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Modeling and Transient Synchronization Stability
Analysis for PLL-Based Renewable Energy
Generator Considering Sequential
Switching Schemes

Jinxin Pei”, Jun Yao

Abstract—The synchronization characteristics of phase-locked
loop (PLL) based renewable energy generators (REG) are con-
siderably sensitive to the grid condition and the inner sequential
switching actions of their control system, especially suffered from
grid faults. In this article, the general output characteristics of REG
systems are investigated considering the nonlinear behaviour of
PLL. In addition, general sequential switching control schemes for
the entire grid fault process are introduced. Then, to physically
determine and theoretically analyze the transient synchronization
stability of REG systems, the synchronization model of a REG
system for different fault stages is built and presented in the form of
rotor swing equations, which are similar to those of a synchronous
generator (SG). The proposed model was able to deduce the charac-
teristics of virtual torque, virtual inertia, and virtual damping co-
efficient of the REG system, and identify the coupling relationship
between the angular frequency/magnitude states of the terminal
voltage of the REG system during the synchronization process.
Thus, the synchronization stability criteria were proposed based
on those of the SG, in which the transient instability phenomenon
and mechanism for different fault stages is physically explained by
the deduced equal area criteria. Finally, the analysis was verified
by simulations and experiments.

Index Terms—Renewable energy generator (REG), rotor swing
equation, sequential switching actions, synchronization stability.

NOMENCLATURE
wo, Wg, wp,  Nominal grid angular velocity, grid voltage vec-
tor’s angular velocity, and base value of angular
velocity, respectively.
OprLL, wprr, Output angle and angular frequency of PLL, re-

spectively.
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Uy, 1 Terminal voltage and output current of REG sys-

tem, respectively.

Rg, Lg Equivalent resistance and inductance of the trans-
mission line, respectively.

kpps kip PI coefficients of the PLL.

Cy, Lt Filter capacitor and filter inductance, respectively.

Uqge Direct current (dc) link voltage.

T,,Jy, Dy Virtual torque, inertia, and damping coefficient,
respectively.

SUBSCRIPTS

d/q d/g-axis components.

m Maximum value.

b Base value.

n, f, rec Values in prefault, low voltage ride through

(LVRT), and postfault grid condition, respec-
tively.

SUPERSCRIPTS
x Instruction value.

1. INTRODUCTION

HE synchronization mechanism of the current mainstream
T renewable energy generators (REGs) is based on its control
structure, and determined by phase-locked loop (PLL) technol-
ogy, which is considerably different from that of synchronous
generators (SGs) [1]-[3]. This implies that REG dominated local
power system face significantly changes in enabling transient
synchronization stability under grid faults. As REGs have been
increasingly adopted, the disconnection of REG systems from
the utility grid under abnormal grid condition must be avoided
because of the considerable power generation deficit [4], [5].
Consequently, low voltage ride through (LVRT) capability in
REG systems is proposed in grid codes [6], [7]. However, the
transient stability of PLL-based REG systems still experiences
various challenges, which has generated concerns [8]-[10].
According to the grid codes, the REG system must remain
grid-connected in a control state during LVRT, which corre-
sponds to injecting reactive current in response to the grid codes.
However, many studies identified a small signal instability risk
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for REG systems during LVRT because of the interaction be-
tween the power grid and system controllers [11]-[13].

Furthermore, the large disturbance stability of REG systems
has gained increasing attention in recent years [14]. Some in-
novative studies demonstrate the existence of a loss of synchro-
nization (LOS) phenomenon in REG systems, which originates
from the inability of PLLs to remain synchronized with the grid
during LVRT [15]-[18]. In [15], a stability criterion focused
on the existence of equilibrium points was studied for a REG
system during deep voltage sags. In [16], the mechanism of LOS
was explained by providing deep insights into low-frequency
nonlinear behaviors of PLL. The results showed that the interac-
tion between the REG output current and the transmission line
impedance may result in the lack of equilibrium points in the
grid-connected REG system. In [17], a creative voltage-vector-
triangle graphic method was proposed to study both the criterion
for the existence of equilibrium points and the LOS evolution
process of the grid-connected REG system during LVRT. In [18],
the transient instability response of the doubly fed induction
generator (DFIG) based single-machine infinite bus system by
the transient energy function method was studied. However,
these studies assumed that the control loops of the system
were perfect and ideal and mainly focused on the existence of
equilibrium points for REG systems.

Although the presence of equilibrium points is a necessary
condition for the transient stability of an REG system, the effect
of transient behaviors on the synchronization stability of REG
systems is rarely considered [14]. Both the dynamic performance
of the system controllers and the interaction between REG and
power grid may significantly affect the transient properties of the
REG system, thus causing the LOS phenomenon even if there
is an equilibrium point. Geng et al. [19], [20] explored transient
synchronization stability of REG systems by considering the
controller dynamics. Particularly, Wu and Wang [21] recently
reported that the PLL can be regarded as a second-order non-
linear swing equation to REG systems during LVRT. Moreover,
Wu and Wang [21], [22] developed a new perspective by using
the phase portrait method, which reveals the impact of the
PLL on the transient stability of REG systems and deduces the
expression of the PLL damping ratio. The studies show that a
high PLL damping ratio can improve the transient stability of
REG systems. In addition, the limited overcurrent capability of
power converters requires the use of current limiting control
[23], which imposes another constraint on the transient stability
behavior of REG systems [24]. Moreover, some studies have
applied Lyapunov’s direct method to study the transient stability
of PLL-synchronized REG systems [20], [21], but the damping
term has not yet been considered.

To avoid the LOS phenomenon for the voltage source con-
verter (VSC) during severe grid fault, Goksu et al. [15] and He
et al. [20] proposed adaptively injecting active current based
on the terminal frequency, and Pei er al. [17] indicated that
the REG system has the highest margin when the ratio of
the active/reactive current instruction equals Ry/X,. All the
mentioned studies on stability of REG systems focus on the
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period of LVRT. In particular, many system behaviors during
other fault stages are rarely considered, such as initial state,
detection delay, and sequential control switching actions [25],
[26]. The transient stability of the REG system is seldom sys-
tematically studied from the viewpoint of the entire fault pro-
cess, without focusing only on the sequential control switching
actions of REGs. In practice, the sequential switching actions
of the control system must be triggered to respond to the
variation of grid condition, particularly during the entire fault
process, which further affects the synchronization behaviors
[18], [25], [26].

Consequently, this article aims to physically analyze the tran-
sient synchronization stability of PLL-based REG systems and
systematically improve the instability criteria from the perspec-
tive of the entire grid fault process. The main contributions of
this article are presented as follows.

1) The transient responses of PLL-based REG systems are
divided into five stages in the entire grid fault process
according to its sequential control switching schemes.
Furthermore, considering the nonlinear behaviors of PLL
and d/g-axis components of terminal voltage in each grid
fault stage, the transient synchronization characteristics of
REG systems for different stages are represented by the
deduced equivalent rotor swing equations, whose form is
similar to that of SG.

2) Based on the deduced equivalent rotor swing equations
of the REG system for different stages, by analyzing the
defined virtual prime mover torque and the actual output
torque, this article essentially revealed the coupled driv-
ing relationship between the angular frequency/magnitude
states of the REG system terminal voltage. Moreover,
the transient synchronization characteristics of the REG
system are also analyzed according to the defined synchro-
nization parameters, involving the equivalent power angle
(EPA), virtual inertia, and virtual damping coefficient.

3) Based on the abovementioned analysis, the transient in-
stability phenomenon and mechanism for the entire grid
fault is physically explained by deduced equal area criteria
(EAC), which consider system transient behaviors, con-
trol parameters, sequential control switching actions, and
detection delay. This makes the transient synchronization
stability criterion of the REG system more complete and
closer to the actual engineering situation.

The remainder of this article is structured as follows. Section II
introduces the general transient output characteristics of REG
systems considering their typical sequential switching schemes.
Section III establishes the equivalent rotor swing equations of
REG systems for different fault stages. Section IV analyses the
transient synchronization characteristics of REG systems based
on the proposed equivalent rotor swing equations. In Section V,
the transient synchronization stability criterion is deduced and
the possible instability phenomenon in the entire grid fault
process is explained. Section VI validates the analytical results
of simulation and experimental results. Finally, Section VII
concludes this article.
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Fig. 1. (a) Simplified schematic of REG system. (b) Voltage vector diagram
of the grid-connected REG system in the d/g-axis rotating frame.

II. OUTPUT CHARACTERISTICS OF GRID-CONNECTED REG
SYSTEMS CONSIDERING PLLL NONLINEAR BEHAVIORS

Typical control structures for a PLL-based grid-connected
REGs system such as DFIG and VSC systems have been widely
investigated in previous studies [17]-[20], in which the PLL
controller was adopted to synchronize with the power grid. On
this basis, the general simplified schematic of the REG system
is shown in Fig. 1(a), and the voltage vector diagram of output
characteristics of the grid-connected REG system in the d/q-axis
rotating frame is shown in Fig. 1(b).

The REG terminal voltage in the d/g-axis rotating frame can
be expressed as

Uia = Ug cosd + RgfdfwPLLLqu
th = —Ug sin d + Rg‘lq + wPLLLgId

where ¢ is the phase difference between the d-axis reference
frame of the PLL and the grid voltage vector Us.

From Fig. 1(b), it is clear that the PLL is employed to
align the d-axis in the PLL-synchronized two-phase rotating
reference frame with the terminal voltage, which is the only
loop to maintain the grid-connected REG system synchronously
running with the power grid. In addition, it is generally accepted
that the d-axis and g-axis current instructions represent active
and reactive power instructions, respectively, which is expressed
as

(D

P = Ul

Q= —Usaly.

Moreover, Fig. 1 also shows that ¢ could present the syn-
chronization state for the REG system. Correspondingly, § can
be defined as the EPA, and the variation in EPA caused by
the imbalanced angular frequency between PLL and Ug can
be expressed as

@)

CZT;S = wh (WpLL—Wg)- 3)
Considering that different types of PLL controllers have the
same phase locking principle as the typical PLL controller [16],
the controller structure of the typical PLL can be regarded as a
study example; it is shown in Fig. 2.
Fig. 2 shows that the g-axis component of Uy is regulated

by a proportional integral (PI) controller for phase tracking to
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Fig. 2. Typical PLL controller structure.
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Fig. 3. Typical configuration diagram and sequential switching control for

VSC system when facing a grid fault.

achieve the terminal voltage vector orientation. Therefore, the
PLL model is described as (4). Furthermore, the change rate of
wpr, is expressed as (5) follows:

WPLL = kppth + ]ﬂp thdt -+ wo 4)
dwpr1, dUy
7 = kpp dtq + kipth. %)

From (3)—(5), it can be derived that Uy will cause a variation
of wprr, and then drive Uy to keep the synchronization with Ug
by eliminating Uy, to zero to enable the REG to synchronously
run with the power grid.

However, these REG systems have different control objec-
tives under different grid conditions, which lead to a sequential
switch of control strategies in response to the variations in grid
conditions during the entire grid fault process. The VSC is s a
commonly used topological structure in typical REG systems,
this makes it suitable as a study case [27].

In Fig. 3, #; and f3 are fault time and fault clearing time,
respectively.

Fig. 3 shows the sequential switching control of the VSC
system for the entire grid fault process. The transient responses
can be divided into 5 stages, which are discussed as follows.

1) Prefault stage (typ — t1): The grid fault has not occurred
(Flag = 0), the VSC system operates at maximum power
point tracking (MPPT) mode and is in a steady state, which
means P = P} and Q = Q7.

2) Fault dead-time stage (t; — t2): The grid fault occurs at
time #1; however, the LVRT control strategy has not been
switched in because of the detection delay. Flag = 0 still
holds.



2168

3) Fault duration stage (t2 — t3): The grid fault is detected at
time 75 and the LVRT strategy is simultaneously triggered
(Flag = 1).

4) Fault recovery dead-time stage (t3 — t;): The grid fault
is cleared at time 73, but the LVRT control strategy has not
been interrupted because of the detection delay. Flag = 1
still holds.

5) Postfault stage (t; — 0): The cleared grid faultis detected
attime, 74 and the VSC system is restored to the unit power
factor operation mode. The output active power is also
restored to the normal value at the required rate according
to grid codes (Flag = 2). It is noted that, although the VSC
system re-enter the constant power control mode during
the postfault stage, but its active power instruction needs to
restore to the normal value at the required rate according
to grid codes, rather than adopting MPPT control mode
directly. So that the power loop structure during postfault
stage is inconsistent slightly with that of prefault stage.

Generally, the grid side L of the LCL-type filter is much

smaller than that of equivalent inductance existed in the trans-
mission lines and transformers, which can be converted to a
part of the equivalent grid impedance. With the impedance
conversion, no matter whether LCL-type filter or LC-type filter
is used in the grid-connected VSC system, the corresponding
equivalent mathematical model can be established in a unified
form of the grid-connected VSC system with an LC-type filter
after the impedance conversion in PLL timescale. In addition,
the bandwidth of the VSC current control loop is considerably
larger than that of PLL. That is, the current regulation of the VSC
is quick in contrast to the dynamics of PLL, thus the REG system
can be regarded as a controlled current source in PLL reference
frame [17]-[20]. As a result, when the transient synchronization
stability issue is studied in PLL timescale, the regulation of
the alternating current (ac) control can be reasonably neglected,
which means I = I'*, shown as

I =1}
) (©6)
{Iq =1I.

III. EQUIVALENT ROTOR SWING EQUATION FOR
GRID-CONNECTED REG SYSTEM DURING DIFFERENT FAULT
STAGES

A. Synchronization Model During Prefault Stage

As seen in Fig. 3, the aim of the VSC system is to achieve
MPPT and to control the output reactive power under normal
grid conditions. Correspondingly, both the outer power con-
trol loop and inner current controller are adopted during the
prefault stage. In addition, Tang et al. [18] indicated that the
active/reactive power control loops belong to electromechanical
timescale (rotor speed control timescale), such that the d/g-axis
current instructions can be approximately obtained through the
algebraic equation of the active/reactive power instruction dur-
ing the prefault stage, which is given as follows:

=t

{ o 9
I = Qn
a —Utan *
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Substituting (6) and (7) into (1), the dg-axis components of
U, can be expressed as (8) during the prefault stage

P .
Utdn = Ugn cos§ + R, o= +wpLLly U?dn ®
. . P

Uign = —Ugn sind—Ry UQtd‘n + wprr Ly T
where Qy, is generally set to zero to realize unit power factor
operation, such that I is also approximately equal to zero during

the prefault stage. Moreover, the change rate of Uy, and Uyqy
can be deduced as

gy sds _ RePi dUpay Le Q5 dwpLL
2= Ugn31n6 at— Uz, dt + Utan  dt
_wpLLLg@) dUsqy
Ubin dt ©)
dUsqn __ ds | ReQj dUpan | LePi dwpro
ai= ~Ugncos0qy + s SO 4+ T S
_weLLLg Py dUsan
U? dt

tdn

It can be seen from (9) that the change rate of Uy, is related
with Uyqy and its change rate. Consequently, the analytic expres-
sion of Uyq, and its change rate can be deduced as the following
mathematical form of (10) by substituting, respectively, Q5 =0
into (8) and substituting (3) into (9)

Ugn 08 541/ (Ugn cos §)° +4 R P;;

Utdn = b) (10)
AUsdn UtzdnUgnwbsints (w —w )
di T T Ok R \WPLLT W)

Equation (10) shows that the value of U.q,, is a function of §
when Upy, P, and R, are given. Similarly, the change rate of
Utqn is obtained as (11) by substituting (10) into (9)

AU
dr e

wPLLLgPrT
Ut2dn + RgP;

sind— cos 5) (wpLL—wWg)

Lg P dwprL an
Uia dt
As previously mentioned, Uy, causes a variation in wpr,r,,
such that the characteristics of the grid-connected VSC system
can be further deduced as (12) by substituting (11) into (5)

1 koL Py d LyP;
— (1 EP 8 “) CPLL _ - (Ugnsin(s”g e n)

kip Utdn dt tdn
Jwo T3o—Two
FeppUsgnth wpLLLgPr .\ LyP:
_ 6_ 1 5 _ n _ .
|:kip coS 7Ut2dn+ RoP: sin U (wpLL—wg)

Do

12)
Combining (10) and (12), both J,,¢ and D,y become functions
of 4. From (12), the synchronization behaviors of VSC are
determined by the virtual torque difference and damping term.
As a result, (12) becomes the VSC’s equivalent rotor swing
equation during the prefault stage, which has the similar form as
that of SGs, and can present the synchronization characteristics

of grid-connected VSC systems during the prefault stage.

B. Transient Synchronization Model During Fault
Dead-Time Stage

Once a grid fault occurs, the present mainstream voltage
detection methods produce a detection delay from 5 ms up
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to 20 ms [30], [31]. That is, the VSC system enters the fault
dead-time stage before the grid drop is detected. Thus, both the
control mode and power instructions are consistent with those
of the prefault stage, although the voltage drop has occurred.

When grid voltage drops from Uy, to Ugt, Ugq decreases from
Utan to Ugqr as well. Uggs can be also calculated referring to (10).
The voltage sag will further lead to an increase for the d-axis
current instruction shown as follows:

LA
It = { Utdf’(Umf < Idm)
d= P
Idm ’(Utdf > Idm)'
Equation (13) shows that the VSC system may turn into a
saturated current source if the active power instruction is over
large or the voltage drop is over deep. Once VSC system turns
into the saturated current source, the expressions of Uqs and
Uiyt become (14), which is obtained by substituting (12) and
07 = 0into (8)
{ Uiat = Ugr cosd + Rl .,

thf = —Ugf sin § + WPLLLgId

13)

(14)
It can be seen from (14) that the dynamics of the d-axis current
are eliminated as it is limited to a fixed value during fault dead-
time stage. Correspondingly, the change rate of Ugqr and Usqs
will be expressed as
—dgﬁ‘f = —Upgssiné %
AUsq¢ ds d (a5)
g = —Ugrcos0G + Ll 5.
Substituting (15) and (3) into (5), transient characteristics of

the grid-connected VSC system are expressed as

1-ky, Lol
( p/z £ dm) dwj’tLL = 0—(Ugrsind—wg Lglyy,)
ip

7 T3 —To1
vl (16)
k X
[ppUgtwb cosd—Lgly, | (wprL—wyg)
ip

Dy
where J,; is a certain value, and D, is a function of §.

Similar to (12), (16) is also named as the VSC’s equivalent
rotor swing equation during fault dead-time stage. If the VSC
system does not turn into a saturated current source, its transient
synchronization characteristics during fault dead-time stage are
similar to those of the prefault stage, which could also be
described by (12), only replacing Ugy, by Ug;.

C. Transient Synchronization Model During Fault
Duration Stage

When the grid voltage drop is detected, the LVRT control
strategy is immediately adopted, which is illustrated in Fig. 3.
To realize a fast active/reactive current injection during LVRT,
the VSC system directly adopts constant current control mode. It
is also generally accepted by the industrial circles and academia,
and has been widely used in the commercial renewable power
generation [13], [28], [29]. As a result, the d/g-axis current

instruction is set as
I* — I*
d df
{ (17)
I* — I*
q af’
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Therefore, the expressions of Uggr and Upqr become (18)
during LVRT, which is obtained by substituting (17) into (1)

Uiar = Ugt cos 0 + Rglgf—prLLgI;f
Uiqt = —Ugesin 0+ Rgléf + wprrLgl};-
Equation (18) shows that the dynamics of the d/g-axis currents

are eliminated as they are set as certain values during LVRT.
Correspondingly, the change rates of Ugqr and Uy are given as

dUsar inSdd x dwprr
{ St = Ungln(Sdt Lyl

(18)

qf dt
(19)

d[é?f = —Ugt cos 657 + Ly L2510
Substituting (19) and (3) into (5), the VSC’s equivalent rotor

swing equation during LVRT is expressed as

1—kypp Lo
( poLg df> dopLi — () (Uppsind—wy Ly i — Ry )

kip dt
T, T,
Ju2 vao i
k Ufo.)b
- {ppg cos d—LgI3; | (wprr—wg).
ip

Do
(20)

D. Transient Synchronization Model During Fault Recovery
Dead-Time Stage

The grid voltage is restored to the normal level Ug,, when the
grid fault is cleared. However, the d/g-axis current instructions
remain the same as those of the fault duration stage because of the
detection delay, which is shown as (17). Consequently, VSC’s
equivalent swing equation during fault recovery dead-time stage
could also be approximatively expressed by (20), only replacing
Ugt by Ug,y,.

E. Synchronization Model During Postfault Stage

When the restored grid voltage is detected by the VSC system,
the unit power factor operation mode is triggered again, as shown
in Fig. 3. Consequently, the active/reactive power instruction are
set to Pre. and 0, respectively, which is similar to the prefault
stage. Correspondingly, the equivalent swing equation during
postfault stage could also be expressed by (12), only replacing
P} by Prec.

IV. SYNCHRONIZATION CHARACTERISTIC ANALYSIS FOR
GRID-CONNECTED REG SYSTEM

According to the proposed synchronization models in Sec-
tion III, the synchronization characteristics of the VSC system
during different fault stages can be presented by the form
of equivalent rotor swing equations with different parameters,
which can be summarized as (21) and Table I
dwprr,

dt
where x represents the number of each grid fault stage.

The relationship among the grid status, control mode, and
deduced synchronous characteristic indexes is displayed in Ta-
ble I. It can be concluded that J,, ,, can reflect the sensitivity of the
change of wpry,. The expressions of J,, among different fault
stages show that a smaller k;j, is beneficial to the virtual inertia

va = T\fw_Tvz_Dvw (WPLL_wg) (21)



2170

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 37, NO. 2, FEBRUARY 2022

TABLE I
PARAMETERS OF THE EQUIVALENT ROTOR SWING EQUATIONS OF THE VSC SYSTEM AT DIFFERENT FAULT STAGES

Grid fault ~ Grid voltage ~ Control Virtual prime Virtual output Virtual inertia Virtual damping
x stage Uy mode mover torque 7., torque 7., (i) coefficient (Dy,)
w,L,P, k LP kU B ;
Prefault U Power source 0 U sins- et n i pp g’ n pp gnwb (0055 O)PLL g n s1115)-
0 stage & gnsm ( ) U? + U
¢ tdn kip U(dn ip ™t tdn
o,LP k L.P ko Upe LP . LP
Power source 0 U, sind- gen L( L) w % (coso- w;LL 2 L_sing)-——+
¢ U, k. U ip U TR F, Uie
1 Fault dead- U tdf ip tdf
time stage g Saturated 0 U kU,
(Sino-o,L,1 1-k LI
current source dm ppg” dm mcos o-L,1,
k. g m
kip ip
Fault duration Cutrent source 0 Ugf51n§'ngg1 df 'Rg] qf l'kppl‘g[ df kppUgr b 08 5- L I
stage Ust k. _ dr
1p ip
. _ * * k. U .
Fault recovery U Current source 0 UgﬂS1n§ a)ng[df Rgqu 71 o Ly Do e €08 0-L, 14
dead-time stage gn k. ;
ip P
o,L,P, koL P, kU P . . LP.
4 Posfault stage Usn Power source 0 U Smg_M L(l ppg rec) pp" e @ (cos 5- w;LL o Frec sind)- ol rec
g tdn kip Utdn ip Uldn g m U!dn

of the VSC system. However, the higher the k,, the higher the
Lg, and more active power or d-axis current injection would
decrease the value of Jy.

The virtual damping coefficient (D) shows the VSC system
ability to suppress the deviation of wpry,. A smaller k;,, higher
kpp, and higher U, would increase the value of D, among
different fault stages, which could enhance the synchronization
stability of the VSC system. The D,, can be significantly
improved when 6 = 0 in each fault stage. These findings are
in agreement with results from the literature [20]-[22]. In addi-
tion, Dy, significantly changes with §, which is not a constant
value. Therefore, it is necessary to keep Dy, positive, otherwise
the control system of VSC would become a positive feedback
system, and the LOS phenomenon may occur.

Consequently, both the J5« and D, of the VSC system must
remain positive.

A. Characteristics Analysis of Synchronous Characteristic
Indexes Among Different Fault Stages

The switching of system operation states among different fault

stages changes J, and D, which is discussed as follows.

1) During the prefault stage, the grid voltage U, is maintained
to the normal level Uy, such that Jyo and D are high
values.

2) When the VSC system enters the fault dead-time stage, the
grid voltage drops to Uy, but the active power instruction
is not yet adjusted. By comparing J,o and Jy; as well as
Dy and Dy, it is clear that the deeper the grid voltage
drop, the smaller the virtual inertia and virtual damping
coefficient of the system.

3) The LVRT control strategy is adopted when the VSC
system enters the fault duration stage. As a result, the
reduced d-axis current instruction can increase VSC’s
virtual inertia to Jyo. In addition, appropriate d/g-axis
current instructions may adjust the value of 4, which can

also increase VSC’s virtual damping coefficient to D,
thus enhancing the synchronization stability of the VSC
system.

4) When the VSC system enters the fault recovery dead-time
stage, it is shown in Table I that the grid state cannot
affect the VSC virtual inertia under current source mode,
although the grid voltage is restored to Uy, and Jy3
becomes equal to J2. However, the restored grid voltage
can considerably improve the virtual damping coefficient,
such that the Dv3 becomes higher than Dv2.

5) When postfault stage initiates, the VSC system reverts to
power control mode, which has a similar virtual inertia
and virtual damping coefficient characteristics as the pre-
fault stage. However, the active power instruction P, is
considerably lower than P} according to grid codes. As a
result, both the J,4 and D4 values are restored to a high
level.

B. Relationship Analysis Between the Imbalanced Virtual
Torque and the Angular Frequency/Magnitude States of
Terminal Voltage

The synchronization properties of the VSC system are caused
by the virtual torque difference. (1%, — Tyx)>0 will lead to an
increase in wpy,, which will regulate § to increase and further
increase T, to balance with 7%,,. Similarly, (17, — Tyx)<0 will
result in a decrease in wpr,1,, which will reduce 9, thus, the T}«
will also be decreased to eliminate the virtual torque difference.

Table I shows that 77, is always zero and unaffected by
different operation conditions. However, either the switching of
control modes or the change of grid voltage state would cause
a deviation of T, thus driving the motions of wpy,r, and d. Ty,
is essentially a steady-state value of -Uy,. The diagram of the
VSC equivalent rotor swing equation is shown in Fig. 4.

Therefore, the physical meaning of (21) and Fig. 4 can be ex-
plained as follows: the deviation in wpr , is essentially driven by
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Fig. 4. Diagram of VSC’s equivalent rotor swing equation.

the imbalanced g-axis voltage component of Uy. The deviation
in wpry, causes a motion of §. As d changes, T, is gradually
regulated towards 0, which is aimed to counteract U. However,
it can be seen from (1) and Fig. 4 that the deviation in wpy,, and
0 affects the values of U and Ugq. This implies that both the
angular frequency/magnitude states of U are simultaneously
changing.

Furthermore, the actual output active/reactive powers are
expressed as

{ P = Ul 4 U I}, )

Q= —Usaly + Usqly.

As shown in a comparison with (2), the imbalanced g-axis
voltage would further cause the imbalanced active/reactive pow-
ers, which is shown as

{ AP = P*—P= Uyl
(23)
AQ = Q" —Q= —Uyl}.

In (22) and (23), U, interacts with I, to produce imbalanced
active power, such that (21) can be transformed to (24) by
multiplying both sides of (21) by —I

dw
(=I)Jeg—El — Pi—Py—(—I}) Dyu (wpLL—w;).  (24)

a dt k4 a

As can be seen from (24), the excess/shortage active power
accelerates/decelerates wpr 1, until P equals P*. In addition, from
a mathematical perspective, the value of g-axis current affects
the expressions of J;,, and D ,.

Similarly, (21) can be transformed to (25) by multiplying both
sides of (21) by —/§, which means that the interaction between
Uy and the d-axis current produces imbalanced reactive power

dwpLL

(I:;va) dt (Q;_Qx)_(lzDvm)(WPLL_wg)-

It is shown in (25) that the shortage/excess reactive power
accelerates/decelerates the wpr r, until Q equals Q*. In addition,
the value of the d-axis current affects the expressions of virtual
inertia and virtual damping coefficient.

Equations (24) and (25) show that both the imbalanced active
and reactive powers could result in a deviation in wpy,1,, Which
would further cause a motion of 4. It should be emphasized that
the imbalanced reactive/active power is produced by the inter-
action between Uy and d/g-axis current components, which is
essentially caused because the PLL cannot eliminate Uy to zero.

Consequently, the imbalanced g-axis component of Uy is
the fundamental cause of the virtual imbalanced torque, which
drives a motion of wpr, and EPA. The affected wpy,, and &

(25)
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Fig. 5. Relationship between T3y and Ty .. (a) Minimum value of Ty is
higher than that of Tyx. (b) Maximum value of Ty, is lower than that of
T¥x. (c) Stable and unstable equilibrium points.

in turn affect the amplitude of the terminal voltage. Therefore,
the VSC system presents synchronization behavior of voltage-
frequency coupling characteristics. In addition, the VSC system
can interact with the grid based on its virtual inertia and virtual
damping term, but the synchronization property of the VSC
system is determined by its control structure rather than its
inherent kinematic property, as occurs for SGs. Moreover, the
improper control parameters or nonideal operating state may
also cause synchronization instability issues for the VSC system,
and the corresponding criteria are further studied in Section V.

V. STABILITY CRITERIA FOR THE GRID-CONNECTED
REG SYSTEM

According to Section III, the synchronization characteristics
of the grid-connected VSC system can be represented as the
mathematical form of equivalent rotor swing equations, which
have a form identical to those for traditional SGs. Consequently,
the stability criterion of the VSC system can also refer to that
of SGs.

A. Criterion I: Existence of Equilibrium Points

According to (21), the imbalanced virtual torque between T+,
and T, will accelerate or decelerate wpr 1, until 7, equals Ty,
which implies that the VSC system does not have an equilibrium
point if T\, does not equal 7%,. There are two different cases
discussed as follows.

1) When the minimum value of 7T\ is larger than 7%, which
is shown in Fig. 5(a), there is no intersection between the
curves of Ty and Tyy; thus, wPLL continues decreasing
and the LOS phenomenon for angular frequency reduction
occurs.

2) When the maximum value of T, is lower than T, as
shown in Fig. 5(b), the excess of T,,, always exists be-
cause Tyx > Tyx. Thus, wPLL continues increasing and the
LOS phenomenon for angular frequency increase occurs.

3) In addition, D,, must be positive for the VSC system
to stably operate at an equilibrium point. Consequently,
the EPA of the VSC system must run within [dc1, dcro]
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during static or quasi-static stages, shown in Fig. 5(c)
according to the expressions of Dvx. Thus, point S is the
only stable equilibrium point of the VSC system, whereas
points U1 and U2 are unstable points. §.,1 and d.,5 are the
static or quasi-static stability limits of the VSC system,
respectively. Thus, the VSC system cannot maintain a
long-term stable operation when EPA exceeds [dc;1, dcra]
during static or quasi-static stages, but EPA can briefly
exceed [dcr1, Ocr] during the transient/dynamic regula-
tion processes. However, 0, and d,,;, are the transient
synchronization stability limits of the VSC system during
the transient synchronization process. Thus, the EPA of
the VSC system cannot exceed [dmax1, Omax2] in either
steady state or transient/dynamic regulation process.
Consequently, the VSC system must meet criterion (26) to
ensure that the system has an equilibrium point at each fault
stage

[max(Ty:) > To,] N [min(Ty,) < T0 1 N[0 € (derts der2)]-
(26)

B. Criterion II: Equal Area Criterion

Criterion I can only evaluate the existence of the equilibrium
point. However, the transient synchronization behaviors may
result in a failure of the VSC system to reach the desired
equilibrium point during the transient synchronization process.
Thus, LOS is possible even if the VSC system meets Criterion I.

The EAC is a typical method for assessing the transient
stability of SG based on its rotor swing equation. This method
can be equivalently applied to the VSC system according to the
proposed equivalent rotor swing equation shown in Table I. The
derivation steps of the EAC for VSC systems are as follows.
According to (3), the change rate of wpy,1, can be expressed as

dopry 1 d?% 1 i(dj)_i '(;'_i°d75
At wp dt2 wp dt o dtT w,  wp o dE
(27)

Integrating both sides of (27) with respect to 7, we obtain

va / (sz—Tvz) . dt— / Dvm (prL —wg) . dt.
Wh

(28)
Multiplying both sides of (28) by §, (27) is expressed as

46 = §-dt

5.dt =

Lo [§ - dd = [ (T3, ~To) - dd— [ Dey(wpr—wy) - do.

Wh
(29)
The calculation result is derived as
o 1 2 s
| @ T8 = S e [}
do
virtual potentialenergy virtual kineticenergy
1 [0
+ — Dy do (30)
Wb Js,

virtual damping
energy

where dj is the initial EPA and §; is the EPA at any subsequent
time 7.
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Trajectory of the system operating point from prefault to fault duration

In (30), the virtual potential energy represents the accumula-
tion of the imbalance torque on EPA. The virtual kinetic energy
represents the change in wprr, equipment relative to wg. When
EPA is within [§¢,1, d¢r2], shown in Fig. 5(¢), the virtual damping
energy represents the energy loss of the VSC system in the
EPA variation. However, virtual damping energy represents the
energy accumulation caused by the negative D, , when EPA runs
inthe range of [dmin, dcr1] and [0cr2, Omax ], as shownin Fig. 5(c).

According to (21) and (30), the energy conversion relation-
ship during the full grid fault process can be described by the
trajectory of system operating points.

1) From Prefault to Fault Duration Stages: The trajectory of
the system operating point from prefault to fault duration stages
is shown in Fig. 6.

Ao—By: Assuming that the VSC system steadily runs at point
Ag during the prefault stage, which means Tyo = T, and the
corresponding EPA and wpry, are dp and wy, respectively. The
operating point would instantaneously migrate to B once the
VSC system enters the fault dead-time stage. However, EPA
and wpr1, do not change.

Bo—By: Ty1>Tyq atpoint By, driven by excess 751, wpr,p, Will
gradually increase. Correspondingly, the EPA increases from dg
to d1. Itis evident that there is no intersection between the curves
of Ty and 7,1, which means that wpy 1, will continue increasing
if the fault dead-time stage lasts too long. The released virtual
potential energy during this process can be illustrated as the
accelerating area S,cc1 shown in Fig. 6, which is calculated as

o1
Suca = [ (Ty=T0) s, G
do

B1—C;: LVRT strategy is switched in at point By, the curve
of virtual output torque turns to 72, and the operating point
instantaneously migrates to point C;.

C1—Cy: wpLL > wg at point Cy although 752 < Ty2. Conse-
quently, the shortage of Tyo will result in a decrease of wpry,
and increase of EPA. Assuming that wpr, decreases to wg
at point Co, the EPA will stop increasing. The accumulated
virtual potential energy during this process is illustrated as the
decelerating area Sq..1 shown in Fig. 6, which is calculated as

2
Sdect :/ (Tyo—T3s)do. (32)

01
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The virtual energy conversion relationship from the prefault
to the fault duration stage can be expressed as

ASDI:wilbfé 1d(5+* 61
Saccl = Sdecl + ASDI

do
Do (33)

where ASp; represents the virtual damping energy from the
prefault stage to the fault duration stage. As shown in Fig. 6, D2
is a positive value before EPA exceeds d.,1, and it is evident that
the positive damping term could consume a part of the released
virtual potential energy, thus promoting wpr,1, to converge to wy.
However, Do becomes negative once the EPA exceeds d¢,1.

Once EPA exceeds dax1, @ transient synchronization in-
stability occurs for the VSC system. Therefore, the following
criterion shown is derived:

HlaX Sdecl f5 et Tyo— jg)dé
ASpr = L [} Dyydé + L [ Dypdd
Saccl S {max(sdecl) + ASDI} .

(34)

Criterion (34) indicates that the released virtual potential
energy during the fault dead-time stage must be completely
consumed during the fault duration stage before EPA reaches
Omax1- Otherwise, the excess virtual energy will drive the system
to exceed its transient stability limit, and thus, the wpy,r, will not
return to wg and the LOS phenomenon for angular frequency
increase will occur. Based on criterion (34), the critical clearing
angle 6", can be deduced as

(wg Lg Lam+ 5592 ) 80— (w LI+RI+’<“)5,W1

6cut —

Lgl, Lgl
_ * Z8'dm "> df
wgLglam—wg Ll —Re I+ b“ o

kppU £ .
Upgt(cos 69— cos dmax1)+ Tg (sin dmax1—sindp)

Lgl,
&ar

wgLglam—wgLg I —Rg I*f+LgIdm7 s

(35)
Equation (35) implies that dg, R, Ls, LVRT current instruc-
tion, and PLL control parameters affect 6<*. Furthermore, the
relationship between 6%¢ and the critical clearing time 5% is
given as

2J1
tcut 5cut ) v .
( O)\/wb(saccl_ASDI)

Criterion (36) means that the detection delay in the fault dead-
time stage cannot exceed t<“¢, which is equivalent to criterion
(34). In addition, criterion (36) shows that smaller d, larger
§Sut, larger Jy1, and larger ASp; could increase t€4¢, which is
also beneficial to the transient synchronization stability of REG
systems.

2) During Fault Duration Stage: When the accumulated vir-
tual kinetic energy is completely consumed at point Co, the
trajectory of the system operating point during fault duration
stage will run along the curve of Tys. Thus, the synchronization
process, illustrated in Fig. 7, can be analyzed as follows.

Cy —Cy: Tyo < Tyo during this process. The shortage of 755
drives wpr 1, to continue decreasing. Correspondingly, the EPA
decreases from 5 to d), and the imbalance virtual torque reduces

until Tyo = Tyo. The equivalent decelerating area Sgec2 shown

(36)
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Fig. 7. Trajectory of the system operating point during fault duration stage.

in Fig. 7 is calculated as

02
Suocs = / (Tya—T")do. 37)
5

k

Cx: Ty2 = T,2 when the VSC system reaches point Ci,
and wpy,, reaches the minimum. However, because the virtual
kinetic energy is overconsumed when the system operating point
moves from C; to Cy, this causes wpr1, < wg at point Cy, which
further results in instability of the VSC system at point Cy,
although T35 = Ty9. As aresult, the EPA continues decreasing.

Cy —C3: Tyo > Ty and wpry, < wg during this process,
the excess 732 drives wpry, back to wg. Therefore, wpry, starts
increasing whereas EPA continues decreasing. Assuming that
wpL1, increases to w, at point C3, the EPA will stop decreas-
ing. The equivalent accelerating area S,cco during this process,
shown in Fig. 7, is also calculated as

Ok
Sneez = / (T7y—Tho)ds.
03

Similar to (33), the virtual energy conversion relationship
during fault duration stage can be expressed as

{ ASpir = 53 Dy2do
Sdec2 = Sacc2 + ASpn

where ASpy; represents the virtual damping energy during fault
duration stage. In addition, (39) shows that the positive damping
term could consume a part of accumulated virtual potential
energy before EPA reaches §,2, thus promoting wpy 1, to restore
to w,. However, the value of D5 would become negative once
the EPA crosses ¢r2.

Similar to (34), transient synchronization instability occurs
for the VSC system once EPA exceeds dyin1. Therefore, there
is another criterion given as

(38)

(39)

maX(Sacc2) = (ffninl( :2*771)2)616
ASpr = £ [2. | Dyadd (40)

Sdec2 S {maX(Sacc2) + ASDH} .

Criterion (40) means that the excessive release of virtual
kinetic energy must be totally restored before the EPA crosses
Omin1- Otherwise, the system will exceed its transient stability
limit due to the shortage of the virtual kinetic energy, thus, the
wprr Will not return to w, and the LOS phenomenon for angular
frequency decrease will occur.
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3) From the End of Fault Duration Stage to Postfault Stage:
When criterions (34) and (40) are met, the VSC system can
finally stabilize at point Cy during fault duration stage. However,
the clearing of the grid fault would cause the system operation
to change again. The trajectory of the system operating point
from the end of the fault duration stage to the postfault stage is
shown in Fig. 8.

Similar to the previous analysis, the VSC system will instantly
enter fault recovery dead-time stage when the grid fault is
cleared, such that the system operating point will migrate to
point Ey from point Cy and then run along the curve of T3, as
shown in Fig. 8.

When the restored grid voltage is detected at point Ey4, the
unit power factor operation mode is triggered again. Thus, the
system operating point migrates to point R4 from point E4 and
then runs along the curve of 7,4, on which the point R, is the
desired equilibrium point of the system during postfault stage.

The equivalent accelerating areas S,ccs3 and S,cc4 from the
end of the fault duration stage to the postfault stage are shown
in Fig. 8. They are calculated as

64

SaccS = 51 T’ud)dé

acc4 f 64 v4 v4 d(S

In addition, the maximum value of Sgec4 and the correspond-
ing virtual damping energy ASpryr are given as

max2
maX Sdec4 f5 2 (Tya— J4)d6

6max
ASpit = 2 [ Dysdd + = [772 Dyyds.

Similar to criteria (34) and (40), the synchronization stability
criterion of VSC system from the end of the fault duration stage
to the postfault stage is given as

(SaCCS + Sacc4) S {maX(Sdecél) + ASDIII} . (43)

According to the analysis results in Part A of Section III, both
the Dy3 and D, are restored to a high level, such that ASpy
could significantly consume virtual potential energy and virtual
kinetic energy before EPA exceeds d.,3, which can help the VSC
to avoid LOS instability phenomenon.

Combining Table I, criteria (34), (40), and (43), a considerable
amount of d-axis current instruction will cause the curves of
Tyx to move down, thus resulting in a decreasing of the max-
imum deceleration area. On the contrary, considerable g-axis
current instruction will cause the curves of T,y to move up,

( v3 (41)

(42)
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Fig. 9. Simulation configuration of the grid-connected VSC system.

thus resulting in the decreasing of the maximum acceleration
area. However, either the shortage of the maximum acceleration
area or maximum deceleration area will result in the imbalanced
virtual potential energy, and virtual kinetic energy will not be
completely converted before the system reaches its transient
synchronization stability limits. Consequently, the instruction
setting significantly affects VSC system synchronization stabil-
ity in the entire grid fault process.

The accumulation of the imbalanced virtual energy can be de-
creased by setting appropriate d/g-axis current instructions, thus
improving the system synchronization stability. In addition, high
and positive Dy is also beneficial to consuming the imbalanced
virtual energy, which can improve the synchronization stability.

VI. SIMULATION AND EXPERIMENT VALIDATION
A. Simulation Validation

To verify the previous analysis, the simulations on the
2 MW grid-connected VSC system were performed using MAT-
LAB/Simulink. The simulated system was configured, as shown
in Fig. 9. The main parameters of the simulation are given in
Table I of the Appendix. Before the symmetrical fault occurs,
P} = 1.0 p.u. The symmetrical grid fault occurs at 0.1 s, the grid
voltage decreases to 0.3 p.u., and then the grid fault is cleared at
0.6 s.

Fig. 10 shows two simulation cases with the same operation
condition but different fault detection delays.

The VSC system runs in a steady state during the prefault
stage, which can be seen from Fig. 10(a)—(c). However, when
symmetrical grid fault occurs because of the detection delay,
the VSC system enters the fault dead-time stage and turns into
a saturated current source, which is shown in Fig. 10(h) and
(1) and is in agreement with (13). Furthermore, the increasing
d-axis current will cause an increasing of Uy, thus causing a
decrease in Ty, which means 73, >T71, as shown in Fig. 10(e).
Consequently, the excess T3 drives wpr, to gradually increase,
and the EPA increases before the LVRT strategy is triggered,
which can be seen from Fig. 10(a) and (b).

When the VSC system enters the fault duration stage, the
LVRT strategy is triggered, and LVRT instructions Ifs and Ii¢
are set as —0.9 and 0.5 p.u., respectively, which can be seen from
Fig. 10(h) and (j). From (20), there is a theoretical equilibrium
point for the VSC system during the fault duration period under
such condition. When the detection delay time is 5 ms in Case 1,
the VSC system satisfies criterion (34) and the system stabilizes.
However, when the detection delay time is 10 ms in Case 2,
the VSC system does not satisfy criterion (34). As a result, the
excess virtual energy causes the LOS phenomenon for angular
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Case 1: Detection delay is Sms Case 2: Detection delay is 10ms
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Output reactive power. (h) d-axis current instruction value. (i) Actual output
d-axis current. (j) g-axis current instruction value. (k) Actual output g-axis
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frequency increase. All the simulation results in Fig. 10 are in
agreement with the analysis result.

Fig. 11 shows two simulation cases with the same operation
state during the prefault period and same fault detection delay
time, but different LVRT instructions during fault duration pe-
riod.
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I’y and I3, of Case 3 are setas —0.9 and 0.36 p.u., respectively.
I3 in Case 3 is smaller than that in Case 2, thus resulting in
an increasing of the maximum deceleration area [max(Sgec1)]
according to (34). The increased maximum deceleration area
could make the VSC system in Case 3 satisfy the criterion (34),
thus the LOS phenomenon for angular frequency increase can
be avoided. In addition, the VSC system in Case 3 also satisfies
the criterion (40), and it can be finally stabilized after a severe
transient synchronization process.

When I and Ij; of Case 4 are set as —1.0 and O p.u., respec-
tively, a lower /3, and higher I, will decrease the acceleration
area [max(S,cc2)]. That is, the VSC system does not satisfy the
criterion (40) although the criterion (34) is satisfied. Similar
to the analysis result of (2) in Section V-B, the shortage of the
virtual kinetic energy will lead to a continuous decrease in wprr,
and the LOS phenomenon for angular frequency decrease will
occur, which can be seen in Fig. 11(b).

Fig. 12 shows two simulation cases with the same operation
state during fault duration stage and fault detection delay, but
different active power instructions during postfault stage.

In Cases 5 and 6, /(¢ and I, of the VSC system during LVRT
are —0.9 and O p.u., respectively. The VSC system enters the
fault recovery dead-time stage when gird fault is cleared. Then,
the VSC system enters the postfault stage after a detection delay
of 5 ms, and P* . is set as 0.4 p.u. in Case 5 and 1.0 p.u. in
Case 6.

As can be seen from Fig. 12(c), the detection delay results
in the reactive current instruction cannot be timely reduced,
which causes the transient overvoltage phenomenon. Moreover,
the restored grid voltage can considerably improve the value of
VSC’s virtual damping coefficient, such that the D, 3 becomes
higher than Dys. As a result, the damping energy loss ASpg
can significantly consume virtual potential energy and virtual
kinetic energy, such that the transient synchronization process
of wprr, and EPA from fault duration stage to postfault stage
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in Case 5 is not severe, as shown in Fig. 12(a) and (b). How-
ever, the considerable active power instruction is set on Case 6
during the postfault stage, and thus, the VSC system does not
satisfy criterion (43). Consequently, the LOS phenomenon for
angular frequency increase occurs. The simulation results are in
agreement with the analysis results. The detailed virtual energy
calculation verification for the simulation cases is given in Tables
III, IV, and V of the Appendix.

B. Experimental Validation

To validate the analytical results, the structure of the
laboratory-scale 2.0 kW grid-connected VSC system and its
detailed experiment set up were configured, as in Fig. 13, in
which the VSC was fed by a dc voltage source and controlled by
TMS320F28335. In addition, there was a grid simulator using
Chroma 61830, and three phase transmission lines emulated
using reactors and oscilloscopes to measure data. The main pa-
rameters of the experiment are given in Table II of the Appendix.
Using the grid simulator, the short-circuit fault occurred at 0.5
s and was cleared at 1.5 s.

Fig. 14 shows two experimental cases with the same operation
state but different fault detection delays. As can be seen from
Fig. 14 (a) and (b), P* ,re = 1.0 p.u. before the symmetrical
fault occurs, and grid voltage decreases to 0.15 p.u. at 0.5 s. I},
and /(¢ during LVRT are set as 0 and —1.0 p.u., respectively.

When the detection delay time is 15 ms in Experimental Case
1, the VSC system satisfies criterion (34), and, thus, stabilizes,
which is shown in Fig. 14(a). However, when the detection delay
time is 20 ms in Experimental Case 2, the longer detection
delay time causes the LOS phenomenon responsible for angular
frequency increase, which is shown in Fig. 14(b). In addition,
when the grid fault is cleared at 1.5 s, the reactive current
instruction cannot be reduced in time, which causes the transient
overvoltage phenomenon shown in Fig. 14(a).

If P* ;e = 0.5 p.u. before the symmetrical fault occurs, then
the grid voltage decreases to 0.1 p.u. at 0.5 s, and I’ and I5;
of Experimental Case 3 are set as —0.9 and 0 p.u., respectively,
during LVRT. Thus, the VSC system does not satisfy criterion
(40) although criterion (34) is satisfied. As a result, the short-
age reduction of the virtual kinetic energy leads to a continu-
ous decrease of wpyr, and the LOS phenomenon for angular
frequency decrease occurs. The experimental result is given
in Fig. 15(a).

If I3 and I3, of Experimental Case 4 are still set as —0.9 and
0p.u., respectlvely, during LVRT, but PLL’s k;;, decreases from
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Fig. 14.  Experimental results with different fault detection delays from pre-
fault stage to fault duration stage. (a) Experimental Case 1: fault detection
delay is approximately 15 ms. (b) Experimental Case 2: fault detection delay is
approximately 20 ms.

80to 10, the virtual damping coefficient of VSC system increases
and consumes the imbalanced virtual energy. As a result, the
virtual damping energy (ASpyy) increases according to (40).
Consequently, the synchronization stability is improved, LOS
phenomenon does not occur, and corresponding experimental
result is shown in Fig. 15(b).

In addition, if I'; and I are set as —0.9 and 0.2 p.u.,
respectively, durmg LVRT but the control parameters remain
unchanged, the experimental results will be, as shown in
Fig. 15(c). I}, of Experimental Case 5 is larger than that of
Experimental Case 3, resulting in an increase of the maxi-
mum deceleration area [max(Sqec1)] according to (32). The
increased maximum deceleration area enables the VSC system
to satisfy criterion (40), thus, the LOS phenomenon for angular
frequency increase can be avoided. Consequently, the VSC
system can be finally stabilized after a transient synchronization
process. Furthermore, it can be seen from Fig. 15(c) that an
appropriate proportion of d/g-axis current can avoid LOS and
the transient overvoltage phenomena when the grid fault is
cleared.

The detailed virtual energy calculation verification of the
experimental cases is provided in Tables VI, VII, and VIII of
the Appendix.
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VII. CONCLUSION

The transient model and synchronization stability of the PLL-
based REG system was systematically analyzed in this article
from the perspective of the entire grid fault process. The main
analysis results are summarized as follows.

b

2)
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The transient synchronization mechanism of the PLL-
based REG system for the different fault processes is
expressed by the equivalent rotor swing equations, as is
the case for SGs. Therefore, the transient synchronization
characteristics of the REG system can be characterized
by the deduced synchronous characteristic indexes, in-
volving T, Tyas Jyus Dyas Ocrs Omins Omax, and tE0°.

In addition, the sequential control switching schemes of

the REG system result in a change of system’s transient

synchronization characteristics.

The proposed EAC shows that the transient behaviors

of the REG system during the entire grid fault process

can be represented by the accumulation and release of
imbalanced virtual energy. Consequently, the energy mis-
match between the accumulated and the released virtual
energy may lead to the LOS phenomenon. In addition, the
sequential control switching schemes of the REG system
affect the variation of imbalanced virtual energy. Based on
the abovementioned considerations, criteria (34), (40), and

(43) can completely evaluate LOS risk of the REG system

for the entire grid fault process, which is also detailed as

follows.

a) The detection delay leads to an increase of the vir-
tual potential energy of the REG system during fault
dead-time stage, and thus may result in the LOS phe-
nomenon for angular frequency increase. Moreover,
with the detection delay, the reactive current instruc-
tion cannot be reduced in time when grid fault is
cleared, which may cause the transient overvoltage
phenomenon.

b) During LVRT, the dominated injection of g-axis cur-
rent may lead to excessive release of virtual kinetic
energy of the REG system, thus causing the LOS
phenomenon for angular frequency decrease. On the
contrary, the dominated injection of d-axis current may
cause the LOS phenomenon for angular frequency
increase.

c) During the postfault stage, the considerable active
power instruction during the postfault stage increases
the accumulation of virtual potential energy, which
may theoretically lead to the LOS phenomenon after
grid faultis cleared. The grid codes can strictly limit the
active power instruction during postfault stage, which
is beneficial for the REG system to achieve resyn-
chronization with the power grid during the postfault
stage.

3) Analysisresults also revealed the coupled driving relation-

ship between the angular frequency and terminal voltage
of the REG system. As a consequence, the synchroniza-
tion behaviors of REG’s terminal angular frequency are
driven by its terminal voltage, but the deviation of the
REG’s terminal angular frequency affects the terminal
voltage. This interaction between the terminal angular
frequency and terminal voltage provides the voltage-
frequency coupled synchronization property for the REG
system.
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APPENDIX

TABLE I

PARAMETERS OF THE SIMULATION SYSTEM

Symbol Description Value (p.u.)
P, Rate power 1.5MW (1 p.u.)
Va Rate voltage 690 V (1 p.u.)
Ve dc-link voltage 1200 V
fe Rate frequency 50 Hz
L¢ Grid-side filter inductance 0.25 p.u.

Cy Filter capacitor 0.15 p.u.
Foops Kip PI gains of the PLL 1.0, 60
ke, kic Current controller’s PI parameters 25,15
Kpg, Kig Power controller’s PI parameters 1.0, 20

TABLE III

PARAMETERS OF THE EXPERIMENTAL SYSTEM

Symbol Description Value (p.u.)
P, Rate power 2.0kW (1 p.u.)
Va Rate voltage 220 V (1 p.u.)
Ve dc-link voltage 430 V
fe Rate frequency 50 Hz (1 p.u.)
L¢ Grid-side filter inductance S5mH
Cr Filter capacitor 30uF
R, Transmission line resistance 1.65Q
L, Transmission line inductance 21 mH

Ko Kip PI gains of the PLL 0.8, 80

ke, Kic Current controller’s PI parameters 14,04

Fipes Kig Power controller’s PI parameters 0.5, 0.02
Control period 400us

TABLE IV

SIMULATION VERIFICATION OF CRITERION (34)

Simulation [ Detection delay Meet criterion (34)  Stability
Case 1 8.2ms Sms Yes Stable
Case 2 8.2ms 10ms No LOS
Case 3 10.3 ms 10ms Yes Stable
Case 4 12.7ms 10ms Yes Stable

TABLE V
SIMULATION VERIFICATION OF CRITERION (40)

Simulation Sdecz Max(Sace2)tASpn Meet criterion (40) Stability
Case 3 0.5613 0.5925 Yes Stable
Case 4 0.9636 0.0750 No LOS

TABLE VI
SIMULATION VERIFICATION OF CRITERION (43)

Simulation SaceitSaccs  Max(Sgec3)+ASpm Meet criterion (43)  Stability
Case 5 0.351 0.5275 Yes Stable
Case 6 0.4905 0.0998 No LOS

TABLE VII
EXPERIMENTS VERIFICATION OF CRITERION (34)
Experimental [ Detection delay Meet criterion (34)  Stability
Case 1 18.6ms 15ms Yes Stable
Case 2 18.6ms 20ms No LOS
Case 3 16.8ms 10ms Yes Stable
Case 4 47.7Tms 10ms Yes Stable
Case 5 14.9ms 10ms Yes Stable
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TABLE VIII
EXPERIMENTS VERIFICATION OF CRITERION (40)

Experimental Sdec2 max(Suc2)TASpn  Meet criterion (40)  Stability
Case 3 0.3266 0.0447 No LOS
Case 4 0.0489 0.0511 Yes Stable
Case 5 0.1290 0.1746 Yes Stable
TABLE IX
EXPERIMENTS VERIFICATION OF CRITERION (43)
Experimental  Sicc3tSiccs  mMax(Sgee3)+ASpm Meet criterion (43)  Stability
Case 1 0.1764 0.3615 Yes Stable
Case 4 0.2783 0.6978 Yes Stable
Case 5 0.0165 0.6381 Yes Stable
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