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Abstract—Under weak grid conditions, grid impedance is cou-
pled with a control system for voltage source converter based
high-voltage direct current (VSC-HVDC) systems, resulting in
decreased synchronization stability. Unfortunately, most studies
are based on the assumption that impedance ratio (R/X) is suffi-
ciently small to ignore the effects of grid impedance. In this
study, we establish a dynamic coupling model that includes grid
impedance and control loops, revealing the influence mecha-
nism of R/X on synchronization stability from a physical per-
spective. We also quantify the stability range of R/X in the stat-
ic analysis model and introduce a sensitivity factor to measure
its effect on voltage stability. Additionally, we utilize a dynamic
analysis model to evaluate power angle convergence, proposing
a corresponding stability criterion. We then present a method
of synchronous voltage reconstruction aimed at enhancing the
grid strength. Theoretical analysis shows that this method can
effectively mitigate the effects of coupling between grid imped-
ance and the controller under weak grid conditions, ensuring
stable operation even under extremely weak grid conditions. Ex-
periments validate the accuracy and effectiveness of the analy-
sis and method.

Index Terms—Synchronous voltage reconstruction, impedance
ratio (R/X), grid impedance, weak grid, coupling model, voltage
source converter based high-voltage direct current (VSC-
HVDC), grid-following control, short-circuit ratio (SCR).

1. INTRODUCTION

OLTAGE source converter based high-voltage direct

current (VSC-HVDC) systems have been designed for
renewable energy integration and transmission. These sys-
tems are used, for example, to evacuate electrical power
from offshore wind farms, connect energy centers and load
centers over long distances, and provide electricity to remote
mountainous regions and islands [1], [2]. However, long-dis-
tance transmission lines and the presence of numerous trans-
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formers result in a high-impedance grid. In addition, the
high proportion of renewable energy and power electronic
devices connected to the AC grid reduces grid strength, lead-
ing to weak grid characteristics [3].

Currently, VSC-HVDC systems primarily use grid-follow-
ing (GFL) control based on phase-locked loop (PLL) syn-
chronization [4]. For simplicity, the GFL-VSC refers to the
GFL-based VSC-HVDC used in this study. Recent reports
from various national power grids indicate an increasing risk
of instability due to the loss of synchronism by GFL-VSC
systems under weak grid conditions [5], [6]. Cases include
the Estlink project between Estonia and Finland, the Caprivi
Link project in Namibia, and the back-to-back VSC project
in Chongging and Hubei, China. GFL-VSCs are widely used
in different scenarios, with significant differences in the line
impedance characteristics at various voltage levels. In addi-
tion to the magnitude of impedance or short-circuit ratio
(SCR), the phase of impedance, referred to as the impedance
ratio (R/X), also significantly affects synchronization stabili-
ty [7].

Adding auxiliary circuits or devices, such as static syn-
chronous compensator (STATCOM), between high-voltage
direct current (HVDC) terminals and the grid is effective for
enhancing synchronization stability in weak grids [8]. How-
ever, this approach is limited by geographical constraints
and requires additional investments. In addition, the effec-
tiveness of reactive power injection in improving synchroni-
zation stability is closely related to R/X [9]. Therefore, en-
hancing the adaptability of the converter to weak grids and
varying R/X are pressing issues that must be addressed.

Some researchers have proposed using the power balance
as the synchronization mechanism for converters, achieving
grid synchronization by autonomously constructing the volt-
age and phase angle without PLLs. This technology is
known as grid-forming (GFM) control [4]. The BorWin6 off-
shore wind power VSC-HVDC project in Germany, sched-
uled for commissioning in 2027, plans to employ this tech-
nology [10]. However, studies [11], [12] have found that al-
though GFM control techniques such as virtual synchronous
generator (VSG), power synchronization control (PSC), and
matching control can enhance synchronization stability, they
may also introduce issues such as angle oscillations and
slow dynamic response. Worse, the GFM control has limited
fault current suppression during large disturbances, necessi-
tating a switch to the GFL control to achieve current limit-
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ing [13]. This poses significant challenges to the stable oper-
ation of VSCs in weak grids. Therefore, if the synchroniza-
tion stability issue of converters in weak grids can be re-
solved, GFL control may still be considered a simpler solu-
tion for grid-connected converters. Current research has pri-
marily focused on two aspects: stability [14]-[17] and con-
trol [18]-[25].

In terms of stability mechanisms, [14] and [15] investigat-
ed how PLL affects small-signal stability in high-voltage di-
rect current (HVDC) systems when connected to an AC
grid. An inverter impedance model was previously devel-
oped considering the PLL influence, utilizing the generalized
Nyquist criterion to assess system stability and analyzing the
critical factors that affect stability [16], [17]. Nonetheless,
the direct measurement of the dg axis impedance is challeng-
ing, and its physical interpretation remains unclear. Most cur-
rent research has focused on the interaction between SCR
and PLL, placing less emphasis on R/X. The study in [7] in-
dicated that R/X is closely related to synchronization stabili-
ty, particularly in a weak grid, where ignoring the role of R/
X in practical applications is risky. However, the existing
work has not provided an effective stabilization method.

Significant progress has been made in synchronization sta-
bility control, with a primary focus on enhancing current
loops and modifying PLLs. The studies in [18]-[20] im-
proved the filtered resonance and current loop, thus enhanc-
ing the stability margin of the system. However, this method
introduces an auxiliary control loop that is highly sensitive
to parameter variations and steady-state operating conditions.
In addition, it fails to consider the PLL. As a result, [21]
and [22] applied dynamic compensation to the PLL inner
loop and proposed a voltage feedforward as a viable ap-
proach to vector control. The PLL parameters and structure
were optimized to enhance performance under weak grid
conditions [23], [24]. In [25], a compensation for the PLL
angle based on the estimated or measured grid impedance
was proposed. However, the method of transforming the PLL
involves reshaping the impedance for converters, which may
affect the dynamic performance or have limited applicability.

Virtual impedance is a commonly used approach to ad-
dress synchronization stability issues. The study in [20] pro-
posed a feedforward virtual inductance control strategy that
integrates the feedforward virtual inductance into the current
control loop of grid-connected converters, thereby ensuring
stable operation under weak grid conditions. The studies in
[26] and [27] proposed a dynamic virtual impedance control
method that adjusts virtual impedance in real time to im-
prove the dynamic performance and stability of GFL invert-
ers under weak grid conditions. However, the speed of these
adjustments is limited, and system stability may be compro-
mised during significant fluctuations in grid frequency and
voltage. Notably, these virtual impedance methods typically
enhance the SCR by altering the magnitude of line imped-
ance, effectively strengthening the grid. However, they do
not consider the effects of R/X and stability boundaries, nor
do they adjust the phase of R/X.

As noted, little research has been conducted on the syn-
chronization stability of R/X in GFL-VSC systems under
weak grid conditions. This study addresses this gap by ana-
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lyzing the instability mechanisms related to R/X in weak
grids and proposing a synchronous voltage reconstruction
method, which effectively modifies grid impedance to en-
hance synchronization stability. The main contributions of
this study are summarized as follows.

1) A small-signal model for synchronization stability of
the GFL-VSC is established, which effectively captures the
dynamic coupling process among the SCR, R/X, current con-
trol loop, and PLL.

2) The effect mechanism of R/X on the voltage and power
angle stability is investigated to quantify the stability range
of R/X and provide corresponding stability criteria.

3) A novel synchronous voltage reconstruction method is
proposed, which enhances synchronization stability across
various grid strengths and impedance characteristics while
maintaining existing control schemes.

The remainder of this paper is organized as follows. Sec-
tion II establishes a small-signal model for synchronization
stability of the GFL-VSC. Section III discusses the effect
mechanism of R/X on the synchronization stability of the
GFL-VSC. Section IV proposes a synchronous voltage recon-
struction method based on the grid impedance information.
Experimental results verify the effectiveness of the analysis
and method presented in Section V. Section VI concludes
the paper.

II. SMALL-SIGNAL MODEL FOR SYNCHRONIZATION
STABILITY OF GFL-VSC

Figure 1 shows the topology and control block of a VSC-
HVDC system connected to a weak grid using an L-type fil-
ter and impedance. L, and R, are the filter inductance and
parasitic resistance, respectlvely L, and R, are the 1nduc-
tance and resistance of the grid, respectlvely Z, =R, +]L, i
the total impedance of the grid, which can be obtained from
the impedance estimation. Unless otherwise specified, all
electrical variables in this study are expressed in per-unit val-
ues. U is the VSC output voltage. U and U are the voltage
at the point of common coupling (PCC) and grld voltage, re-
spectively. 1, is the grid-connected current. u,, is the volt-
age at the DC side.

A more detailed high-order model is established for the
synchronization stability of the GFL-VSC. This model con-
siders the dynamic coupling process among the SCR, R/X,
current control loop, and PLL, thereby enhancing the com-
prehensiveness of the analysis.

A. Dypical Small-signal Model for Synchronization Stability
of GFL-VSC
According to Fig. 1, the g-axis component of Ut can be
derived as:
di,

L,
u,=U,sin(d, 5)+Rz+—$ w”de

(M

where J, is the phase angle of Ug; i, and i, are the d- and g-
axis currents, respectively; w, is the grid frequency; and o,
and w, are the phase angle and frequency of the PLL, re-
spectively.

The PLL obtains the phase angle used for the dg frame
transformation by controlling u,,. This can be described as:
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Fig. 1. Topology and control block of a VSC-HVDC system connected to
a weak grid.
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T = ;Gpll (s)utq

5:

c

2

where G, (s)=k, ,,;+k, /s is the transfer function of the pro-
portional-integral (PI) controller in the PLL, and %, and
k; i are the proportional and integral parameters, respective-
ly. When the PLL operates successfully, o, =wm,. Linearizing
(1) at the equilibrium point yields:

Au,,=-U, cos(d,)Ad, +

Le R, |Ai +L,Ai
w0s+ o |Ai,+L AL, 3)

Au,,

where d,=arcsin((R,i,+L,i;)/U,), and the superscript » de-
notes the rated value; and Au,, is a small disturbance compo-
nent of the impedance voltage.

However, the typical small-signal model for synchroniza-
tion stability of the GFL-VSC shown in Fig. 2 fails to accu-
rately depict the influence of the current control loop and
R/X on the dynamic characteristics of the PLL. In fact, I,
directly affects the dynamic changes in Ut by impedance,
which in turn causes dynamic adjustments of the PLL and
current control loop. This leads to a change in 7, and even-
tually affects U,. The interactions among U, impedance,
PLL, and current control loop form a complex process.
Therefore, it is neccessary to establish a small-signal model
for synchronization stability that can describe these dynamic
coupling processes is necessary.

' Effects of |
. weak grid Auyy

o LgAi |

0 |
- U,c0s - el

— ' +

Auy, ©
pll

Fig. 2.
VSC.

Typical small-signal model for synchronization stability of GFL-
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B. Small-signal Model for Synchronization Stability of GFL-
VSC with Dynamic Coupling

Based on Fig. 1, the small-signal expressions of UO in the
dg frame and the current loop can be easily obtained by:

L . . .
Ae,= (a)OS+R Aiy~LAi,~(U,siné,)Ad,
., 4)
Ae,= (wos+R Ai, +LAi;—(U, cos 6, )AJ,
Aed:—(kp_yé,—i-ki‘yc/s)Aid—LfAiq 5
Ae,=—(k, . +k, /9)Ai, +LAi, ©)

where L=L+L,; R=R+R, and k,. and k, . are the propor-
tional and integral parameters of the PI controller in the cur-
rent control loop, respectively. Combining (4) and (5), the
small-signal expression for the VSC output current can be
obtained as:

LU, cosd,+G,(s)U,sind, AS

Ai,=
! G (s)+L2 ‘
. G (s)U,cosd,—L,U,sind, ©)
Ai,= 5 5 Ad,
G (s)+ L,

where G, (s)=Ls/o,+R+k, +k /s. In addition, R/X and
SCR value are defined as y=R,/L, and SCR=1/Z,, respec-
tively. Thus, the expression reflecting the dynamic coupling
process of the system in a weak grid can be written as:

Au,,=(G, ()G, ()+ G5 ()G5 (5)AJ, (7)
L.U, cos8,+G,(s)U,sino
Gz(s)= g-g (; ](32) g 1 0
Gi(9)+L;
G, (U, 6,—L,U,sino
G, (5)= L (8) gcozs o f , Sind,
Gi(s)+L;
1 (3
G,(8)=—— —
SCR- \/1+y*
S+ w?
G ()= e
@y SCR- \/ 1+

Both SCR and R/X clearly affect the current dynamic char-
acteristics. This influence is then transmitted through Au,, to
directly affect Au,,, which in turn affects the stability of AJ..
Therefore, it is inaccurate to consider only SCR while ignor-
ing R/X.

When (2) - (9) are combined, the proposed small-signal
model for synchronization stability of the GFL-VSC can be
obtained, as shown in Fig. 3. This is similar to the classical
Heffron-Phillips model of synchronous machines [4].

The synchronization stability mechanism of the GFL-VSC
in a weak grid can be revealed by analyzing the manner in
which Au_, introduces additional damping components to the
equivalent model in the PLL.

Au,= h,(5)AS, + h,(s)AS, + h,(s)AJ,
e e

Au, Au,

)

The feedback loop shown in Fig. 3 consists of three parts,
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corresponding to the d-axis current loop %,(s), g-axis current
loop £, (s), and grid voltage loop 4, (s), respectively. In (9),
under the interaction with AJd,, the outputs of the three feed-
back loops (Au, Au, and Au,) collectively determine the
damping characteristics of Au,, which in turn affect system
stability.

19>

' Coupling effect under !
SCR and R/X (h(s))
Aiy

Fig. 3.
VSC.

Proposed small-signal model for synchronization stability of GFL-

III. EFFECT MECHANISM OF R/X ON SYNCHRONIZATION
STABILITY OF GFL-VSC

A. Effects of R/X on Voltage Stability

A static analysis model can be obtained from (10). In in-
verter mode, i,,>0, 7,,<0, and the maximum current inject-
ed into the grid is defined as /,,, = 1/L,, while ignoring filter
parameters. When the grid impedance is not zero, i, and R,
together form a positive damping effect (%, (s)), which can
offset the negative damping effect (%,(s)) produced by i, and
L, to a certain extent. However, the offset effect depends on
the value of power output and grid impedance, that is, the
sign of R, i, +L,i,.

u,=—U,sin0+R i +L,i,
where 0=06,-4,.

When y=—i,/i,=y,, R,i,+L,i,=0, and the system is in a
steady state with 8=0, the best synchronization stability is
achieved. In this case, y=y, represents the optimal imped-
ance ratio.

When (1,,,,sin 0—i;)/i,<y<yp, R, +L,i,>0, with 6>0,
7= 8in O—iy)/i; is the lower limit value at which the sys-
tem can maintain synchronization stability, denoted as y,.
The negative damping effect is strong, resulting in poor sta-
bility. However, we should note that if the output reactive
power is increased, it can partially offset the negative damp-
ing effect caused by the active current and inductance, there-
by enhancing the synchronization stability of the GFL-VSC.
When y,<y<—(I,,sin 0+i,)/i,, R, +L,i,<0, with 6<0,
y=—(I,,,sin0+1i,) is the upper limit value at which the sys-
tem can maintain synchronization stability, denoted as y,,.
The positive damping effect dominates and completely off-
sets the negative damping effect. However, excessive reac-
tive power output can cause the GFL-VSC to shift from posi-
tive to negative damping, thereby reducing the synchroniza-
tion stability.

When y>vy, or y<y,, u

(10)

 1s always greater than or less
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than zero and the GFL-VSC does not have a steady-state
equilibrium point, rendering it unable to maintain synchroni-
zation with the grid.

The stable range of R/X is denoted by y,={yly,<y<v.}
Within this range, the system exhibits a steady-state equilibri-
um point, and synchronization stability can be enhanced by
introducing virtual impedance or adjusting the power refer-
ence values, as illustrated by the green region in Fig. 4(a).
However, when R/X lies outside the set y,, denoted by [y,
the system fails to maintain synchronization stability with
the grid, as illustrated by the red region in Fig. 4(a). Here,
{,7, represents the complement of y,,.

0
Unstable :
2§ region Damping
11 I
Stable Au,
region /4;\
0 (e e
Au,, A0,
—n/2 111 Au a v
(@) (b)
Dampingt A, Damping
1 |Au, I I Aug
770N ’
1,/ — 14 3
Ad, | Au,, AJ,
Au, Au, Au
I v I 41V

© (d)

Fig. 4. Effects of y on voltage stability. (a) Stability range of y. (b) Nega-
tive damping with less y. (c) Positive damping with suitable y. (d) Negative
damping with larger y.

By combining (9), we can determine the system stability
by the synthesized voltage. The voltages in quadrants I and
IT exhibit positive damping effects, whereas those in the re-
maining quadrants show negative damping effects. In Fig.
4(b), the synthesized voltage Au,, resides in quadrant IV, po-
tentially triggering an oscillatory instability. Increasing either
R/X or reactive power output, that is, increasing Au,, ensures
the positioning of Au,, in quadrant I. This augmentation in-
duces positive damping within the system, thereby reducing
frequency oscillations and forcing the system to converge to-
ward the equilibrium point, as shown in Fig. 4(c). Neverthe-
less, as depicted in Fig. 4(d), excessive values of R/X or re-
active power output result in an undesirable shift from posi-
tive to negative damping effects during Aw,. This shift
causes Au, to gravitate toward quadrant IV and leads to
poor system stability.

Figure 5(a) illustrates the effects of R/X and SCR on u,, in
the static analysis, highlighting their significant influence on
u,, particularly in a weak grid. These results underscore the
close relationship between voltage stability and impedance.
The corresponding sensitivity factor ¢, depicted in Fig. 5(b),
further substantiates this correlation. Specifically, when
SCR<3 and R/X<4.04, |¢| exhibits a larger magnitude. Fur-
thermore, when R/X remains constant, an increase in SCR re-
sults in a decrease in |&|. However, when R/X is equal to y,,
|e| 0. This suggests that changes in grid strength have a
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negligible effect on voltage stability. Under a constant SCR,
the influence of R/X on the voltage stability first decreases
and then increases, and the influence is the smallest under
the optimal impedance ratio.

2.0
1.5
1.0
0.5
0
-0.5
1.0
1.5
2.0

2.5k
2

(®)
Fig. 5. Sensitivity analysis. (a) Effects of R/X and SCR on u,,. (b) Sensitiv-
ity.

B. Effects of R/X on Power Angle Stability

As Fig. 3 shows, the internal relationship between Au,
and Ad, (Au,, divided by AJ,) is defined as G (s), and the re-
lationship between Ad, and Au,, is defined as G (s).

Au,,
Go()= S =+ h O +h, ) (D)
0
G ()= 405 = -Gy (o) (12)

To better illustrate the dynamic interaction between Au,,
and AJ,, the state variables at time i, and i, + 1 are defined.
For example, the state of Au,, at time i, is denoted as Au,,,
and therefore the state of AJ_; at time i, depends on G(s)
that is affected by the disturbance of Au, . Then, A, af-
fects Au,, by G(s). Accordingly, the state of Ad, is eventual-
ly updated to AJ,;,,. Therefore, the convergence of the an-
gle under small disturbances and the system stability can be
described by the magnitude of Ad,;, ,/Ad ;. The mathemati-
cal expression for the update behavior can be given as:

Au,,; Ao A
G (5)=Gp ()G (5)= 5" e

ci+l

Au

(13)

1q.i
where G (s) is the convergence of the state variable AJ,,
and it evaluates the stable state of the system by participat-
ing in the dynamic feedback process. The stability margin
depends on the infinite norm ” GEF(s)| which represents

>
9
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the maximum value of Gp.(s) under logarithmic amplitude-
frequency characteristics. The smaller H G (5) H is, the larg-

er is the stability margin. We can define 1 as a feedback co-
efficient that reflects the amplitude relationship between Ad_,

and Ad_;,, by:
G ()
,1=10" o, (14)
Aéc,i+1 =A‘Aéc,i (15)
If | Gue(s)| >0, 2>1. According to [AS,|=[1"[|Ad, ], it

can be obtained that lim’Aén‘ —+o. By contrast, for

n—>o0

|Ger()[, <0, 0<2<1, and lim[A5,[ — 0. Therefore, Z can

be used as a criterion to assess synchronization stability. In
other words, if 1> 1, J_ eventually diverges, leading to system
destabilization. For A< 1, J. eventually converges to a steady-
state value, resulting in progressive system stabilization.

Figure 6 shows a Bode diagram of G, (s) under various
conditions using the system parameters listed in Table I,
where P* and Q" are the reference active power and reactive
power of GFL-VSC, respectively.

20

Magnitude (dB)

by
3
=
[=%}
10° 10!
Frequency (rad/s)
——SCR=1; — SCR=2; —— SCR=3
(a)
__40r
m
Z
) Or
=
2
§o -40
= —
-80 N
630
Tm_; 450
£ 270t
[=
90+
-90 A
107! 10° 10!
Frequency (rad/s)
— R/IX=2.1;— R/IX=4.2; — R/IX=16.5

(b)

Fig. 6. Bode diagram of G (s) under various conditions. (a) R/X=4.2 and
SCR=1,2,3. (b) SCR=4.33 and R/X=2.1,4.2,16.5.

In Fig. 6(a), as the amplitude of G.(s) decreases, the
phase margin gradually increases with an increase in the
SCR, thereby weakening the negative damping characteris-
tics.



DIAO et al.: SYNCHRONOUS VOLTAGE RECONSTRUCTION OF VSC-HVDC SYSTEMS UNDER WEAK GRID CONDITIONS

TABLE I
SYSTEM PARAMETERS

Parameter Value Parameter Value
U, 1 o -0.24
, 314 ko 0.2
R, 0.01 k; it 0.85
L, 0.4 k. 0.27
P’ 0.97 k. 1

When A<1 and SCR=3, the system will be affected by
the positive damping, thereby enhancing the synchronization
stability of the GFL-VSC. In addition, the theoretical analy-
sis supports the practical observations in [4], confirming the
validity of the established model and stability criterion.

The bode diagram presented in Fig. 6(b) shows the differ-
ent results. With the increase of R/X, the amplitude of G (s)
initially decreases to below zero, suggesting an augmenta-

SCR
250 10
200 9
150" 8
100 7
50} 6

g 0 3
50t 4
-100}0.5 — 13
150 12

044 |
2000 < S .
x 0.21 0.15 0.10 0.065 0,03
2501037, UL e s B
80 -70 -60 -50 -40 -30 20 -10 0 10
Re
(a)
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tion of the positive damping traits in the system. However,
as R/X continues to increase, the amplitude of G,.(s) ex-
ceeds zero again, triggering negative damping effects and
compromising system stability. The resonant frequency re-
mains relatively constant throughout this progression, where-
as the phase margin experiences an initial decline, followed
by an increase. Unlike the SCR, the effect of R/X on the sys-
tem stability is non-monotonic, presenting a complex phe-
nomenon. Hence, it is necessary to consider the effects of R/
X on the project, rather than focusing only on SCR.

Figure 7 shows the root locus diagram of G.-(s) under
various conditions. In the magnified diagram of the domi-
nant pole in Fig. 7(a), the dominant pole clearly shifts from
the positive to the negative half-plane with the increase of
SCR. This movement enhances the system stability, reaching
a stable state when SCR=3. Notably, the eigenvalue analysis
results are consistent with those obtained from the Bode dia-
gram analysis.

10.000959

10.000958

150

100

50

Im
(=]

-100

X o 2
0.84 074 060 042 022 io

-150
-450

-300 -150 0 50
Re

(b)

Fig. 7. Root locus diagram of G (s) under various conditions. (a) R/X=4.2 and SCR in range of 1-3. (b) SCR=4.33 and R/X in range of 0-20.

The root locus diagram presented as Fig. 7(b) illustrates
the variation in R/X from 0 to 20 when SCR=4.33. As R/X
increases, the dominant pole crosses the imaginary axis and
enters the positive half-plane, which gradually amplifies the
negative damping effect. However, as R/X further increases,
the positive damping effect diminishes, re-entering the posi-
tive half-plane when y=16.0 and leading to a loss of system
stability. Thus, R/X affects the system stability by introduc-
ing a damping component; both excessively high and low R/
X values can induce system synchronization instability. Only
an appropriately selected R/X can foster synchronization sta-
bility. The root locus diagram illustrates the results of the
theoretical analysis.

IV. SYNCHRONOUS VOLTAGE RECONSTRUCTION METHOD
BASED ON GRID IMPEDANCE INFORMATION

In Fig. 8(a), U, overlaps with the d axis, u,=0, and the
PLL successfully locks in phase. The angle between U, and
Ug is denoted as 6,. However, as the grid strength diminish-
es, 8, changes as 0,.

On the one hand, the increase in U, causes 6, to advance
the d axis during small disturbance dynamics, resulting in u,,
exceeding 0, as illustrated in Fig. 8(b). Consequently, the dg
frame accelerates its rotation, signifying a continuous in-
crease in .. This acceleration may lead to the frame again
overlapping with U,, significantly affecting the converter con-
trol loop based on the PLL dynamics and potentially causing
instability. On the other hand, greater grid impedance re-
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quires a corresponding phase angle difference to effectively
transmit active power, necessitating that U, possesses a great-
er output phase angle. However, an excessively large phase
angle can lead to stability issues.

J, Areall &
(b) (©
Fig. 8. Vector diagram under various conditions and principle of proposed

method. (a) Under a steady-state condition. (b) Under small disturbance dy-
namics. (¢) Principle of proposed method.

In summary, both the dynamic characteristic of the PLL
and the static phase of the VSC synchronous voltage present
significant challenges to system stability. Therefore, a syn-
chronous voltage reconstruction method is proposed. Figure
9 presents a schematic of the proposed method.

PCC Virtual PCC

VSC : :
U R, U, L, U

. AC grid
U, &y L

—

P,, 0, Pv, o,

Fig. 9. Schematic of proposed method.

The classical method employs the phase angle of the PCC
voltage to implement a GFL control algorithm. By contrast,
the proposed method uses impedance information to recon-
struct the virtual PCC, effectively reducing the impedance
between U, and Ug, thus enhancing the stability of the GFL-
VSC system. The virtual PCC is defined as:

Uo — Ut

R+iL, (16)
where U, is the voltage of the virtual PCC; and R, and L,
are the line impedances from the virtual PCC to the AC grid.

Based on this concept, the equation for calculating the re-
constructed voltage of the virtual PCC is given in (17). The
voltage of the virtual PCC can be constructed by controlling
m and n, which can alter R/X and SCR. In other words, this
method can change the position of the virtual PCC. The val-
ue ranges of m and n are [0, 1]. The larger the value, the
closer it is to the power grid. Figure 8(c) shows that the ma-
nipulation of the scaling factors enables voltage adjustment
of the impedance within area II, thereby impacting U, in ar-
ea I. 0, is the angle of U,. As the values of m and n in-
crease, the phase angle difference between U, and U(g dimin-
ishes, thereby enhancing the system stability margin.

Uy :f[}’(m, n)’ S(m’ n)]utd - g[y(m, n)’ S(m’ n)]uod

Uv: UI_(Rv+ij)jabc: UI_(Rv+ij)

1
u,,=fTy(m,n),S(m,mu,,— gly(m, n), S(m, n)lu,, (17)
STy(m, n), S(m, n)]=1+ my+jn

gly(m, n), S(m, n)]=
(R+jL,)-SCR- /147"
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where y(m,n) and S(m,n) are the functions of m and n; u ,
and u,, are the reconstructed voltages of the virtual PCC in
the dq frame; u,, and u,, are the VSC output voltages in the
dq frame; and m and n are the scale factors of the grid resis-
tance and inductance, respectively.

Compared with traditional methods, the proposed method
reconstructs the SCR and R/X by changing the values of the
scaling factors. This allows the controller to improve its dy-
namic characteristics more smoothly under varying grid con-
ditions.

Notably, the proposed method relies on impedance infor-
mation from (16). The equivalent grid impedance observed
from the converter may not always be accurately known and
may change with the reconfiguration of the grid. Therefore,
achieving complete compensation for the grid impedance
may not be practical. However, it is asserted that even par-
tial impedance compensation can enhance the stability range
without adversely affecting converter operation. Thus, the
grid impedance can be estimated based on the type and
length of the transmission line during practical operation.
The impedance amplification factor can be appropriately ad-
justed to more closely reflect the actual grid impedance, de-
pending on grid conditions. In addition, the proposed meth-
od can be combined with remote measurements of active
and reactive power flows to facilitate impedance estimation,
as indicated in [28] and [29].

V. EXPERIMENTAL RESULTS

To validate the correctness and effectiveness of the theo-
retical analysis and proposed method, a hardware-in-the-loop
(HIL) platform was constructed using the TMS320F28377D
device, as illustrated in Fig. 10, with the experimental param-
eters and cases listed in Tables I and II, respectively.

¥

. RTU-BOX206

Analog
signals

+ DP5600 -
Fig. 10. HIL platform.

A. Grid Strength from Strong to Weak

The synchronization characteristics of the GFL-VSC sys-
tem in Case | are illustrated in Fig. 11(a). The blue dashed
line represents the switching of the line condition in related
case. The yellow, gray, and blue colors of the U, curves rep-
resent the voltages of phases A, B, and C, respectively. The
red, orange, and blue colors of the 7, curves represent the

abc

currents of phases A, B, and C, respectively.
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TABLE 1T
LINE PARAMETERS UNDER DIFFERENT CASES BEFORE AND AFTER
SWITCHING OF LINE CONDITION

Before After

Case

SCR RIX SCR RIX
Case 1 4.33 4.20 2.04 4.20
Case 2 4.33 4.20 4.33 0.50
Case 3 2.50 4.20 1.50 4.20
Case 4 4.33 0.50
Case 5 1.50 14.98

2.04 (GFL-VSC)) 2.01 (GFL-VSC))

Case 6 4.33 2.01

1.50 (GFL-VSC,) 0.50 (GFL-VSC))

The related curves in the other figures below have similar

U, ;

WWWMWMWMWW

1 1
A s~
Y . -

=——

U, (0.5 p.u/div), P, (0.5 p.u./div)
0, (0.5 p.u/div), 1, (0.5 p.u./div)

Lt
WWMW i
Time (200 ms/div)

(a)
Fig. 11.

il

i

i

T

i

g

U, (0.5 p.u./div), P, (0.5 p.u./div)
0,(0.5 p.u/div), 1, (0.5 p.u./div)
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(@)
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meanings and will not be repeated. When the grid strength
abruptly shifts from strong to weak, the power, voltage, and
current of the GFL-VSC system are affected, resulting in a
loss of synchronization with the grid. However, applying the
proposed method yields improved synchronization stability,
as indicated by the experimental results presented in Fig. 12.
Figure 12(a) shows that P, and Q, at the PCC are re-estab-
lished to be stable and slightly higher than the rated values
after a short adjustment period, which is attributed to the re-
constructed voltage being closer to the grid side. To achieve
the rated values of power P, and Q, at the virtual PCC, a
greater output power at the PCC is required to offset the con-
sumption on the line, as shown in Fig. 12(b). Overall, the ex-
perimental results demonstrate the effectiveness of the pro-
posed method under weak grid conditions.

Experimental results at PCC without proposed method. (a) Case 1. (b) Case 2.

N 1
s
iwf“/?szmg@m i

Fig. 12. Experimental results of Case 1 with proposed method. (a) PCC. (b) Virtual PCC.

B. R/X Transition from Appropriate to Small

Experimental results of Case 2 are shown in Fig. 11(b).
Clearly, the system stability deteriorates as R/X changes
from 4.2 to 0.5. The loss of synchronization observed is at-
tributed to the excessively small R/X, which is consistent
with the theoretical analysis. Figure 13 presents the experi-
mental results after implementing the proposed method,
which demonstrates that the proposed method effectively al-
ters R/X, thereby enhancing the synchronization stability.

C. Comparison Under Extremely Weak Grid Conditions

Figure 14 presents the experimental results of Case 3 with
both the virtual inductance method in [20] and the proposed
method. Both methods are stabilized under a weak grid con-
dition with SCR=2.5. However, the proposed method
achieves a slightly higher power at the PCC compared with
the virtual inductance method, as it adequately meets the
power requirements at the virtual PCC, thus compensating
for power at the PCC.
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Fig. 14. Experimental results of Case 3 with various methods. (a) Method in [20]. (b) Proposed method.

In addition, when SCR=1.5, the virtual inductance meth-
od loses stability, whereas the proposed method maintains
stability, as shown in Fig. 14(b). These results indicate that
the proposed method can operate stably not only under
SCR <3 (weak grid) but also under SCR <2 (extremely weak
grid [16]).

D. Influence of Reference Power on Synchronization Stability

In Case 4, P* and Q" mutate from 0.97 to 1.97 and from
0.1 to 0.24, respectively. The experimental results are shown
in Fig. 15(a) and (b). Although the system operates in a
strong grid, R/X is close to y,, resulting in poor stability. A
sudden increase in P* enhances the negative damping effect
and reduces the system stability. By contrast, a sudden in-
crease in Q" enhances the positive damping effect and im-
proves the system stability. Nevertheless, in Case 5, as
shown in Fig. 15(c), the system operates under extremely
weak grid conditions with R/X closer to y,. In addition, the
positive damping effect dominates, allowing the system to
maintain its stability. However, a sudden change in Q" can
reverse the positive damping effect a negative one, resulting
in system instability.

The comparison of Cases 4 and 5 reveals that: @ a small-
er R/X under strong grid conditions can worsen system stabil-
ity, whereas the system can achieve stability under weak

grid conditions at equilibrium with an appropriately high
R/X; ) increasing Q" can enhance system stability within a
certain R/X range, but this effect will be counterproductive
at high R/X values.

Figure 15(d) presents the experimental results of Case 5
with the proposed method. After an adjustment period of
100 ms, the system returns to a steady-state equilibrium
point. This demonstrates that the proposed method effective-
ly mitigates the negative impact of reactive power by modi-
fying R/X.

E. Verification of Proposed Method for Multiple VSCs

Based on the topology shown in Fig. 16, the working con-
dition shown in Case 6 is verified. P, and Q, are the active
and reactive power outputs of GFL-VSC, respectively, with
a ratio of P:P,=1:2 and Q,:0,=1:2. L, and R, are the
grid inductance and resistance of GFL-VSC, respectively.
U, is the voltage output of GFL-VSC,. In the absence of any
additional control, GFL-VSC, and GFL-VSC, are unstable
to varying degrees in the face of grid impedance changes, as
shown in Fig. 17(a). Experimental results obtained after ap-
plying the proposed method are shown in Fig. 17(b). Both
GFL-VSC, and GFL-VSC, demonstrate stable and propor-
tional output, confirming the feasibility of applying the pro-
posed method to multiple VSCs.
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Fig. 15. Experimental results of Cases 4 and 5. (a) Case 4: P* from 0.97 to 1.97. (b) Case 4: Q" from 0.1 to 0.24. (c) Case 5: Q" from 0.1 to 0.24. (d)
Case 5 with proposed method.
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VI. CONCLUSION

Grid impedance negatively affects the synchronization sta-
bility of GFL-VSC, and this effect cannot be overlooked.
This study aimed to explore the underlying mechanisms and
proposed an improved method. First, a small-signal model of
GFL-VSC was established to describe the complex dynamic
coupling process between the grid impedance and the con-
trol loop. Next, the effect of R/X on voltage and power an-
gle stability was analyzed, where its effect on system damp-
ing was clarified from a physical perspective.
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Fig. 17. Experimental results of Case 6. (a) Without proposed method. (b) With proposed method.
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Based on this analysis, the stability range of R/X was
quantified, and a power angle stability criterion was pro-
posed. In addition, a synchronous voltage reconstruction
method was proposed to enhance the synchronization stabili-
ty of the system by altering SCR and R/X. This method did
not rely on the transformation of the PLL itself and demon-
strated good adaptability across various power grid strengths
and multi-machine parallel connections. Finally, experimen-
tal results validated the accuracy and effectiveness of both
the analytical analysis and proposed method.
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