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Abstract: With the evolution of modern power systems, inverter-based resources have become
increasingly prevalent. As critical energy conversion interfaces, grid-following converters exhibit
dynamic performances, presenting challenges for system security and stability. This paper focuses
on the transient synchronization stability of converters after disturbances, highlighting differences
in mechanisms compared to synchronous generators. Although previous studies on the transient
synchronization stability of converters have been conducted, they primarily concentrate on the
dynamics of the phase-locked loop, with limited consideration of the effects of outer-loop control.
This has created a cognitive bottleneck in understanding the transient synchronization mechanisms of
converters. To address these challenges, this paper models a grid-following voltage source converter
system, incorporating detailed converter control strategies and current-limiting control. The stability
regions of the stable equilibrium point under various fault severities are first analyzed. Then,
the impacts of outer-loop control, including PI control and current-limiting control, on transient
synchronization are examined. The study systematically elucidates the influence of outer-loop control
on the transient synchronization stability of converters. Finally, the validity of the proposed theory is
confirmed through simulations conducted in PSCAD/EMTDC.

Keywords: transient synchronous stability; grid-following converter; phase-locked loop; outer-loop
control; current-limiting control

1. Introduction

Primarily driven by environmental protection, greenhouse gas reduction, and sus-
tainable development, renewable energy sources, such as wind and solar power have
experienced rapid growth in recent decades. These sources typically employ converters
as critical energy conversion interfaces, known as inverter-based resources (IBRs). IBRs
have become increasingly integral to modern power systems and exhibit more complex
dynamic performance compared to conventional synchronous generators. As a significant
amount of renewable energy is connected to the grid through voltage source converters
(VSCs), the control of these converters increasingly dominates system characteristics [1-4].
Conventional VSCs usually adopt grid-following (GFL) control, relying on a phase-locked
loop (PLL), to achieve synchronization with the power grid [5]. Failure to achieve syn-
chronization can impact the system, seriously affecting its safe and stable operation. For
instance, in 2020, a 1000 MW renewable energy station in California, USA, experienced
grid-connected interruption due to the synchronization instability of the converter after a
disturbance [6].

Regarding the transient synchronization problem of GFL converters, previous studies
have focused on PLL-based synchronization, achieving significant advancements in anal-
ysis models, mechanisms, and influencing factors [7-11]. However, these studies retain
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only the core components, overlooking potential interactions between different control
loops of the converter [8]. For instance, [9] ignores the converter’s double-loop control
structure and only considers the PLL to build a simplified synchronization model. A
multi-converter system with multiple PLL models is established by considering multiple
VSCs connected to the power grid [10]. Considering the nonlinear behavior of PLL, general
sequential switching control schemes for the entire grid fault process are introduced to
model the system [11]. The above work emphasizes the establishment and simplification
of analysis models for GFL converters, providing a foundational model for studying the
synchronization stability mechanism of voltage source converters (VSCs).

Existing studies on this topic often follow the framework used for transient syn-
chronous stability analysis of synchronous generators [12-18]. By simplifying the converter
and its control, researchers construct a second-order swing equation of the rotor angle,
similar to that of synchronous generators, and use the equal area criterion to reveal the
instability mechanism [12,13]. For example, the improved equal area criterion (IEAC)
proposed in [12] offers an approximate calculation of the extra accelerating area caused
by negative damping, reducing conservatism compared to Lyapunov methods. Based on
the equal area criterion, [13] analyzes the effects of interactions among sequence-control
switching actions, detection delay, and dual-sequence PLL control on the transient syn-
chronous stability of the VSC system. Recently, some researchers have used phase portraits
for fast discrimination of transient instability or have employed Lyapunov-based methods
to estimate the region of attraction and characterize stability strength through changes
in the stable region [14-18]. For instance, phase portraits have been used to describe the
influence of different damping coefficients and initial angular speeds on the stability of
GFL converters under inductive power grids [16]. Similarly, [17,18] uses phase portraits
to analyze the impact of second-order equation damping ratios on the transient synchro-
nization stability of converters. These studies provide an in-depth analysis of the PLL
synchronization mechanism, establishing a theoretical basis for related research efforts.

In terms of understanding the influencing factors, existing studies focus on examining
the effects of grid strength and investigating PLL parameter variations on transient synchro-
nization characteristics [10,19-21]. These studies have helped to target the development of
appropriate improvements. In [19], the impact of variations in grid voltage amplitudes,
phases, and frequency on GFL synchronization stability following a large disturbance is
studied. [10] proposes a feed-forward compensation method for PLL, thus improving the
synchronization stability of the entire system. In [21], the indefinite damping effect and
its impacts on the accuracy of the region of attraction estimated by the EAC method are
revealed. During transient processes, retaining the proportional part of the PLL while
locking the integral one can avoid overshoot and improve stability [20].

The above studies have explored the effects of grid strength conditions, PLL param-
eters, and structure on the transient synchronization of converters. However, as part of
ongoing research into the mutual interaction between converters and grid, researchers
have gradually realized that the low-order models, which only consider the PLL and ig-
nore the dynamics of the double closed-loop control, often lose the details of the dynamic
characteristics. This makes it difficult to fully explore the synchronization mechanism of
converters under complex and variable scenarios, and the pathways of the various types of
influencing factors cannot be fully identified [22-24].

The dynamic response speed of the outer-loop control in the GFL converter adopting
a double closed-loop control structure is close to that of PLL, while the inner-loop control’s
response is much faster than either the PLL or the outer-loop control [25]. Based on
the multi-timescale separation decoupling theory, the inner-loop control can, thus, be
neglected during the transient synchronous stability analysis [26]. Consequently, it is
reasonable to retain both the outer-loop control and the PLL in such analyses. Furthermore,
ref. [27] discusses the transient synchronization by considering the constant DC voltage
outer-loop control. The study finds that increasing the proportional coefficient of the
constant DC voltage control or decreasing the integral coefficient under slight faults can
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enhance system damping. However, a comprehensive analysis of the impact of different
fault severity and control methods on transient synchronization stability is lacking.

It is also noted that current-limiting control is introduced in the GFL converter [28,29].
The current-limiting control is generally designed to maintain converter performance
within acceptable bounds and to protect equipment from damage by preventing control
signal overshoots, thereby ensuring safe and efficient operation. Under normal operating
conditions, these nonlinear loops are not triggered. However, they may be frequently
activated during the transient process following a disturbance. This activation can cause
switching of control strategies, introducing unexpected effects on transient synchroniza-
tion [30]. To address this issue, this paper incorporates the current-limiting control into the
modeling and analysis of the transient synchronization stability of the GFL converter.

The main contributions of this paper are summarized as follows:

(1) By incorporating outer-loop control and PLL, a transient synchronization analysis
model for VSC is developed. This model forms the basis for analyzing the effects of constant
DC voltage outer-loop control, constant reactive power outer-loop control, and current-
limiting control on VSC synchronization. The necessity of considering the outer-loop and
current-limiting control, in addition to PLL, is emphasized in the transient stability analysis.

(2) For the first time, it is identified that under constant reactive power outer-loop
control, severe grid fault can cause the voltage phasor at the point of common coupling
(PCC) to shift to the negative half of the d-axis. This shift alters the PLL synchronization
equation, thereby changing the stability region of the equilibrium point.

(3) Using equivalent circuit phasor diagrams, the transient synchronization characteris-
tics of VSC with PI control and current-limiting control in outer-loop control are elucidated.
The geometric representation of outer-loop control on phasor diagrams is provided and
the impact of various outer-loop constraints on synchronization is analyzed. It is found
that during severe fault, reducing the current saturation limit can enhance system stability
when outer-loop control fully switches to current-limiting control.

The paper is structured as follows. Section 2 builds a transient synchronization
analytical model for the converter, considering PLL and outer-loop control. Section 3
emphasizes the necessity of considering outer-loop control in transient stability analysis.
Section 4 analyzes the variations in the transient synchronization of VSC under different
degrees of grid fault severity, and comprehensively reveals the stabilization characteristics
of the transient synchronization, including changes in the PLL synchronization equation,
variations in the stable equilibrium point (SEP), and the impact of different outer-loop
control systems on the transient synchronization of the converter. Section 5 verifies the
proposed theory using PSCAD/EMTDC simulations, providing an in-depth physical
explanation for the transient synchronization of VSCs.

2. Transient Synchronization Modeling of VSC

Figure 1 displays the GFL-VSC system. Uy is the grid voltage, Upcc is the voltage of
PCC, Vy. is the DC voltage of the converter, I and Q are the current and reactive power
injected into the grid by the converter, and L denotes an L-type filter of the VSC. Ry
and Lg represent the resistance and inductance of the grid, respectively. The Thévenin
equivalent grid impedance is Zg = R¢ + jwLg. The converter adopts outer-loop control
strategies with constant DC voltage and constant reactive power, and it considers the
current-limiting control. For a GFL converter, the response of the current control loop
typically exhibits fast dynamics compared to other loops, such as the voltage control
loop, and PLL. This separation in time scales allows for the assumption that the current
loop reaches its quasi-state almost instantaneously compared to the slower dynamics of
control loops. For most practical converter-based systems, the impact of neglecting the
fast dynamics of the current loop on overall system performance is minimal [12]. This
simplification aids in the control design and analysis, focusing on the dominant dynamics
without significantly affecting system performance. Therefore, it can be assumed that
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Iq ~ Ij and Iq =~ I3, where I3 and Iq are the d-axis and g-axis components of the output
current Ipcc in the converter control reference frame (dq reference frame), respectively.

PCC VSC

Pdc
v

Figure 1. Circuit and control diagram of VSC.

2.1. Second-Order Synchronization Model of VSC

PLL is a crucial component in converters, particularly for grid-following applications,
where synchronization with the grid voltage is essential. It outputs the reference phase and
frequency by input PCC voltage Upcc, as shown in Figure 1. The dynamic equations of
PLL are as follows:

1)

dxint — k

6
=gt = wg + kppnUpccq + Xint
a ipnUpccq

where wy is the angular velocity of grid voltage, fprL is the PLL phase, xiy; is the PLL state
variable, and kppu and ki are the PLL proportional control coefficient and integral control
coefficient, respectively.

Assuming normal operating conditions, after PLL locking, the direction of the PCC
voltage phasor UPCC = Upcc 46 coincides with the positive direction of the d-axis. The
following relationship exists:

t
0 = Opry — g = OprL — /wng (2)
0

where g is the phase of the grid voltage phasor.
Upcc can be expressed as Upcc = Rgl +jXgl + Ug ~ Rgl* + jXgI* + Ug. In the dq
reference frame, the relationship between Upcc and Uy can be written as follows:
Upccq = Rglg - Xglé + Ug cosd 3)

uPCCq = Rglék + Xglé{ - Ug sind

where Upccq is the d-axis component of PCC voltage Upcc, and Xg is the reactance of
inductance at the grid frequency.
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By substituting Equations (2) and (3) into (1), we can obtain the following:

(4)

= kppll( — Ugsin 8) + Xint
d’;;t = kipn (U — Ugsin 8)

where Uy = Rgly + XgIj is the g-axis component of the voltage drop in the transmission line.

2.2. Outer-Loop Control of VSC

The outer-loop of the converter is controlled by constant DC voltage and constant
reactive power, respectively. According to Figure 1, the following equation can be obtained:

(5)

dr; A(Viae—Vie
{ a In Kde +K1d(Vdc Vac")
d
7 = Kpa " + Kig(Q - Q)

where Kp,q, Kiq, Kpq, and Kiq are the proportional-integral control coefficients of the outer
loop, respectively.

As a power electronic device, the converter cannot withstand large overcurrent [22].
In contrast to the modeling work in [23], this paper incorporates the current-limiting
control in the outer-loop control to ensure the safety of the converter. Common limiting
strategies include the d-axis prior current limiting strategy and the g-axis prior current
limiting strategy.

When employing the g-axis prior current limiting strategy, a constant converter current
limit is set, prioritizing the satisfaction of the g-axis current reference to provide reactive
power to the grid. The d-axis current reference is then calculated accordingly. On the other
hand, adopting the d-axis prior current limiting strategy ensures preferential satisfaction of
the d-axis current reference. This paper adopts the g-axis prior current limiting strategy, and
the current-limiting control diagram is depicted in Figure 2. The corresponding expression
is obtained as follows:

Iqlim = llim
Litim = \/Ifm — 12 ©)
‘12; ’ < Igtim
113] < Ltim

where Igjim and Iy, are the limiting amplitudes of I; and [}, respectively. In this paper,
the current saturation limit Ij;;,, is set at 1.2 p.u.

* 2

g " X Jx ! gim
I 2 Lim ——1
lim—> X qiim

Figure 2. Outer-loop current-limiting control diagram of the g-axis prior current limiting strategy.

The essence of constant DC voltage control lies in ensuring a steady DC voltage output
tailored to the specific requirements of applications. Once the output active power and
input active power are balanced, the DC voltage remains stable. The variations in the
DC voltage are primarily managed by the charging and discharging function of the DC
capacitor, balancing the input and output power of the converter. Neglecting the losses
in the transmission line and the converter, the principle of energy conservation can be
expressed as follows:

AV4c

CVae—— 7t

= Pjc — Pac, Pac = P = IaVpccd + IqVreeq 7)
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where Pj_, P4, and P are the input active power on the DC side, the output active power
on the DC side, and the output active power on the AC side, respectively. V. is the voltage
of the converter’s DC capacitor. It can be observed that P = Pj_ during normal operation.

3. The Necessity of Considering Outer-Loop Control

A large number of studies have simplified the modeling in the transient synchronous
stability analysis of VSC, as they primarily consider the dynamics of PLL [8,9]. An accepted
assumption is that the current reference values are constant. Thus, Uy remains constant
during the transient process due to Uy = Rgl; + Xglj. A second-order synchronous model
is used for analysis, as shown in Equation (4). Equation (4) is similar to the mathematical
description for the rotor motion of a synchronous generator, where Uy and Ug sin § can be
analogized to the converter control component and the grid electrical component in the
VSC synchronization equation, respectively.

At the equilibrium point, the differential terms in Equation (4) are equal to 0. It is easy
to obtain % =0and d’;it“' = 0. Then, Uy = Ugsin ¢ and xiy; = 0 can be derived. Without
the loss of generality, assuming that the operation range of ¢ is [—7, 7], in order to ensure
that Uy = Uy sin 6 holds, the criterion for the existence of an equilibrium point for the VSC
will be as follows:

—Uy < Uy < Uy, d € [, 7] (8)

In this way, two equilibrium points will also exist for VSC when the inequality (8) is
satisfied, similar to the transient synchronization analysis of synchronous generators. The
equivalent synchronous coefficient Sgq can be used to further distinguish between stable
and unstable equilibrium points, as follows:

S _d(Ugsiné)_u 5 9
Bq =~ = Ugcos ©)

The stable criterion for the SEP is as follows:

Sgq >0 (10)

Inequality (10) is only valid if the equilibrium point satisfies 6 € [—%,F]. The
equilibrium point within this region is a SEP, and the larger the value of Sgq, the greater
the ability to remain stable.

A three-phase short-circuit fault represents one of the most severe fault conditions that
can occur in a power system, leading to drastic changes in grid voltage levels and posing
substantial risks to system stability and the continuous operation of sensitive electrical
equipment. While other disturbances, such as single-phase-to-ground or phase-to-phase
faults, also impact power systems, their effects are generally less severe than those of a
three-phase fault.

Using a three-phase grid voltage dip to simulate a three-phase short-circuit fault
is a common simulation technique in power system analysis. This approach allows for
an accurate representation of the fault’s impact on system dynamics by modeling the
associated voltage reduction. The severity of the fault is reflected in the magnitude of the
voltage dip, which can be adjusted to represent different fault conditions. For instance,
the depth of the voltage dip can vary depending on various factors, such as grounding
impedance and the electrical distance between the fault location and the system under
study. These variations in fault severity are crucial for assessing the robustness of system
components, particularly in the context of VSCs and other power electronic devices, which
are becoming increasingly prevalent in modern power systems.

After the disturbance, it is assumed that the grid voltage falls to Ug. At this point,
the SEP changes from point a to point b, as shown in Figure 3. The red area represents the
feasible region of § when the equilibrium point isa a SEP (6 € [—F, F]).
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- 0,0, =
o/ rad

Figure 3. Change in SEPs of the second-order model before and after disturbance.

After the SEP is identified, existing studies often utilize the equal area criterion to
analyze the transient synchronization stability of VSCs [12,13]. If Uy > Ug sin J, the angular
frequency of PLL will accelerate. Conversely, if Uy < Ugsind, the angular frequency of
PLL will decelerate. Thus, when the angular frequency of PLL can be restored to the grid
angular frequency wg after disturbance, the VSC satisfies the transient synchronization
stability; otherwise, the VSC will experience transient synchronization instability.

Following the idea of analyzing the transient synchronization of synchronous genera-
tors, the aforementioned analytical study effectively captures the dynamics of the system
and clarifies the physical concepts. However, certain differences arise when applied to
VSCs. Unlike in synchronous generators, where mechanical torque is typically assumed
to remain unchanged, the reference current in VSCs varies with the regulation of the
outer-loop control during the transient process.

In reality, complex dynamic behaviors emerge due to varying degrees of fault severity.
When the fault severity is slight, the reference current is influenced only by the constant
DC voltage control and constant reactive power control where PI control regulates signals.
In contrast, under severe fault conditions, outer-loop control switches, and the current-
limiting control can dominate the transient process. There may even be multiple control
strategy switches during the transient process, leading to changes in Up.

This demonstrates the unique characteristics of the transient synchronization of V5Cs
compared with synchronous generators. Consequently, calculating acceleration/deceleration
areas and determining the SEP becomes more complex. If the traditional second-order PLL
model is adopted without considering the outer-loop control and current-limiting control,
the analysis results will be inaccurate or erroneous. Therefore, it is necessary to incorporate
the effect of the outer-loop control and current-limiting control in the transient synchronous
stability analysis of VSCs.

4. Synchronous Stability of VSC Considering Outer-Loop Control

VSCs rely on PLL to establish the dq reference frame, enabling seamless integration
with the grid. As shown in Figure 1, deviations arise between the outer-loop control
variables and their references. These deviations are fed into the PI control and current-
limiting control, ultimately generating the required d-axis and g-axis reference currents.
Notably, during transients caused by external factors or control strategy adjustments, the
outer-loop control plays a crucial role in shaping the transient response by influencing the
output values. This section delves into the impact of outer-loop control on VSC’s transient
synchronization following a three-phase short-circuit fault simulated by a grid voltage
drop. Using the model established in Section 1, we systematically analyze three key aspects:
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the change in the PLL synchronization equation during a fault, the change in SEP, and the
control constraints.

4.1. Synchronization Equation of PLL

Under normal operating conditions, the PCC voltage phasor UPCC = Upcc£d aligns
with the positive d-axis direction after PLL synchronization, resulting in Upccq = 0. In this
case, the PLL synchronization equation is Equation (4). The reactive power delivered by
VSC to the grid can be expressed as follows:

Q = —Iq"Upccd + Iq*Upccq = —Iq Upccq (11)

The g-axis outer-loop of VSC typically employs constant reactive power control. This
strategy necessitates delivering inductive reactive power to the grid (i.e., Q > 0) during
normal operation. It is necessarily required that Iji < 0 when Upccqg > 0. However,
according to the grid operation code, the VSC output Q will be required to increase when
the system is subjected to rapid voltage dips caused by severe disturbances. The g-axis
outer-loop of the VSC, employing constant reactive power control, can lead to an increase
or even a reversal in the output Q. This can also cause I to switch from negative to
positive values. If the VSC remains synchronized with the grid after disturbance, it can
maintain a certain amount of reactive power output. As seen from Equation (11), Upccq
will correspondingly shift from positive to negative, which means that the PCC voltage
moves to the negative d-axis. The phase changes during the above process are illustrated
in the grid coordinate (XY reference frame, rotating at the nominal angular frequency) and
in the control coordinate of VSC (dq reference frame, rotating at PLL angular frequency), as
shown in Figure 4.

A q A
»q Y X Y

\ \
\ \
\ \

¥ d N\ N d'\a)p"

\ -

v \
\\ UPCC _- \\ //,/
\ U ST U
) o G X ) /(3\/ q 5 X; 1)

_ - \ » [¢] N » Ll g

// \ \
/” \ UPCC \\
-7 \ \
P \ - \
\ -7 \
\ \
\ \
\ \
\ \
\ \
\

Figure 4. Schematic diagram of phase change.

Accordingly, the PLL synchronization equation changes from Equation (4) to the
following Equation (12):

(12)

% d: kppll(uo + ug sin(S) + Xint
Zitnt = 'pll(u(] + Ug sin 5)

4.2. SEP Analysis
When there is a severe dip in grid voltage, the PLL synchronization equation is given
by Equation (12). The criterion for the SEP of the VSC is still governed by Equation (9).
Here, it can be as follows:
d(—Ugsin o)

SEq - T - —Ug COS& (13)
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Thus, Equation (10) holds when the equilibrium point is satisfied. The equilibrium
point within the region is stable.

After a fault, it is assumed that the grid voltage drops from Ug to Ug. Following
adjustments by the outer-loop control, Uy changes to U}, leading to three potential scenarios
for the change in SEPs. (1) If the grid voltage drop does not alter the PLL synchronization
equation, a SEP must exist, and its region remains § € [—%, 5|. The SEP shifts from point a
to point c. (2) If a severe grid voltage drop alters the PLL synchronization equation, and the

system satisfies inequality (8), a SEP exists, and its region becomes 6 € [—m, -] U [§, 7].

The SEP shifts from point a to point c. (3) If a severe grid voltage drop alters the PLL
synchronization equation, and the system does not satisfy the inequality (8), no SEP exists
after the disturbance. The three scenarios of the system’s SEP changes following a grid
voltage drop are illustrated in Figure 5. The red area represents the feasible region of § when
the equilibrium point is a SEP, which corresponds to § € [-5, 5], 6 € [-m, - 5| U [, 7]
and d € [—7‘(, — %} U [%, 71] respectively in Figures 5a, 5b and 5c.

\ Ugsin§

v

/ F i

\ / U, 'sins

\\ /

\ /
N /
—1 [--mmmemee <
- T S5, 3 T
o/rad
(c)

Figure 5. Changes in SEP before and after disturbance. (a) Slight and moderate dips in grid voltage;
(b) severe dip in grid voltage with equilibrium point; (c) no equilibrium point.
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4.3. Effect of Outer-Loop Control on the Synchronization Process

Due to Uy = Rgly + Xgl;, and the output of the outer-loop control of the converter
being I and I, it means that Uy is closely related to the converter control and is highly
influenced by the various control links and corresponding parameters in the outer-loop
control. The action response of the outer-loop control of the converter varies under different
operating conditions. Uy is affected both by changes in the reference current through the
PI control and may be limited by the current-limiting control, thus presenting a complex
transient synchronization process. The following section will delve deeper into the transient
synchronization stability of the VSC, considering the impact of PI control and current-
limiting control in the outer-loop. We will utilize an equivalent circuit phasor diagram to
aid in this explanation.

In the XY reference frame, point A denotes the common origin for both the PCC

voltage phasor Upcc and the grid voltage phasor Ug. Points B and C are the endpoints
of Ug and Upcc, respectively. The coordinates of point C at the end of the PCC voltage
phasor Upcc are (xy, yu). Thus, the magnitude of the PCC voltage can be expressed as

Upcc = y/x% + y2,. The corresponding voltage locus is a circle centered at point A with a
radius equal to Upcc.

(1) Slight drop in grid voltage

When there is a slight dip in the grid voltage, the outer-loop control of VSC generally
does not trigger current-limiting control. The converter can continue to regulate its output
based on the predefined control objectives. In such cases, the d-axis control maintains a
steady DC voltage, ensuring that the power balance is preserved, while the g-axis control
manages the reactive power to stabilize the voltage at PCC. Under these conditions, the VSC
operates within its normal control parameters, allowing for smooth and stable transient
synchronization without the need for additional intervention from the current limiter.

The following equation can be obtained:

Uy = Xglj + Rgly
= Xg | Kpa(Vae = Vac™) + Kia f (Ve = Vac* )] (14)
+Rg [Kpq(Q — Q") + Kig [ (Q— Q")dt]

Based on Equation (14), Uy changes with the changes in V. and Q. Meanwhile, V. is
also affected by P. Therefore, a further analysis of active and reactive power characteristics
is needed.

The output active power of VSC can be expressed as follows:

Upcc,, . Ug
P= X Ugsind = X—yU (15)

& &

When V. is made constant by d-axis outer-loop control, P = Pj_ holds. A further
simplification of Equation (15) is made as follows:

P X
— _dc8
= (16)
It can be seen that when the d-axis outer-loop of VSC is controlled by a constant DC
voltage, both Ug and Xg are constant, and the ordinate of point C remains constant.
Similarly, the output reactive power of VSC can also be expressed as follows:

Upcc  UpccUgcosd _ xf+yg Uiy

Q =
Xg Xg Xg Xg

(17)
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The above equation can be rewritten as follows:

2
x —%2 2 — X g 18
u- 5 ) tio= gQ+4 (18)

It can be seen that once the g-axis outer-loop of VSC adopts constant reactive power
control, and that Ug and X are both constant, the characterization of reactive power (Q — U

Ug . / uz -
curve) is a circle with a center as (-, 0) and a radius as \/ XgQ + -, as shown in Figure 6.

After a disturbance, the VSC will continuously adjust the value of J so that point C will
eventually stabilize at the intersection of the Q — U curve and the horizontal line y = Pdflfg.

Q-U curve

~.current limitation circle

/' .
y, = Pclcxg
Ug
v »
X

Figure 6. Phasor diagram of VSC when the grid voltage drops slightly.

(2) Moderate drop in grid voltage

When there is a moderate dip in grid voltage, the d-axis outer-loop control of the
VSC generally triggers the current-limiting control, while the g-axis outer-loop of the VSC
maintains constant reactive power control due to the g-axis prior current limiting strategy.
If the grid voltage dips are relatively shallow, it is likely that the outer-loop of the VSC
will eventually revert to PI control, consistent with the stabilization behavior observed
during slight voltage drops described earlier. However, in the case of relatively deep grid
voltage dips, the d-axis outer-loop remains in current-limiting control mode. Under these
circumstances, the following equation can be derived:

Up = XgI} + Rl

= Xg\/Iim® — quQ Q) + Kiqf (Q — Q*)dt]? (19)
+Rg[Kpq(Q — Q") + Kig [ (Q — Q)dt]

It can be seen that Uy will change with the variation in Q. Additionally, the current-
limiting control will alter the synchronization characteristics of the VSC. When the current-
limiting control is triggered, point C will remain on the current limiting circle centered at
point B and with a radius of | Zg |I;in, . Since the d-axis outer loop is controlled by current
limiting, the balance of active power will be assisted by the unloading circuit connected
in parallel with the DC capacitance, and point C is not constrained by active power. As
shown in Figure 7, after disturbance, the VSC will continuously adjust the value of 4, so
that point C ultimately stabilizes at the intersection of the Q — U curve and the current
limitation circle.

(8) Severe drop in grid voltage

During severe grid voltage dips, both the d-axis and the g-axis outer-loop controls of
VSC adopt the current-limiting control. Under these conditions, the following equation can
be obtained:

Uy = Xglg + Rgly = LimRg (20)
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where Uy becomes a constant, solely dependent on the current saturation limit Ij;;, and
grid impedance. Therefore, point C is no longer constrained by active power and reactive
power, and its location is determined by the current limit circle and Uy. According to the
analysis in Section 4.1, the PCC voltage will be located in the negative half of the d-axis,
ie, 6 = 7+ 6p L — Og. Asshown in Figure 8, after a disturbance, point C will quickly reach
the current limiting circle for circular motion. If Uy > Uy, é will be continuously adjusted
by VSC to make the system finally satisfied, i.e., Ugsiné = —Up. The existing literature
has already addressed whether the VSC can stabilize at Ug siné = —Up by using methods,
such as the energy function method or the equal-area criterion [12,14], which will not be
repeated in this paper. If Uy < U, it is not possible to achieve Uy sind = —Uy. VSC will
cause J to keep increasing, which in turn makes point C move circularly along the current
limitation circle, leading to synchronization instability.

Y AQ-U curve
C____current limitation circle

~

XV

Figure 7. Phasor diagram of VSC with a medium voltage drop.
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Figure 8. Phasor diagram of VSC with a severe voltage drop. (a) Existence of equilibrium point;
(b) absence of equilibrium point.

The value of Iy, is typically determined by converter components. Traditionally,
the goal is to maximize converter efficiency and active/reactive power support dur-
ing disturbances. Therefore, a larger Ij;,, is generally preferred within economic and
safety constraints.

However, a smaller Uj is beneficial for transient synchronization stability under
severe grid voltage dips. As evident from Equation (20), under constant grid resistance,
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Uy depends on the current saturation limit Ij;,,, i.e., the smaller the value of Ij;,, the better
the transient synchronization stability of VSC. Thus, reducing Ij;,, improves the transient
synchronization stability of the VSC during severe dips in grid voltage.

In summary, the outer-loop control profoundly influences the transient synchroniza-
tion process of the VSC, rendering the synchronization mechanism more complex compared
to synchronous generators. To succinctly summarize the conclusions of this section, Table 1
is provided below.

Table 1. VSC transient synchronization characteristic.

Changes in the Changes . N o1e
Outer-Loop Control PLL Equation in SEP Transient Synchronization Stability
Constant DC voltage control . N .
and constant reactive Unchanged Unchanged The system achieves synchronization under active

power control

power constraint and reactive power constraint.

Current-limiting control and
constant reactive
power control

The system achieves synchronization under
Unchanged Unchanged reactive power constraint and current
limiting constraint.

Current-limiting control

If Ug > Uy, the system operates under current
limit constraints, there is a risk of instability, and
Changed Changed the stability decreases with the increase in I, .

If Ug < Uy, the absence of SEP,
synchronous instability.

5. Case Study

In order to verify the correctness of the described transient synchronous stabilization
process of VSC, an electromagnetic transient model of the VSC grid-connected system
is constructed in PSCAD/EMTDC, and the aforementioned synchronous stabilization
mechanism is verified through time domain simulation. The relevant parameters are
shown in Table 2.

Table 2. System and control parameters.

Parameter Value (in pu If Not Specified)
Rated active power Py 2 MW
Reference AC voltage Uy, 230 kV
Reference frequency fn 50 Hz
Rated DC voltage V4. 1.45kV
DC capacity Cyc 0.015F
Filter inductance L¢ 0.44
Grid inductance Lg 0.36
Grid resistance Rg 0.08
DC voltage control coefficient Kpde =1, Kige =50
Reactive power control coefficient KPQ =1,Kig=50
Current control coefficient Kpi=1,K;;=20
PLL control coefficient Kppn =50, Kjpy =100

5.1. Impact of Outer-Loop Control on the Transient Synchronization Stability of VSC

The initial conditions are set as follows. The grid voltage is stabilized at 1.02 pu, and the
VSC is synchronized with the grid, § = 0.37rad. The grid voltage is then reduced to 0.15 pu
to simulate the disturbance. Two scenarios are simulated for comparison: one considering
outer-loop control and the other ignoring outer-loop control (where I = Iqim = 0 pu,
Iq = Igim = 1.2 pu after the disturbance). The simulation results are shown in Figure 9.
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Figure 9. Time-domain simulation verification with or without considering outer-loop control.
(a) Virtual power angle; (b) d-axis reference current; (c) q-axis reference current.

Figure 9 shows that when outer-loop control is ignored, the VSC eventually regains
stability, whereas in the actual system, the VSC ultimately experiences transient instability.
In reality, the fluctuation amplitude of the electrical state variables during the transient
process is greater than the result predicted when outer-loop control is ignored, leading to
the VSC losing synchronization after the disturbance. This result indicates that using the
second-order model, which has been the focus of existing studies [12,14], to analyze the
transient synchronization stability of the VSC may lead to discrepancies with the actual
situation and potentially erroneous conclusions. Even if the current reference values of
the two models are the same before and after the disturbance (before the disturbance:
13 =090 pu, I§ = —0.18 pu; after the disturbance: Ij = Iqim = 0 pu, Iy = Iqim = 1.2 pu),
the regulation of outer-loop control during the transient process makes the VSC’s transient
characteristics more complex.

Next, the impact of disturbances with varying severity on the transient synchronization
stability of the VSC will be further verified. The influence of varying degrees of grid voltage
dips on VSC synchronization stability is investigated through simulations. The grid voltage
is set to drop to 0.9 pu (a slight dip in grid voltage), 0.6 pu (a moderate dip in grid voltage),
0.3 pu (a severe dip in grid voltage), and 0.1 pu (a severe dip in grid voltage) at t = 2-s,
which are referred to as Scenario 1, Scenario 2, Scenario 3, and Scenario 4, respectively.

5.2. Changes in SEP

Figure 10 presents the waveforms of Ig;, 13, Up, and ¢ following the system disturbance.
After obtaining the simulation results, in order to clearly highlight the differences in the
transient characteristics of the VSC under different conditions, the results are categorized
and presented based on whether I is less than 0. Figure 10a demonstrates how the outer-
loop control of the VSC influences the SEP when I§ < 0, while Figure 10b illustrates SEP
variations when IC*1 > 0.
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Figure 10. Simulation verification of SEP changes. (a) Scenario 1 and Scenario 2; (b) Scenario 3 and

Scenario 4.
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As shown in Figure 10a, when the grid voltage drops to 0.9 pu (Scenario 1) and

after fluctuations, and

0.6 pu (Scenario 2), respectively, I transitions to a higher value |

still satisfies the condition of I < 0. Therefore, it will not alter the PLL synchronization
equation. After experiencing fluctuations, I3 exhibits a certain degree of increase. The
changes in I; and [} result in the variation in Up. After fluctuations, Uy stabilizes at a value
higher than its initial value. The PCC phase angle undergoes acceleration and deceleration
processes, eventually stabilizing at § = 0.49rad and § = 0.89rad, respectively. The SEP
remains within the range of § € [— %, g] , consistent with the earlier discussion regarding
SEP behavior during slight and moderate voltage dips.

However, during severe voltage dips, SEPs exhibit different behavior. As shown in
Figure 10b, when the grid voltage drops to 0.3 pu (Scenario 3) and 0.1 pu (Scenario 4),
I reaches the current saturation limit of 1.2 pu after fluctuations, and I§ > 0. This change
alters the PLL synchronization equation. Once I] stabilizes at its saturation limit, Ij also
stops changing. Due to the g-axis prior current limiting strategy, I3 = 0. The constancy of
I3 and I3 maintains Uy at 0.1 pu. In Scenario 3, the PCC phase angle undergoes acceleration
and deceleration processes, eventually stabilizing at § = —2.90rad, with the SEP within
the range of 6 € [—m, — %] U [ %, 7], which differs from the SEP behavior in Scenario 1 and
Scenario 2. In Scenario 4, the system lacks a SEP due to Ug = Up. As a result, the converter
ultimately fails to restore synchronization stability.

5.3. System Dynamics Considering Outer-Loop Control

From the aforementioned analysis, it can be concluded that in Scenarios 3 and 4, both
the d-axis outer-loop control and g-axis outer-loop control of the VSC employ current-
limiting control. However, from Figure 10a, it is not possible to determine whether current-
limiting control is activated in Scenarios 1 and 2. Figure 10a presents the reference current
I +jlg
transient process shown in Scenario 1, I* does not reach the current saturation limit L. In
contrast to Scenario 1, Scenario 2 exhibits current limiting behavior as I* reaches the current
saturation limit Ij;;,,, which signifies the activation of current-limiting control within the
outer-loop control system.

Furthermore, referring to Figure 10a, it is evident that I; in Scenario 2 does not reach
the saturation limit. This observation suggests that only the d-axis current-limiting control
within the outer-loop control system is active in this scenario. During the transient process,
different outer-loop control configurations result in varying dynamic performance of the
VSC. In Scenario 1, since the VSC does not trigger current-limiting control, the d-axis outer-
loop operates through constant DC voltage control, while the g-axis outer-loop control
operates through constant reactive power PI control. As shown in Figure 11b,c, the VSC’s
output active power returns to the nominal value of 1.0 pu after fluctuations, and the output
reactive power returns to the reactive power reference value of 0.2 pu after fluctuations.
This indicates that under the constraints of active power and reactive power, the VSC is
ultimately able to achieve synchronization.

In Scenario 2, the d-axis outer-loop control employs current-limiting control, while
the g-axis outer-loop control operates through constant reactive power control. As shown
in Figure 11b, the output active power of VSC decreases and stabilizes at 0.69 pu after the
transient process, indicating that the system does not meet the active power constraint. The
excess active power on the DC side is dissipated through the unloading circuit. As shown in
Figure 11c, the output reactive power of VSC returns to the reactive power reference value
of 0.2 pu after the fluctuations. Therefore, the system ultimately achieves synchronization
under the constraints of current limiting and reactive power.

In Scenario 3, both the d-axis outer-loop control and g-axis outer-loop control operate
through current-limiting control. As shown in Figure 11b, the VSC output active power
exhibits a reverse power flow phenomenon during the transient process, eventually sta-
bilizing near 0 pu. This indicates that in Scenario 3, the system does not meet the active
power constraint, with excess active power on the DC side being dissipated through the

of the VSC under the four scenarios, I* = . It is evident that throughout the entire
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unloading circuit, and the VSC'’s stability is relatively poor. As observed in Figure 11c,
the VSC’s output reactive power exhibits a rise to deliver reactive power support. This
increment reaches a peak of 0.87 pu at t = 2.22 s and stabilizes near 0.27 pu after the fluc-
tuations. This indicates that in Scenario 3, the system does not meet the reactive power
constraint. Ultimately, the VSC in Scenario 3 achieves synchronization under the constraint
of current-limiting control.

12 F |’ . 10— —
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Figure 11. Simulation verification of system dynamics considering outer-loop control. (a) Reference
current; (b) output active power; (c) output reactive power.

In Scenario 4, both the d-axis outer-loop control and g-axis outer-loop control operate
through current-limiting control. Similarly, as observed from Figure 11b, the VSC output
active power fails to recover to a steady state, indicating that the system does not meet the
active power constraint. As shown in Figure 11c, the VSC’s output reactive power also
fails to return to a steady state, indicating that the system does not meet the reactive power
constraint either. Ultimately, the VSC in Scenario 4 loses synchronization stability due to
the lack of SEP under the constraint of current-limiting control.

5.4. Impact of Current Saturation Limits

To verify the impact of current saturation limits on transient synchronization stability
during severe grid voltage dips, we quantitatively assess system stability by defining
the critical grid voltage dip magnitude. This critical magnitude represents the maximum
permissible grid voltage dip that the system can tolerate, with a larger value indicating
greater stability. Simulations are conducted to determine the grid voltage dip magnitude
under varying current saturation limits of the VSC. The results are shown in Table 3.

Table 3 reveals that the critical grid voltage dip magnitude of the VSC decreases as
the current saturation limits increase. This observation underscores the fact that under
severe grid voltage dips, the VSC’s outer-loop control prioritizes current-limiting con-
trol, effectively confining the system’s operation within the constraints imposed by the
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current-limiting control. Consequently, the VSC’s synchronization equation undergoes a
simplification to a second-order form. The VSC will decrease stability as Uy increases with
a higher current saturation limit.

Table 3. Critical grid voltage drop amplitude of the system for different current saturation limits.

Current Saturation Limit/pu Critical Grid Voltage Drop Amplitude/pu
1.0 0.86
1.2 0.85
14 0.83
1.6 0.80

6. Conclusions

Considering the PLL and outer-loop control of VSC, including PI control and current-
limiting control, a transient synchronization stability analysis model of VSC is established.
The changes in the PLL synchronization equation and the possible existence regions of
the VSC’s SEP under different levels of grid voltage dips are delineated, and the transient
synchronization characteristics of VSC, considering outer-loop control, are analyzed. The
main conclusions of this paper are as follows:

(1) For VSCs employing constant reactive power control, severe grid voltage dips cause
the PCC voltage to shift to the negative half of the d-axis, altering the PLL synchronization
equation. The existence region of SEP is changed fromd € [-5, 5| tod € [-m,—F| U5, 7]

(2) Adopting the g-axis prior current limiting strategy results in three configurations
of outer-loop control: DC voltage control with reactive power control, d-axis current-
limiting control with reactive power control, and d-axis current-limiting control with g-axis
current-limiting control. These configurations lead to varied transient synchronization
performances of the VSC.

(3) The outer-loop control affects the transient synchronization stability of VSC by mod-
ulating reference currents during transient processes. This influence manifests as reactive
constraint, active constraint, and current-limiting constraint, with different combinations
observed at different depths of grid voltage dips.

(4) In the case of severe grid voltage dips, the VSC outer-loop control switches to
current-limiting control completely. Appropriately reducing the current saturation limit
can enhance the transient synchronization stability of the VSC.
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