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Abstract—This paper focuses on synchronization stability anal-
ysis of the power system, in which power electronics are synchro-
nized by the phase-locked loop (PLL). It provides new insight into
the synchronization stability of power electronics from the voltage
perspective. The synchronization stability analysis based on space
vector is carried out by establishing a simplified model of the
grid-connected voltage source converter (VSC) system. Without
complex mathematical calculation, the existence criterion of
equilibrium points and the criterion of transient instability
dominated by the unstable equilibrium point (UEP) are derived,
respectively. With the proposed method, synchronization stability
can be determined by the voltage space vectors, which are more
observable in potential engineering applications. At the end of
this study, the steps of the synchronization stability determination
by voltage space vectors are summarized, and the effectiveness
and applicability of the proposed method are demonstrated
by numerical simulations performed on the PSCAD/EMTDC
platform.

Index Terms—Large disturbance, phase locked loop (PLL),
space vector, synchronization stability, voltage source converter
(VSC).

I. INTRODUCTION

GROWING share of power electronic-based generation,
such as photovoltaics and wind turbines, radically

changes the post-fault response of the power system [1].
Due to power electronics’ multi-time-scale nonlinear switching
control characteristics [2], their synchronization mechanism is
apparently different from that of traditional synchronous gen-
erators. Under severe grid faults, power electronics might lose
synchronism with the power grid [3], which may jeopardize
the security and stability of the power grid.

Nowadays, synchronized with the grid by the phase-locked
loop (PLL), grid-following converters are commonly used as
interfaces between renewable energy sources and the power
grid. The grid-connected voltage source converter (VSC) sys-
tem is widely used in the research of the synchronization
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stability of PLL-based power electronics, which is usually
modeled in the PLL dq coordinate system [4]. A simplified
two-order analysis model of the grid-connected VSC system,
similar to the rotor motion model of synchronous generators,
is established in [5]. The current research mainly analyzes the
stability of the simplified two-order system, which represents
the synchronization stability of power electronics under large
disturbances.

A considerable amount of literature has been dedicated to
the research on the synchronization stability of PLL-based
VSCs. For equilibrium point analysis, most research judges
the existence of post-fault equilibrium points by the q-axis
component of the point of common coupling (PCC) voltage.
Accordingly, the range of active power and the current limit are
derived in [6] and [7], respectively. For transient stability anal-
ysis, the equal area criterion (EAC) [8]–[10], the Lyapunov’s
direct method [11]–[13] and phase portrait method [14]–[16]
are commonly used. EAC helps understand the mechanism
of VSC’s synchronization stability intuitively. A handful of
studies propose the transient stability enhancement based on
the EAC [8]–[10]. However, different from the traditional syn-
chronous generator, the sign of the damping coefficient of VSC
is uncertain [17], causing a very doubtful result with EAC [18].
In [11] and [12], the domain of attraction is calculated by
proposed Lyapunov functions. The result of the Lyapunov’s di-
rect method is conservative. Still, the exact Lyapunov function
for assessing the PLL-synchronized system’s transient stability
has not yet been developed. The phase portrait method can
intuitively show the attraction domain of stable equilibrium
points and unstable limit cycles [19]. The attraction area with
various initial states is calculated by phase portrait in [14]
and [15]. A synchronization stability control method using
Thevenin equivalent parameter estimation and phase portrait
method is proposed in [16]. Nevertheless, mechanism analysis
cannot be made because that is a numerical method.

The angle difference between PLL’s d-axis and the grid
voltage vector studied in the synchronization stability anal-
ysis methods above is a function of time and the output
angle of PLL. Consequently, obtaining from the local Phasor
Measurement Units (PMUs) is not easy. Considering that
voltage is easier to measure, a determination method for
synchronization stability of PLL-based grid-connected VSC
system is proposed in this paper. The relationship between
the voltage and the angle studied in above methods is derived.
Further, synchronization stability criteria for different transient
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stages after a fault are given by voltage space vector analysis.
Only by monitoring the voltage, it can be judged whether the
system loses synchronization stability.

The rest of the paper is organized as follows. A simplified
model of VSC is introduced in Section II. A synchroniza-
tion stability analysis method by space vector is proposed
in Section III. Further, the criterion of equilibrium point
existence and criterion of transient instability dominated by
the unstable equilibrium point (UEP) are given. In Section
IV, the steps of the determination method for synchronization
stability of power electronics by voltage space vectors are
summarized and the simulation verifications are performed.
Finally, discussion and conclusion are drawn in Section V.

II. SYSTEM MODELING

Figure 1 shows the structure of the grid-connected VSC
system. Ug, UPCC, Uc, and I are vectors of equivalent grid
voltage, voltage at the point of common coupling (PCC), AC
side voltage, and output current of the VSC, respectively. Rc,
Lc, and Zc are resistance, inductance, and impedance from
the VSC outlet to the PCC, respectively. Rg, Lg, and Zg are
resistance, inductance, and impedance from the PCC to the
equivalent grid.
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Fig. 1. Structure of grid-connected VSC system.

From now on, the subscript dq represents the components
in the PLL dq coordinate system. The subscript abc represents
components in the three-phase stationary coordinate frame.
The subscripts 0 and 0+ represent electrical quantities be-
fore fault and at the moment fault occurs respectively. The
superscript * represents reference values.

The controllers of the VSC mainly include power outer
loop controller, current inner loop controller, PLL, etc. PLL
samples the voltage at PCC. Suppose that the DC voltage of
VSC is constant [9]. When the voltage drops as severe grid
faults, the power outer loop controller is bypassed, and the
current reference value of inner loop controller is given by the
low voltage ride through (LVRT) control strategy instead [7].
Hence i∗d and i∗q can be regarded as constants during severe
grid faults. Due to the fast response of the current inner loop
controller, id = i∗d and iq = i∗q stand in study of the PLL
dynamics during grid faults [9].

The control diagram of the PLL is illustrated in Fig. 2. It
is stipulated that the UPCC is oriented on the d-axis in the
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Fig. 2. Control diagram of SRF-PLL.

PLL dq coordinate system, and the q-axis is 90◦ ahead of the
d-axis.

According to the control diagram of the PLL in Fig. 2, the
second-order equation of SRF-PLL can be expressed as:

dθPLL

dt
= ωPLL

dωPLL

dt
= kiuPCCq + kp

duPCCq

dt

(1)

where θPLL is the angle between d-axis of PLL dq coordinate
system and negative β-axis of two-phase stationary coordinate
frame, and ωPLL is the angle frequency of d-axis of PLL
dq coordinate system. ki and kp are proportional and integral
coefficients of PI controller of PLL respectively.

The angles mentioned in this paper is shown in Fig. 3. θg

is the angle between xy coordinate frame and negative β-axis
of two-phase coordinate reference frame, and ωg is the angle
frequency of xy coordinate frame.
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Fig. 3. Diagram of angles.

Substituting ∆ω = ωPLL − ωg and δ = θPLL − θg into (1),
the second-order equation can be further expressed as:

dδ

dt
= ωPLL − ωg

d∆ω

dt
= kiuPCCq + kp

duPCCq

dt

(2)

Voltage equation of AC lines from the PCC to grid in the
PLL dq coordinate system is

Lg
did
dt

= −Rgid + ωPLLLgiq + uPCCd − ugd

Lg
diq
dt

= −ωPLLLgid −Rgiq + uPCCq − ugq

(3)

Since current loop has a much higher bandwidth than that of
PLL, current loop dynamic is usually ignored when it comes
to analysis of PLL dynamic [10], that is id = i∗d and iq =
i∗q. Further, i∗d and i∗q can be regarded as constants during
severe grid faults. Therefore did/dt = 0, diq/dt = 0, and the
simplified expression of (3) can be obtained as

uPCCd = Rgid − ωPLLLgiq + Ug cos δ
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uPCCq = Rgiq + ωPLLLgid − Ug sin δ (4)

From (2) and (4), the second-order dynamic equation of δ
for the synchronization stability analysis in this paper can be
obtained as:

Meq
d2δ

dt2
+Deq

dδ

dt
= Teq a − Teq d (5)

where equivalent inertia is

Meq =
1− kpLgid

ki
(6)

equivalent damping is

Deq =
kpug cos δ

ki
− Lgid (7)

equivalent acceleration torque is

Teq a = ωgLgid +Riq (8)

equivalent deceleration torque is

Teq d = Ug sin δ (9)

III. ANALYSIS OF SYNCHRONIZATION STABILITY
MECHANISM BASED ON SPACE VECTOR RELATIONSHIP

As mentioned in Section I, the existing research mainly
focuses on the dynamic process of δ in (5). However, the value
of δ is not easy to acquire. Thus in this paper, the relationship
between the synchronization stability and the voltage space
vectors in the transient process is researched, and the dynamic
synchronization stability criteria with the voltage space vectors
are obtained.

A. Relationship of Space Vectors in Grid-Connected VSC
System

Zg and I can be expressed in the form of amplitudes and
angles as: {

Rg + jωPLLLg = |Zg|∠θZg

id + jiq = I∠θI

(10)

where |Zg| and θZg denote the impedance magnitude and
angle from the PCC to the equivalent grid. I and θI are the
magnitude and angle of the output current in the PLL dq
coordinate system.

From (4), it can have{
uPCCd = I|Zg| cos(θZg + θI) + Ug cos δ

uPCCq = I|Zg| sin(θZg + θI)− Ug sin δ
(11)

Thus the following vector relationship can be obtained.

UPCC = IZg + Ug (12)

The output active and reactive power of VSC are
P =

3

2
(uPCCdid + uPCCqiq)

Q =
3

2
(uPCCqid − uPCCdiq)

(13)

In the steady state before the fault, the active power of VSC
is positive, and the reactive power is 0. According to the power

equation of (13), in the PLL dq coordinate system of Fig. 3,
it can be seen i∗d > 0 and i∗q = 0 obviously. So θI0 = 0,
θZg0 + θI0 > 0. The vector relationship in the steady state
before the fault is shown in Fig. 4. From the vector relationship
of (12), it can be concluded that the angle δ0 between the d
axis of PLL dq coordinate system and Ug0 is positive.

I0Zg0 Ug0

θZg0+θI0

UPCC0

dPLL

δ0

Fig. 4. The vector relationship in the steady state before the fault.

According to the output current, grid-connected impedance
and grid voltage, the transient process of the grid-connected
VSC system after a fault can be divided into the following
three stages.

a) Stage I: during the fault.: During the fault, to supply
reactive power, i∗q should be negative according to (13). Usu-
ally, renewable energy sources supply few amount of active
power, that is, i∗d is a small positive value, and i∗d � |i∗q|. As
a result, θI is negative during the fault.

Under the premise that the fault is a deep voltage drop, the
following assumptions are made.

1) Within a short time after the fault occurs, ignoring the
line dynamics, |Zg| and θZg can be regarded as constants.

2) Because i∗d and i∗q are determined by the LVRT control
strategy during the fault and are constants, I and θI are
constants.

Under the above assumptions, the space vector relationship
during the fault can be obtained as Fig. 5. The amplitude and
angle of IZg, and the amplitude of Ug, all remains unchanged.
In the transient process during the fault, δ moves according to
(5). The end point of the vector UPCC, which is synthesized
by IZg and Ug, is located on the green dashed circle in Fig. 5.
The amplitude of UPCC changes with δ.

θZg + θI

UPCC

dPLL

dPLL

UgIZg
δ

Fig. 5. The vector relationship in Stage I (during the fault).

According to Fig. 5, the amplitude of UPCC can be calcu-
lated as:

UPCC =
√
I2|Zg|2 + U2

g + 2I|Zg|Ug cos(θZg + θI + δ)

(14)

It can be seen from (14) that the amplitude of UPCC is
closely related to the value of δ. The relationship can thus
be established between the voltage and the synchronization
stability of the power electronics.
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b) Stage II: within 20 ms after fault clearance: Due to
the delay in the control switching process, the VSC will still
be in LVRT strategy after the fault is cleared for about 20 ms.
During this period, the grid voltage is restored to Ug0, and the
impedance from the PCC to the equivalent grid is restored to
Zg0. The space vector relationship is shown in Fig. 6.

UPCC

θZg0 + θI Ug0 dPLL

dPLL

δ
IZg0

Fig. 6. The vector relationship in Stage II (within 20 ms after fault clearance).

c) Stage III: when returning to normal control: When the
control strategy of VSC is switched from the LVRT strategy
to the normal control after the fault, the grid-connected VSC
system will return to steady state. The space vector relationship
of Stage III is shown in Fig. 7.

I0Zg0

θZg0 + θI0
Ug0

dPLL

dPLL
UPCC

δ

Fig. 7. The vector relationship in Stage III (when returning to normal
control).

In Figs. 6 and 7, the amplitude of UPCC can also be
expressed in the form similar to (14). In this paper, the
synchronization stability analysis in Stage I is carried out, and
the conclusions obtained are also applicable in Stage II and
Stage III.

B. Synchronization Stability Analysis
a) Analysis of the existence of equilibrium points:

Figure 8(a), (b) and (c) are the vector relationships of the
grid-connected VSC system in three different conditions in
Stage I. In Fig. 8:

The purple vector is IZg. The endpoint of the purple vector
is marked as A.

The green vector is UPCC 0+.
The blue vector is Ug0+.
The red vector is UEEP.
The green dashed circle, whose center is A and radius is

Ug0+, is the trajectory of endpoints of green vector UPCC 0+.
The orange dashed circle, whose center is A and radius is

I|Zg| sin |θZg +θI|, is the trajectory of endpoints of red vector
UEEP.

In Fig. 8, θZg + θI is the angle between IZg and d-axis of
PLL dq coordinate system during the fault, and it is a negative
value.

In this paper, assuming that δ does not change at the moment
the fault occurs, i.e. δ0+ = δ0. According to Fig. 4, the value
of δ0 in the steady state before fault can be calculated as:

δ0 = arcsin
I0|Zg0| sin(θZg0 + θI0)

Ug0
(15)

As shown in Fig. 5, when UPCC overlaps with dPLL during
the fault, that is, the green dashed circle in Fig. 8 intersects
with dPLL, the equilibrium point of the grid-connected VSC
system exists. Otherwise, the system has no equilibrium point,
and the transient instability occurs.

Therefore, it can be judged that the condition shown in
Fig. 8(a) has one equilibrium point, the condition shown in
Fig. 8(b) has two equilibrium points, and the condition shown
in Fig. 8(c) has no equilibrium point.

It can be seen from Fig. 8 that the radius of the green
circle is always greater than or equal to the orange circle
radius when the system has equilibrium points during the fault.
Since the endpoints of UPCC 0+ and UEEP are on two circles,
the existence of equilibrium points can also be judged by the
length of these two vectors:

When UPCC 0+ = UEEP, the system has one equilibrium
point.

When UPCC 0+ > UEEP, the system has two equilibrium
points.

When UPCC 0+ < UEEP, the system has no equilibrium
point.

Since UPCC 0+ changes with Ug0+, and UEEP has nothing
to do with Ug0+, UEEP can be used as the critical value
reflecting the existence of equilibrium point.
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Fig. 8. The vector relationship of the grid-connected VSC system in different conditions. (a) The system with only one equilibrium point. (b) The system
with two equilibrium points. (c) The system with no equilibrium point.
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In Fig. 8, the length of the red vector UEEP can be
calculated as:

UEEP = I|Zg|
√
m (16)

where

m = 1 + sin2(θZg + θI) + 2 sin |θZg + θI| cos(θZg + θI + δ0)
(17)

If δ = δ0, the length of the green vector UPCC 0+ can be
calculated as:

UPCC 0+ =
√
n (18)

where

n = I2|Zg|2 + U2
g0+ + 2I|Zg|Ug0+ cos(θZg + θI + δ0) (19)

Accordingly, UPCC 0+ can be used to determine whether
there is an equilibrium point in the system during the fault.
Existence criterion of two equilibrium points in the system is

UPCC 0+ > UEEP (20)

When the system does not have an equilibrium point and
there is only one equilibrium point, it can no longer be
synchronized.

b) Small signal stability analysis for equilibrium points:
If the solution starting near the equilibrium point is always
maintained near it, then the equilibrium point is the stable
equilibrium point (SEP), which meets the requirements of
small signal stability. Otherwise, the equilibrium point is
unstable equilibrium point (UEP) [20]. The stability of equi-
librium points can be analyzed by the linearized system [21].

Through (2) and (4), the linearized state equation of the
grid-connected VSC system is[

d∆δ
dt

d∆ω
dt

]
=

[
0 1

−kiUg cos δe
1−kpLgid

−kpUg cos δe−kiLgid
1−kpLgid

] [
∆δ
∆ω

]
(21)

If and only if the real parts of all eigenvalues are negative,
the equilibrium point is stable. Thus the criterion of stable
equilibrium point is{

cos δe > 0

cos δe > kiLgid/(kpUg) ≈ 0
(22)

Namely,

cos δe > 0 (23)

Thus, if δe ∈ (2kπ − π/2, 2kπ + π/2), k ∈ Z, the
equilibrium point is SEP. If δe is out of that range, the
equilibrium point is UEP.

c) Criterion of transient instability dominated by the
unstable equilibrium point: This paper mainly studies the

instability dominated by the UEP, and takes δ exceeding the
UEP as the transient instability criterion. In the transient
process, if δ has not surpassed UEP and operates at SEP
finally, the system can recover stability after large disturbance.
Once δ exceeds the UEP, the system is unstable after large
disturbance.

Figure 9 is the vector relationship of the grid-connected
VSC system with two equilibrium points. From (23), δe 1 is
the SEP and δe 2 is the UEP. At the moment of the fault,
assuming the angle between Ug0+ and the dPLL axis is still
δ0 as in Fig. 4, Ug0+ locates on the right semicircle of the
green dashed circle. After the voltage drop, the vector length
of Ug0+ decreases. Because the VSC controller switches to the
LVRT strategy during the fault, the amplitude and the angle
of the purple vector IZg will change. At this time, the q-
axis component of the UPCC is not zero. Driven by the PLL
controller, Ug moves from the initial position Ug0+ to the
direction of decreasing uPCCq, that is, the direction indicated
by the yellow arrow in Fig. 9. From the inherent characteristics
of the second-order system, when δ moves to the SEP (δe 1)
for the first time, its angular velocity does not drop to zero, and
it will continue to move toward the UEP. Loss of synchronism
occurs if δ exceeds the UEP (δe 2) before the angular velocity
drops to zero.

qPLL UEP SEP

θZg + θI

Ug0+

UPCC_0+

IZg

Ug dPLL

UUEP

δe_2
δe_1

Fig. 9. Diagram of UEP and SEP during the fault.

In Fig. 9, the UEP calculated by the sine law is

δe2 = arcsin
I|Zg| sin(θZg + θI)

Ug
(24)

And δe 2 ∈ (2kπ− π, 2kπ− π/2)∪ (2kπ+ π/2, 2kπ+ π),
k ∈ Z.

In Fig. 9, the red vector is named the reference voltage
vector corresponding to the UEP, UUEP. The length of UUEP

can be calculated as:

UUEP =
√
I2|Zg|2 + U2

g + 2I|Zg|Ug cos(θZg + θI + δe 2)

(25)

From Fig. 9, if the length of UPCC is less than UUEP,
δ exceeds the UEP and the system loses synchronization
stability. Thus, the transient synchronization stability can be
determined with UPCC. During the dynamic process, if the
UPCC is always satisfied as:

UPCC > UUEP (26)

the system can restore synchronization stability, otherwise the
system loses synchronization stability.



2060 CSEE JOURNAL OF POWER AND ENERGY SYSTEMS, VOL. 10, NO. 5, SEPTEMBER 2024

IV. SYNCHRONIZATION STABILITY DETERMINATION
PROCESS AND SIMULATION VERIFICATION

A. Synchronization Stability Determination Process

The steps of synchronization stability determination of the
grid-connected VSC system after a fault based on space
vectors can be summarized as shown in Fig. 10.

UPCC_0+ > UEEP

UPCC > UUEP  is always

satisfied.

System parameters, initial

operating conditions

and fault types

Equilibrium

points exsit.

No equilibrium

points

Stability Instability

Yes

Yes

No

No

Fig. 10. Diagram of UEP and SEP during the fault.

1) Give system parameters, initial operating conditions
and fault types. In practical engineering applications, system
parameters during the fault can be estimated by the methods
proposed in [16], [22]–[24].

2) Calculate the UPCC 0+ and UEEP at the moment when
the fault occurs. If UPCC 0+ < UEEP, the system has no
equilibrium point, and loss of synchronism will occur; if
UPCC 0+ > UEEP, the system has an equilibrium point, and it
is necessary to further judge whether δ has exceeded the UEP.

3) After the fault occurs, if the monitored voltage always
satisfies UPCC > UUEP, the system keeps synchronously
stable, otherwise synchronization instability occurs.

B. Simulation Verification

This section builds the model of the grid-connected VSC
system as Fig. 1 in PSCAD/EMTDC. The parameter of the
system are shown in Table I.

Set 5 cases for the simulation verification as Table II.
For case 1 to 3, the fault is not cleared, and the stability

of the system is determined by Stage I. For case 4 and 5, the
fault is cleared at 1.1 s. It does not matter whether Stage I
and Stage II are stable or not. And the stability of the system
is determined by Stage III.

For cases 1 to 5, the calculation results of the criteria for
each stage are shown in Table III.

Case 1: There is no equilibrium point in Stage I.
For case 1, according to (16) and (18), UEEP = 0.4483 and

UPCC0+ = 0.4475 in Stage I. According to criterion (20), it
can be judged that there is no equilibrium point in stage I.

TABLE I
SYSTEM PARAMETERS

Symbol Description Value (p.u.)
Ug0 Grid voltage before fault 1
Ug Grid voltage during fault 0.1
Rg0 Resistance from the PCC to the equivalent

grid before fault
0.37

Lg0 Inductance from the PCC to the equivalent
grid before fault

0.55

Rg Resistance from the PCC to the equivalent
grid during fault

0.036

Lg Inductance from the PCC to the equivalent
grid during fault

0.12

id0 d-axis component of the output current
before fault

1

iq0 q-axis component of the output current before
fault

0

id d-axis component of the output current
during fault

0

TABLE II
SETTINGS

Case iq (p.u.) Time of
fault (s)

Fault
clearance?

Time of
fault
clearance (s)

Time to switch
back to normal
control (s)

1 −2.8

1
No – –2 −2.5

3 −1
4 −2.8 Yes 1.1 1.125 −1

TABLE III
CALCULATION RESULTS

Case iq
(p.u.) Stage UEEP

(p.u.)
UPCC0+

(p.u.)
Equilibrium
points exist.

UUEP

(p.u.)

1 and 4 −2.8
I 0.4483 0.4475 No –
II (for case 4) 2.7765 2.7432 No –
III (for case 4) 1.0719 1.4763 Yes 0.4652

2 −2.5 I 0.4003 0.4100 Yes 0.2564

3 and 5 −1
I 0.1601 0.2229 Yes 0.0267
II (for case 5) 0.9916 1.5935 Yes 0.3790
III (for case 5) 1.0719 1.4763 Yes 0.4652

After the fault occurs, the curves of UPCC and δ are shown
in Fig. 11. It can be seen that the system is unstable, which
is consistent with the theoretical analysis results.

Case 2: There are equilibrium points in Stage I, but the loss
of synchronism occurs.

For case 2, according to (16) and (18), UEEP = 0.4003 and
UPCC0+ = 0.4100 in Stage I. According to criterion (20), it
can be judged that there are equilibrium points in stage I.

After the fault occurs, the curves of UPCC and δ are shown
in Fig. 12. It can be seen that UPCC < UUEP1, which does
not satisfy criterion (26). The system will suffer from transient
instability dominated by UEP.

Case 3: There are equilibrium points in Stage I, and the
synchronism restores.

For case 3, according to (16) and (18), UEEP = 0.1601 and
UPCC0+ = 0.2229 in Stage I. According to criterion (20), it
can be judged that there are equilibrium points in stage I of
case 3.

After the fault occurs, the curves of UPCC and δ are
shown in Fig. 13. It can be seen that UPCC > UUEP1,
which satisfies criterion (26). The system will not suffer from
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transient instability dominated by UEP.
Case 4: There is no equilibrium point in Stage I Stage II.

But there are equilibrium points in Stage III.
For case 4, according to (16) and (18), UEEP = 1.0719 and

UPCC0+ = 1.4763 in Stage III. According to criterion (20),
it can be judged that there are equilibrium points in stage
III. In addition, since the system parameters of Stage III are
the same as that of steady state before the fault, it is easy to
conclude that there are equilibrium points in Stage III without
calculation.

After the fault occurs, the curves of UPCC and δ are
shown in Fig. 14. It can be seen that UPCC > UUEP3,
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Fig. 14. Simulation results of Case 4.

which satisfies criterion (26). The system will not suffer from
transient instability dominated by UEP. As is shown in Fig. 14,
UUEP3 is much smaller than UPCC in Stage III. Even if the
system does not have any equilibrium point in Stage I and
Stage II, it can eventually restore stability.

Case 5: There are equilibrium points in Stage I, II and III.
For case 5, according to (16) and (18), UEEP = 1.0719 and

UPCC0+ = 1.4763 in Stage III. According to criterion (20),
it can be judged that there are equilibrium points in stage III.
Similar to Case 4, without calculation, it can be judged that
there are equilibrium points in stage III.

After the fault occurs, the curves of UPCC and δ are
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shown in Fig. 15. It can be seen that UPCC > UUEP3,
which satisfies criterion (26). The system will not suffer from
transient instability dominated by UEP. It can be seen from
Fig. 15 that UUEP3 is far smaller than UPCC in Stage III.
Hence, it is likely to restore stability after fault clearance.
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Fig. 15. Simulation results of Case 5.

Both UUEP and UPCC 0+ are related to five parameters,
δ0, I , θI, Zg, and θZg. UPCC 0+ changes with Ug0+, while
UEEP has nothing to do with Ug0+. When the voltage drop
depth and other system parameters are the same, the smaller
the iq, the smaller the I , the smaller the UEEP, and the easier
equilibrium points exist. In addition, the smaller the UUEP is,
the less likely it is that δ exceeds the UEP and the system
loses synchronism stability.

Under the condition that the fault is not cleared, the system
will experience transient instability caused by the absence of
equilibrium point or dominated by the unstable equilibrium
point.

V. DISCUSSION AND CONCLUSION

a) Discussion: At present, three types of synchronous
stability determination methods for PLL-based grid-connected
VSC system, including the EAC, the Lyapunov’s direct method
and phase portrait method, are commonly used.

For phase portrait method, the phase portrait of the second-
order system relies on numerical calculation, which can clearly
and intuitively display the trajectory of the system state vari-
ables, so it is not affected by whether the equivalent damping
is positive or negative, but the critical clearing angle cannot be
obtained by calculation. For the second-order system studied
in this paper, assuming its solution is δ(t), when the system
has a nontrivial periodic solution as:

δ(t+ T ) = δ(t), ∀t ≥ 0 (27)

an oscillation with period T occurs. In phase portrait, the
trajectory of a periodic solution is a closed curve, usually
called a periodic orbit, and an isolated periodic orbit is called
a limit cycle. When t tends to infinity, all trajectories starting
from any point close to the limit cycle will be far away from
the limit cycle, such a limit cycle is called an unstable limit
cycle. When the system has an unstable limit cycle, if the
initial position of the operating point is on the limit cycle, the
point will move on the limit cycle periodically; if it is outside
the limit cycle, the point will move away from the limit cycle
and instability after swings may occur. Therefore, the phase
portrait can analyze the instability dominated by the unstable
limit cycle, which is an advantage that other methods do not
have.

For methods such as the EAC and the Lyapunov’s direct
method, the sign of the equivalent damping Deq in the δ
motion equation of the single VSC infinite system is related
to δ, as shown in (7). And Deq cannot be ignored, which is
different from that of synchronous generators where Deq is
always positive and can be ignored. Therefore, when calcu-
lating the critical clearing angle and the critical clearing time,
the EAC can only obtain a conservative boundary within the
range of Deq > 0, as shown in Fig. 16. Proper selection of
the Lyapunov function can expand this boundary, but it is
also conservative. That type of methods is used to analyze
instability dominated by UEP, but cannot analyze instability
dominated by unstable limit cycles. However, its physical
concept is intuitive and clear, which is of great significance
for guiding and improving the PLL control to improve its
synchronization stability.

uq
Deq < 0 Deq < 0Deq > 0

−π

δS+max
S−

0 π

Normal

Fault

Fig. 16. Schematic diagram of the EAC.

The space vector based voltage dynamic determination
method for synchronization stability proposed in this paper,
by monitoring voltage at the PCC of VSC, judges whether
loss of synchronism occurs in the dynamic process according
to the relationship between the voltage monitored and the
two reference voltages. Although the space vector method
cannot realize the instability analysis dominated by unstable
limit cycle and the calculation of the critical clearing angle,
the method does not depend on numeral calculation and is
not affected by the sign of Deq in the process of dynamic
discrimination. It has the following advantages:

1) The aforementioned three types of methods focus on the
δ in stability analysis and calculation. The angle δ used in the
above methods is a function of time and the state variable of
controller, that is δ = θPLL − θg. Consequently, it is not easy
to obtain. However, the space vector method establishes the
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TABLE IV
COMPARISON OF SEVERAL SYNCHRONOUS STABILITY ANALYSIS METHODS

Contest EAC/Lyapunov’s direct method Phase portrait method Space vector based method
Analysis is not affected by Deq. No. Yes. Yes.
Instability dominated by unstable limit cycles can be analyzed. No. Yes. No.
The critical clearing angle can be calculated. Yes, but not exactly. No. No.
The type of the method. Analytical method. Numerical method. Dynamic discrimination.

relationship between synchronization stability and the voltage,
and the required voltage information is easy to obtain.

2) Without simulation, the existence criterion of equilibrium
points in the form of voltage can be used to judge whether
there are equilibrium points in each stage. In the transient
stability determination, only by monitoring the voltage, it can
be judged whether the system loses synchronization stability.
Regardless of the equivalent damping of the system, the
instability occurs when the criterion of transient instability is
met.

To sum up, the comparison between the voltage space
vectors based method proposed in this paper and the existing
synchronous stability analysis methods is shown in Table IV.

For the shortcomings of the existing synchronous stability
determination methods, this paper proposes a dynamic crite-
rion in the form of voltage, which does not require complex
mathematical calculations. And this method can directly reflect
the influence of synchronization stability on the external char-
acteristics of VSC, which provides engineering insight into the
analysis and determination of synchronization stability.

This study proposes a synchronization stability criterion of
PLL-based grid-connected VSC system using voltage space
vectors, which measuring object is easier to obtain. By de-
termining the relationship between the voltage at PCC and
the two reference voltages UEEP and UUEP, the synchroniza-
tion stability analysis procedure of PLL-based grid-connected
VSC system under large disturbance is formed, including the
existence criterion of equilibrium points and the criterion of
transient instability dominated by the UEP.

The reference voltage UEEP and UUEP are related to the
pre-fault system parameters, the output current of VSC and the
grid-connected impedance, and UUEP is also related to the grid
voltage. The electromagnetic transient simulation results show
that when other parameters are the same, the larger the output
current of the renewable energy source, the easier the system
will lose equilibrium point. The smaller the output current of
the renewable energy source, the smaller the UUEP, and the
less likely it is that δ exceeds the UEP and the system loses
synchronism stability.

Under the condition that the fault is not cleared, the system
will experience transient instability caused by the absence of
equilibrium point or dominated by the unstable equilibrium
point.
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