yes
Improve stability No No Ves o
after fault clear
\oltage support No No No oo
after fault clear
Achieve precise
control effect No No No Yes

Moreover, phase portrait curves in Fig. 8(a)-(d) support the
simulation results. The transient stability can be analyzed
intuitively by the phase portrait curve, which describes the
relationship between power angle and the angular speed. With
the method in [20], though the power angle is not divergent,




the moving range of the phase portrait is large since the angle
is oscillated. To be compared, when the proposed method is
adopted, the power angle is almost convergent and stable.

The comparison between the proposed method and existing
methods is shown in Table Il. All the methods can improve the
transient stability of VSG. However, only the proposed method
can achieve the accurately and simultaneously control of the
transient stability while considering the current limiting during
fault state and the voltage support after fault clearance.

B. Robustness to Parameter Mismatch

Note that there is normally parameter mismatch, which may
origin from the error in the fault information measurement,
communication failure, parameters calculation, use of the
lumped parameters, and control delays in practice. Therefore,
the robustness to parameters mismatch should be considered.

In case 2, P¢'=0.3926 pu and Kg'=0.9731 pu during fault
state. Though Po' and K provide a new post-fault steady-state
operating point during fault state, it will be easy interfered by
the disturbances origin form the above errors. To be compared,
with the completely precise condition, the parameters should
be Py'=0.3776 pu and Ky'=0.9412 pu, which have errors about
4%. Po" and Ky" have no calculation error due to the fault
information is not needed in O/S state. Besides the error from
the fault information acquisition, the use of the lumped
parameters of line also brings the error compared with the
distributed parameters. Thus, the simplification of the line
parameters should be verified as well.

Although there are parameter mismatch, the control
performance can still be achieved due to the influence of the
feedback control introduced in (23)-(24). As shown in Fig.
8(b) and (d), with the use of the feedback control, the phase
portraits curves of VSG finally run into a very small circle
with the influence of AP, which is very close to the precisely
stable equilibrium point. To validate the anti-error ability of the
proposed method, the line is then modelled as the distributed
parameters with the parameter mismatch origins from the
above errors. Under that condition, the dynamics of VSG in
case 2 with the proposed method is shown in Fig. 9. Compared
with Fig. 7(c), the fluctuation of variables is large with the
consideration of parameter mismatch, especially the internal
voltage during fault state. The error mainly origins from the
influence of the distributed capacitance. However, the
proposed method is still effective due to the feedback control.
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Fig. 9. Dynamics of VSG during the transient process in case 2 with the
distributed parameters of line and the parameter mismatch.

In addition, the delays of fault location and VSG control are
inevitable in practice. The total delays are usually around
hundreds of microseconds. Yet, it is much less than the

response time of power loops, which is usually longer than 100
ms [9]. Since the transient stability of the VSG is determined
by power loops, the influence of these delays can be negligible.
In short, errors origin from fault information measurement,
communication failure, parameters calculation, use of the
lumped parameters, and the control delays in this paper.
However, the proposed method still applies considering these
errors due to the effect of the additional feedback control.

C. Feasible Operating Region Analysis of the Method

The proposed method is validated by simulation results. In
the most of fault conditions, this method can achieve its
control objectives. However, when the worst faults such as a
solid fault occurs near the terminal of VSG, both the active and
reactive power loops may exceed their control margin, and
then the method may be ineffective. Thus, it’s necessary to
analyze the feasible region of the method during fault state.

The output current of VSG during fault state is derived as
(13), which is related to the VSG’s internal voltage E,
equivalent impedance R’, X' and equivalent voltage Ueq. TO
achieve the better control performance, the fault current should
be restricted to ls, While the phase angle sy keeps its initial
value, which means only the VSG’s internal voltage E can be
used for regulation under a specific fault condition. However,
when the fault point is very close to VSG’s terminal and the
fault impedance is small, the system equivalent impedance R',
X" are small due to (12), which may lead to the exceeding of
fault current even though E is regulated to a very small value.
Obviously, it is not reasonable for the steady operation of VSG.
Therefore, the feasible region of the method is expressed as the
reasonable variation range of E, with the related fault
impedance Z: and fault location k (k=0 and 1 represent the fault
at VSG’s and grid’s terminals respectively) in different fault
condition.

p—
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_ ! (pu) Case 2: E=0.53 pu,
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Fig. 10. Feasible region of the method during fault state with: (a) a 4-D graph
of current with the change of E, Zs and k and (b) the cross section at Z;=0.02 pu.

Thus, a 4-D graph depicted in Fig. 10 is used to analyze the
feasible region of the method. The colour represents the
magnitude of fault current, which is decided jointly by E, k and
Zs. It can be observed that the fault current has a negative
correlation with the value of k and Zz, while it has a positive
correlation with the value of E. Among them, k and Z;
represent the fault information, which cannot be controlled. In
terms of a specific fault condition with the fixed k and Zz, only
E can be regulated to control the related fault current through
the proposed method. And if there exists an appropriate value
of E which makes the related fault current below the limit
value, then the proposed method is feasible under that fault
condition. Otherwise, the proposed method is ineffective under



that fault condition. Note that there is a dead zone with an
abnormal change tendency in the lower right corner in Fig.
10(b), which is caused by the infinite value in the denominator
in (13) when k is near 1. However, this zone is not necessary to
consider since E cannot be very low in practice when the fault
point is very close to the grid.

As shown in Fig. 10(a), even if a solid fault occurs near the
VSG’s terminal, there is still a region where the fault current
below the limit value 1.2 pu with the regulation of E, which
means the feasible region of the proposed method is large
enough for the severe fault. However, under such extreme
condition, the control performance is achieved at the cost of
the drop of the VSG’s internal voltage during fault state, which
is not always suitable and requires a trade-off.

Overall, the feasible region of the method is large enough

during fault state for the application in most of fault conditions.

And the proposed method can be used in any types of
symmetrical faults, such as the grid voltage dips, three-phase-
to-ground fault and tripping of line. Nevertheless, the
application of the proposed method under unbalanced
condition and in a multiple VSGs system is concerned as well,
which is further studied in next subsections.

D. Validation of the Proposed Method under Asymmetrical
Fault

The symmetrical three-phase-to-ground fault are mainly
analyzed as they are more severe than other asymmetrical
faults. However, the asymmetrical faults are more common,
which should be concerned as well. When VVSG operates under
unbalanced condition caused by an asymmetric fault, the
unbalanced voltage and current can be decomposed into the
sum of the positive, negative and zero sequence component
due to the symmetrical component method. Since the topology
used in this paper is a three-phase three-wire system, the zero-
sequence component is not considered. Note that the proposed
method still applies, while the only difference is that the
symmetrical components theory should first be used and the
positive component is extracted for the control of the proposed
method.

Under unbalanced condition, the output power of VSG can
be decomposed into the average component and the double
frequency-oscillating component. The expression of the
average power can be expressed as

Pe+ :ud+id+ +u +i +
NI @)
Q. =-Ug g +Uq Iy
where uqq, idq are the measured output voltage and current of
VSG in dqg frame. The superscript +, - represent the positive
and negative sequence components respectively.

If the negative sequence component is not controlled in the
VSG algorithm under asymmetrical fault, the fluctuation is
existed in output voltage, current and power due to the
influence of ugg and igq, Which is not conducive to system
operation. In order to improve the performance under
unbalanced condition, there are three primary objectives of
VSG, which are the balanced current control, and the
suppression of active power or reactive power. However, the
above objectives cannot be realized at the same time since the
different treatment of the negative sequence current. Normally,
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the current quality and current limitation of VSG is of
primarily concerned.

The power calculation of VSG under unbalanced condition
is shown in Fig. 11(a), where the positive ugs" and igq" are
exacted and then the positive power is obtained. The sequence
separation can be realized by second-order generalized
integrator (SOGI), which is designed in detail in [28], [29].
The inner voltage and current loops control under unbalanced
condition is shown in Fig. 11(b), where the inner loops can be
divided into two parts: the positive and negative sequence
inner loops control. The positive sequence voltage and current
loops are used to track the voltage reference while negative
sequence current loop is used to eliminate the negative
sequence current by setting the negative current reference to
zero.

Uae | Sequence Positive

Udq", Udq Proposed | E
—_—

|
: ——* Separation — " Power 1 Algorithm Eaq’
| Jabe, | with SOGI | lda, laq_| Calculation Q' of vSG | g
| Ref. [28]-[29] Eq. (25) | Fig.1
LPower Caleulation |
(@)
= P e’
qa + qre + q
R O RO
W
| Positive Sequence |
tInner Loop Control _ |
‘7 - 0 0 : 77777777777 a
ldgref =0 + + €dq |
|
‘ Oslm 0
} Negative Sequence iaq Udg |
(nner Loop Control _ "1 |
(b)

Fig. 11. VSG control strategy under asymmetric fault: (a) Sampling (b)
positive and negative inner loop control.

The balanced current control is needed as an important
prerequisite of the proposed method under asymmetrical fault.
With the balanced current control, the application of the
proposed method under both symmetrical and asymmetrical
faults are the same, since only the positive sequence
components exist in the VSG algorithm. Therefore, there is no
need to change the algorithm of the proposed method in Fig. 5.
Correspondingly, the equivalent system circuit under
asymmetrical fault is still derived as (11) with the positive
fault voltage Us* at the fault point. In particular, as to a single
line-to-ground fault, Uf* can be further derived by the
sequence networks method.

u,Z
Ui =Un -3 . 37
= f (26)
Z — (Zl + Z21)222
F 27,

where, Uro is the initial voltage at the fault point, Z¢ is the input
impedance from the fault point. Then the following steps to
design Po' and Ky during fault state are the same as
symmetrical fault based on (13)-(16). Besides, the design
process after tripping of line during O/S state is the same as
(17)-(20).
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Fig. 12. Dynamics of VSG during the transient process in case 3: (a) without any control. (b) with the balanced current control in [29]. (c) with the proposed
method.

N
1=}
S

00 Tault clear —

=
S

Tault clear —| Tault clear — 00] fault clear —

T~

reclosing—!

[sR==]
f
g

_p00L_*fault reclosing—! Q| —fault reclosing—

] F_/

_200l_~—fault reclosing—! 9

Ny
S o
[SgS)

RN
S o

i

@
S

(KA Er(KV) Our (9 Pr Qi (MW)

i \ ojwéy
Ji(kA) - Er(kV) Ousg () Py, Qi (MW)
838
I (KA)  Ez(KV) Ousga (9 P2, Q2 (MW)
3

I
@
1=}
S

S o 8 o 3

I
@
=
S
@
S

i i
| I h ! I I - | ! !
05 1.0 15 2.5 3.0 0.5 1.0 15 2.0 25 3.0 0.5 10 1 25 3.0 0.5 10 25 3.0

! 2.0 ) 5 2.0
Times (s) Times (s) Times (s)

15 2.0
Times (s)

(@) (b) (©) (d)
Fig. 14. Dynamics of VVSGs during the transient process in case 4: (a) VSG1 without any control. (b) VSG1 with the proposed method. (c) VSG2 without any
control. (d) VSG2 with the proposed method.

It is important to note that the control strategy under balanced current are a pair of contradiction. As a comparison
unbalanced condition is also suitable for the symmetrical in Fig. 12(c), the better transient performance is achieved with
condition, which means the control scheme in Fig. 11 does not the proposed method. The post-fault output current of VSG
need to change during normal state and symmetrical fault state. can further reach the smaller current limitation of 1.0 pu
The negative components are zero under balanced condition during fault state, that is, the rated current. Besides, the control
and thus the negative inner loops control is inactive performance during O/S state is the same as the case of
automatically. To better validate the effectiveness of the symmetrical fault since the fault is cleared.
proposed method under asymmetrical fault, the following case - .
is studied with the comparison of the balanced current control S tValldatlon of the Proposed Method for a Multiple VSGs
and the proposed method. ystem

Case 3: A single-line-to-ground fault is occurred at t=0.5 s  When a system with multiple generators is considered
and cleared at t=1.5 s, while line reclosing at t=2.5 s. The instead of the single-machine infinite-bus system, the
output active power is set to 100 MW. The line length is 60 km ~ generators are integrated to PCC whose voltage and phase
and fault point is at the 1/6 length of the line, while the fault angle are fluctuated compared with the idea grid. As for the
impedance Z; is 0.02 pu. The fault information acquisition is ~generators, PCC operates at a new equilibrium point after fault.
similar with case 1. With the positive sequence Components To further validate the appllcablllty and effectiveness of the
extraction, the modified control parameters are calculated as ~Proposed method in a system with multiple generators, a grid-
Po'=0.7756 pu and K,'=0.6643 pu during fault state, to keep the connected system that consists of two VSGs is studied. The
original 6ys; and the current limitation of 1.0 pu. And System topology is shown in Fig. 13, and the relevant detailed
Po"=0.5213 pu and Ky"=0 pu after fault clearance, to keep the ~Parameters are given in Table Ill. Note that the lines in the
original 6y, and the terminal voltage of 1.0 pu. system are still the parallel-circuit lines. The line length is set

Fig. 12 shows the dynamics of VSG under a single line-to- @s 60 km and 80 km in case 1 and 2, respectively. To better
ground fault with different control strategies. As shown in Fig. analyse the influence of the line length, the length range of
12(a), when the fault occurs without any control, the phase lines in a multiple VSGs system is set from 40 km to 160 km.
angle of VSG is increased. But the transient stability of VSG is s for each VSG in the multiple VSGs system, the control
not lost even the fault point is very close to the VSG terminal. algorithm of the proposed method is the same. The only
Besides, the output voltage and current of VSG are distorted ~difference lies in the derivation of the equivalent voltage Ueq
due to the unbalanced condition. In Fig. 12(b), with the and impedance Zeq for the parameters calculation of each VSG.
balanced current control in [29], the current of VSG is The topology in Fig. 13 can be further simplified as the green
balanced and does not exceed the limitation of 1.2 pu. That is block through the delta-star transformation and the Thévenin
because the severity of the single-line-to-ground fault is theorem, where the equivalent impedance of VSGs can be
smaller than the symmetrical three-phase-to-ground fault. —derived as
However, the voltage is still distorted which leads to a power
oscillation. Note that the suppression of power fluctuation and



Zazb
eql =-—— 5t
Z,+7,+7,
.7
eq2 — — +
Z,+7,+7Z,
where Z,, Zn, Zc and Zy represent the line impedance in the
system. Zt1, Zr2 represent the transformer’s leakage impedance
of VSGs. Besides, the equivalent voltage Ueq can be obtained
based on circuit principle with the set value of current
limitation of VSGs. Thereby, the control of VSG1 and VSG2

are both complied with the algorithm of the proposed method
in Fig. 5.
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(27)
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Fig. 13. Topology of parallel operation of two VVSGs connected to a grid.

Note that a system with multiple VSGs is studied in this
subsection. In particular, as for a large-scale power system, the
PCC voltage would not be affected too much during fault state
compared to it in a small-scale system, while the PCC voltage
can be supported by distributed energy resources [30], [31].
Therefore, the PCC voltage can be directly used as the
equivalent voltage for the parameters design in a large-scale
power system.

TABLE HI

PARAMETERS OF THE MULTIPLE GENERATORS SYSTEM
Parameters Value Parameters Value

P1/P2 100 MW ZT1/ 711 0.10/0.04 pu
Q1/Q2 0/0 MW Lfl/sz 0.2 pu
J1/J2 0.3/0.2 pu Cﬂ/sz 0.15 pu
D./D; 2/1pu Length of Z, 160 km
Kaq/Kgz 0.2/0.1pu  Length of Z, 80 km
Ei/E; 690 V Length of Z, 160 km
Ug 110 kV  Length of Z4 40 km

Case 4: A three-phase-to-ground fault is occurred at t=0.5 s
and cleared at t=1.5 s, while line reclosing at t=2.5 s. The fault
point is at the 1/4 length of the line of Zy, while the fault
impedance Z; is 0.02 pu. Note that the distance between VSG1
and the fault point is large, therefore, the current limitation can
be set to the rated value 1.0 pu during fault state, while the
terminal voltage can be set to 1.02 pu during O/S state which
is slightly higher than the rated value. The distance between
VSG2 and the fault point is relatively short, and thus the
current limitation and voltage are set to 1.2 pu and 1.0 pu
respectively during two states. The modified control
parameters of VSG1 are calculated as Po'= 0.4920 pu and Kq'=
0.6726 pu during fault state, and Py"=0.8799 pu and Ky"=-
0.3367 pu after fault clearance. As for VSG2, P¢'= 0.5091 pu
and Kq'= 0.7980 pu during fault state, and Po"=0.6209 pu and
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Kq"=0 pu after fault clearance.

Fig. 14 shows the dynamics of two VSGs during the
transient process. As shown in Fig. 14(a) and (c), when the
fault occurs without any control, the transient stability of both
VSG1 and VSG2 is lost. Besides, the current of VSG2 exceeds
the limitation of 1.2 pu. In Fig. 14(b) and (d), with the
proposed method, the current of both VSG1 and VSG2 during
fault state can be limited to the set values of 1.0 pu and 1.2 pu
respectively. Besides, the terminal voltage of both VSG1 and
VSG2 during O/S state are controlled to the set values of 1.02
pu and 1.0 pu respectively. That is, the proposed method is
also applicable for a multiple VSGs system.

V. CONCLUSIONS

This paper explores how to improve the transient angle
stability of VSG while considering the current limitation
during fault state and voltage support after fault clearance. At
first, the post-fault large-signal models of VVSG are established
with the fault information acquired by TWs method. Then a
two-stage simultaneous control scheme is proposed, which is
fulfilled by mode switching and an additional feedback control
based on the fault signal. With the proposed method, the phase
angle of VSG can remain its set value while the steady-state
current can be limited to the required value during fault state.
Similarly, the phase angle and internal voltage of VSG can
also be controlled at the meanwhile during O/S state. The VSG
can achieve the better performance during transient process
with the proposed method, which is validated by the
simulation results. In addition, the practicality and
effectiveness of this method are also discussed by the analysis
of robustness to parameter mismatch and the analysis of the
feasible operating region. Last but not least, the application of
the proposed method for asymmetric fault and for multiple
VSGs is validated as well.
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