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Impedance Reshaping Method Based on
Compensating PLL Dynamic to Improve Active

Power Transfer Capability of VSC Under Weak Grid
Xiaoling Xiong , Member, IEEE, and Bochen Luo , Member, IEEE

Abstract—The vector current control scheme based on the phase-
locked loop (PLL) is widely used in grid-connected voltage-source
converters (VSCs). However, the power transfer capability of the
VSC will first be limited by dynamic power limitation (DPL) and
then by static power limitation (SPL). The SPL is determined
by the steady-state operation of the system, such as steady-state
algebraic equations. Simultaneously, the DPL mainly relies on
control strategy and controller parameters, which is also called
the small-signal stability boundary and will not exceed SPL. In
this article, the SPL and DPL of the VSC with different outer
control loops are investigated, i.e., active power and reactive power
(PQ) outer control loops, or active power and ac voltage (PV)
outer control loops. It is found that extra reactive power injected
into the grid is beneficial for improving the SPL and DPL of the
VSC, especially under weak grid conditions. To maximize the SPL
within the power constraint of VSC, the optimal design method for
power references is presented. Meanwhile, a comparative analysis
for the SPL of VSC with PQ or PV control loops is given, and
the application scenario of both control strategies is clarified. Fur-
thermore, aiming at the main factor restricting the DPL, i.e., PLL
influence, an impedance reshaping method based on compensating
PLL dynamics is proposed to increase the DPL of VSC, resulting
in the DPL of the VSC almost extended to SPL. Finally, simulation
and experimental tests are also carried out, and the results validate
the effectiveness of the proposed methods.

Index Terms—Impedance reshaping, power transfer capability,
small-signal stability, weak grid, weak-grid-tied voltage-source
converters (VSCs).

I. INTRODUCTION

POWER electronic equipment has been widely promoted
due to the increasing penetration of renewable energies

and the rapid development of high voltage direct current trans-
mission [1], [2], [3]. As the most commonly used interface
equipment, voltage source converters (VSCs) have attracted
extensive concerns all over the world. Generally, most of the
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VSCs still adopt the conventional grid-following control strat-
egy, i.e., synchronizing with the grid through the phase-locked
loop (PLL) and facilitating the current-vector control method
[4], [5]. However, due to the high penetration of renewable
energies and power electronic equipment, the grid becomes
weak, giving the characteristic of a low short circuit ratio (SCR)
at the point of common coupling (PCC) [6]. Under weak grid
conditions, the power transfer capacity of VSCs will be limited,
which is also one of the most significant challenges at present.

For VSCs, it has been reported that the power transfer capacity
will be limited in two aspects, i.e., the static power limitation
(SPL) [7] and the dynamic power limitation (DPL) [8]. The
SPL is determined by the steady-state operation of the system,
such as steady-state algebraic equations, which characterizes the
maximum transferable power of the VSC under a specific circuit
topology. However, if the VSC control system is involved, the
DPL should be considered, which can be estimated based on the
stability criteria using control theory. Thus, the DPL can also be
regarded as the small-signal stability boundary when the VSC
transfer power varies. The DPL of VSCs is generally lower than
the SPL, especially when the controller parameters deteriorate,
which may lead to an inadequate utilization of the VSC capacity.

Therefore, how to enlarge the VSC power transfer capacity
as much as possible is a hot topic, which attracts many research
efforts devoted to revealing the key factors that limit the SPL and
DPL. In [9], the SPL of VSC under different operating conditions
is analyzed, and it is found that the VSC can be operated under
a lower SCR as the power factor (PF) reduces. However, the
underlying mechanism of extending the SPL by reducing PF
has not been revealed, and the influence of outer control loops
on SPL remains to be studied. Huang et al. [8] further discussed
the SPL of VSC with active power and ac voltage (PV) outer
loops when SCR varies, but the SPL of adopting other outer
control loops, such as active power and reactive power (PQ)
loops, is not analyzed. Meanwhile, the influence of the VSC
power constraint is not fully considered.

On the other hand, the DPL is mainly affected by the inter-
actions of different control loops [10]. To study their influence
on DPL more clearly, the VSC model sometimes needs to be
simplified. Wu et al. [11] neglected the effects of outer loops
and study the interactions of PLL and inner current loops.
Meanwhile, Huang et al. [12] assumed the loop gain of the inner
current loop is one and mainly focus on the interactions of PLL
and outer control loops. However, no matter how the VSC model
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is simplified, the research results indicate that the frequency
coupling and negative resistance characteristic caused by PLL
are among the key factors that lead to VSC instability issues and
the reduction of DPL.

To solve the instability issues caused by PLL and extend the
DPL of VSCs as much as possible, many different methods have
been proposed to enhance or modify the conventional vector
current control (VCC). The most direct method is to reduce the
bandwidth of PLL, thus decreasing its influence [13]. However,
a much lower PLL bandwidth will worsen the dynamic perfor-
mance of the system and even be unable to reach the requirement
of low voltage ride-through [14], [15]. Damping controllers
[16], virtual impedance [17], or additional filters [18], [19] are
often used to suppress the sub-/supersynchronous oscillations
that occur in VSC systems with a high power rating. However,
due to the relatively fixed parameters, their effectiveness can be
easily influenced by system operating conditions or parameters.
In [20] and [21], the VSC stability-enhanced method based on
impedance reshaping in the q-q channel is proposed to resolve
the instability issues caused by PLL and extend the small-signal
stability boundary. However, the influence of d-q channel is not
fully considered.

Moreover, some study efforts are devoted to using new control
strategies for VSC to replace VCC that relied on conventional
PLL. In [22] and [23], direct power control is proposed to
address the oscillation risk in low frequency caused by PLL.
However, strong frequency coupling will be introduced in high
frequencies, resulting in high-frequency resonance issues. In
[24], an observer-based current control is proposed, which can
improve the stability of the system in a wide SCR range.
However, due to the controller relying on calculating the state
equation in real-time, the implementation of the method is
complex. Zhang et al. [25] proposed an adaptive robust H�

control method for the grid-connected VSC, which can restrain
the voltage distortion adaptively when SCR varies. However, the
parameter design is based on the Lyapunov stability theorem,
which increases the difficulty of practical application. Recently,
grid-forming control strategies, such as power-synchronization
control (PSC) [26] and virtual synchronous generator (VSG)
[27] are developing rapidly due to their improved stability under
weak girds. However, they still suffer from other stability issues,
such as synchronous frequency resonance [28]. Meanwhile, lots
of wind power converters and photovoltaic converters are still
operating as grid-following converters, which synchronize with
the power grid based on PLL. Thus, this type of converter is
our main concern in this article. Other research attempts to
modify the structure of the conventional PLL, thus reducing its
influence. Yang et al. [29] proposed a symmetrical PLL, which
can eliminate the frequency coupling phenomena and make the
grid-connected VSC system become a single-input single-output
(SISO) system. However, it still fundamentally does not remove
the negative resistance introduced by the PLL. Therefore, the
effect of this method on improving DPL is limited.

To cover the aforementioned insufficient studies for SPL and
DPL of VSC adopting conventional VCC based on PLL, this
article not only analyzes the SPL and DPL for VSC with two
normal control strategies, i.e., PQ as well as PV control strategies

but also presents design-oriented methods to improve the SPL
and DPL, thus maximizing the VSC power transfer capability.
The contributions of this article can be summarized as follows.

1) Based on the steady-state algebraic equations of the sys-
tem, the SPL of VSC with PQ or PV control strategies is
analyzed from multiple dimensions. It is found that extra
reactive power generation is the fundamental reason for
the improvement of SPL of VSC with PQ or PV outer
loops.

2) To extend the SPL of VSC as much as possible within
the power constraint, the optimal designed method for
VSC power references with PQ or PV outer loops is
presented. Meanwhile, a comparative analysis for the SPL
of VSC with PQ or PV control loops is carried out, and the
application scenario of different outer loops is clarified.

3) The DPL of the VSC with PQ or PV outer loops in different
operation conditions is analyzed. Aiming at the key factor
that limits DPL, i.e., PLL dynamics, an impedance reshap-
ing method is proposed to reduce PLL influence. Thus, the
DPL of the VSC can be almost extended to SPL.

The rest of this article is organized as follows. Section II gives
the VSC grid-connected system configuration, and the SPL of
VSC with PQ or PV control loops is analyzed. Meanwhile, the
optimal values for power references are presented. In Section III,
the DPL of VSC with PQ or PV control strategies is studied
based on the small-signal impedance model. In Section IV,
an impedance reshaping method based on compensating PLL
dynamic is proposed, which can effectively improve the stability
margin of the system and further extend the DPL almost to
SPL. Section V shows the simulation and experimental results
to verify the correctness of the theoretical analysis. Finally,
Section VI concludes this article.

II. STATIC POWER LIMITATION ANALYSIS

A. VSC Grid-Connected System Configuration

The topology and control diagram of the grid-connected VSC
is shown in Fig. 1(a), where Vdc is the dc side voltage. For the
ac side, the VSC connects to the grid through an LC filter, where
Lf, Rf, and Cf represent the filter inductance, resistance, and
capacitance, respectively. Rg and Lg are the equivalent resistance
and inductance of the grid. vcabc and iabc are the VSC output
voltage vector and current vector, and vabc represents the PCC
voltage. igabc and vgabc are the grid current and voltage. The
subscript “abc” means that they are in the three-phase stationary
frame. Meanwhile, the above vectors can also be expressed in
the synchronous rotating frame, i.e., vcdq, idq, vdq, igdq, vgdq.
For example, the PCC voltage vector in these two frames can be
written as vabc= [va vb vc]T and vdq= [vd vq]T, respectively. The
typical control strategy of the VSC is using a PLL to obtain the
phase of PCC voltage θpll, thus realizing synchronization with
the grid. To achieve different control goals, there are two usual
options for the outer control loops, i.e., adopting PQ control
loops or PV control loops. PQ control loops can flexibly adjust
the PCC output power, i.e., P and Q, while the PV control loops
can stabilize the PCC voltage amplitude Vpcc when the VSC
output power varies. idqref is the output of the outer control loops,
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Fig. 1. Topology of grid-connected VSC and the relationship between differ-
ent d-q frames. (a) Topology of grid-connected VSC. (b) Diagram of the system
d-q frame and control d-q frame.

which is also the reference for the inner current loop. When the
PCC voltage perturbations and PLL dynamics are considered,
there will be two different d-q frames, i.e., the system and the
control d-q frames [30]. Fig. 1(b) gives the relationship of these
two d-q frames, where both frames are rotating at synchronous
frequency ω0, i.e., 100 π rad/s, and θ0 is the PCC voltage phase
angle in the system d-q frame. The dynamics of PLL will lead
to a phase error Δθ. To distinguish from the components in the
system d-q frame, the superscript “ctrl” is used to denote the
components in the control d-q frame.

B. SPL Analysis for VSC With the Outer PQ Control Loops

According to Fig. 1(a), the algebraic equations for steady-state
operation in the d-q frame can be expressed as follows:⎧⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

P = 1.5 (Vd0Id0 + Vq0Iq0)
Q = 1.5 (Vq0Id0 − Vd0Iq0)
Vd0 = Vgd0 +RgId0 − ω0LgIq0
Vq0 = Vgq0 +RgIq0 + ω0LgId0
V 2
gd0 + V 2

gq0 = V 2
g .

(1)

Here, Vcd0, Vcq0, Vd0, Vq0, Vgd0, Vgq0, Id0, and Iq0, denote the
steady-state values. Vg is the amplitude of grid phase voltage.
Considering the control effect of PLL and the outer PQ control
loops, in the steady state, the following relationships should be
satisfied: {

Vq0 = 0
P = Pref ;Q = Qref

(2)

where Pref and Qref are the active and reactive power references,
respectively. Combining (1) and (2), the complete steady-state
algebraic equations of the system can be obtained, which con-
siders both the constraints of the main circuit and the control

effects. If the equations have no solutions, the grid-connected
VSC can not work properly no matter how the controllers are
enhanced.(

1

1.5

)2

X2 −
(

2

1.5
(RgP +XgQ) + Vg

2

)
X

+ (RgP +XgQ)2 + (RgQ−XgP )2 = 0. (3)

To further reveal the requirement for the steady-state solu-
tions, substituting (2) into (1) and eliminating the intermediate
variables, the multivariate equations can be simplified as an
equivalent quadratic equation in (3), where X = (1.5Vd0)2, and
Xg = ω0Lg, representing the equivalent reactance of the grid.
At the same time, VSCs usually are fed into the high-voltage
transmission network. In other words, Rg << Xg, Rg is, thus,
ignored in (3). If the solution for (3) exists, the following
relationship should be satisfied:(

2

1.5
XgQ+ Vg

2

)2

− 4

(
1

1.5

)2 (
P 2X2

g +Q2X2
g

) ≥ 0. (4)

According to (4), the maximum value of P, i.e., the SPL of
the VSC with outer PQ control loops, can be calculated as

SPLPQ =

√
3Vg

2

2Xg
Q+

(
3Vg

2

4Xg

)2

. (5)

Moreover, Xg can be depicted by SCR [8], which is the short-
circuit ratio of the power grid, such as

Xg =
Vg/IN

SCR
√

1 + (Rg/Xg)
2
≈ Vg/IN

SCR
(6)

here IN is the amplitude of the rated phase current. Substituting
(6) into (5), the expression of SPLPQ can be further derived as

SPLPQ =

√
PNQSCR +

(
1

2
PNSCR

)2

(7)

where PN = 1.5VgIN, denoting the rated power of the VSC.
Meanwhile, because SPLPQ ≥ 0, the following inequality also
should be satisfied:

Q ≥ −1

4
PNSCR. (8)

From (8), it can be found that the maximum reactive power
that VSC can absorb from the grid is also limited by SCR.
Besides, when the VSC operates at unity PF, i.e., Q = 0, (7)
can be further derived as

SPL0
PQ =

1

2
PNSCR. (9)

To have a clear insight into the relationships, the three-
dimensional (3-D) view of SPLPQ and SPL0

PQ can be drawn
based on (7) and (9), as shown in Fig. 2(a). At the same
time, the front view, right view, and vertical view are given in
Fig. 2(b)–(d), respectively. In Fig. 2, the red solid line represents
SPL0

PQ, i.e., the VSC operating at unity PF. From Fig. 2(b), it
can be seen that when VSC operates at unity PF, SPL0

PQ(p.u.)
is proportional to SCR with a sloop of 0.5, indicating that the
minimum SCR required for VSC should be not less than 2 to



XIONG AND LUO: IMPEDANCE RESHAPING METHOD BASED ON COMPENSATING PLL DYNAMIC 425

Fig. 2. Three-dimensional view of the SPL of the VSC with outer PQ loops
when SCR and Q vary. (a) Three-dimensional view. (b) Front view. (c) Right
view. (d) Vertical view.

transfer rated active power, which corresponds to the conclu-
sion mentioned in [9]. Moreover, in ultraweak grid conditions,
SPL0

PQ will be reduced further. For example, when SCR = 1,
SPL0

PQ(p.u.) is only 0.5 p.u., which may cause insufficient
utilization of the VSC capacity. Fortunately, from Fig. 2(c), it
can be seen that SPLPQ will be improved when Q increases,
indicating that the SPL will be extended when extra reactive
power is injected into the grid.

On the other hand, excessive reactive power will also occupy
the VSC capacity, leading to overload issues or overcurrent
damage. Therefore, the output power needs to be designed to
maximize the VSC power transfer capacity under the power
constraint. When the VSC power constraint is considered, the
following relationship should be satisfied:

S =
√
P 2 +Q2 ≤ nPN (10)

where S is the apparent power of the VSC, and n is a factor,
denoting the limitation of different conditions. In this article,
the maximum allowable capacity of the VSC is set as 1.1PN,
thus, n will be lower than 1.1.

When the SPL and power constraint mentioned in (7) and
(10) are both considered, the optimal design for Q to extend
VSC power transfer capacity can be deduced as

Qop =

{
PN

(
n− 1

2SCR
)
, 0 ≤ SCR ≤ 2n

0, SCR > 2n
. (11)

Based on the Qop derived from (11), the optimal values of P
can also be calculated, which can be written as

Pop =

{
PN

√
nSCR− 1

4SCR
2, 0 ≤ SCR ≤ 2n

nPN , SCR > 2n
. (12)

Fig. 3(a) further gives the 3-D view of Pop, and Qop with
the power constraint of PN and 1.1PN when SCR varies. The

Fig. 3. Optimal values of P and Q to fully utilize VSC capacity when SCR
varies. (a) Three-dimensional overall view. (b) Vertical view. (c) Right view.

cylindrical surfaces represent the power constraints of PN and
1.1PN, which intersect with SPLPQ at the blue solid line and pink
dashed line, respectively, standing for the values of Pop and Qop

when SCR varies from 0 to 2n. However, when SCR increases
over 2n, Pop reaches the maximum value nPN and can not be
further extended due to the VSC power constraint, as shown in
the black solid line and red dashed line. At this time, the VSC can
operate at rated active power even without extra reactive power
injection. Fig. 3(b) and (c) further shows the vertical view and
right view of Pop and Qop, respectively. From here, the Pop and
Qop at different power constraints can be easily observed when
SCR varies. For example, when the power constraint is 1.1PN

and SCR decreases to 1, it can be seen that the optimal reactive
power is 0.6 p.u., which can extend the SPL to almost 0.92 p.u.
Except for the power constraint, the current limitation is also
a key factor that should be considered when Pop and Qop are
adopted. Suppose the maximum allowable current of the VSC
is 1.5 p.u. [31]. Substituting Pop and Qop into (1), the maximum
value of VSC output current can be calculated as 1.45 p.u. in the
case of SCR = 2n. Therefore, Pop and Qop are still applicable
when the current limitation of VSC is considered and will not
lead to overcurrent issues.

C. SPL Analysis for VSC With the Outer PV Control Loops

The above analysis mainly focuses on the power transfer
capacity of VSC with outer PQ control loops. When the PV
control loops are adopted, the steady-state equations mentioned
in (2) need to be modified as{

Vq0 = 0
P = Pref ;Vd0 = Vpcc = Vref

(13)

where Vref is the reference value of PCC voltage amplitude.
Similar to the SPL analysis for PQ control loops, substituting
(13) into (1), and based on the quadratic equation about Iq0, the
SPL of the VSC with PV outer loops can be calculated as

SPLPV =
3

2
VpccINSCR. (14)
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Fig. 4. Three-dimensional view of the SPL with PV outer loops when SCR
and Vpcc vary. (a) Overall view. (b) Front view. (c) Right view. (d) Vertical view.

Moreover, if Vpcc is equal to the rated value Vg, (14) can be
further simplified as

SPL1
PV = PNSCR. (15)

According to (14) and (15), the 3-D view of SPLPV and
SPL1

PV can be obtained, as shown in Fig. 4(a). The front
view, right view, and vertical view are given in Fig. 4(b)–(d),
respectively. From here, it can be seen that the SPL of VSC
with PV loops will be extended when SCR and Vpcc increase.
Furthermore, SPL1

PV(p.u.) is proportional to the SCR with a
scale factor of 1, indicating that the VSC with PV control loops
can transfer rated active power when SCR = 1. Noting that the
power constraint is not considered here.

However, as the output active power increases, the VSC
will inevitably supply extra reactive power to support the PCC
voltage if other compensation equipment is not adopted, which
may cause overload issues. Therefore, the reactive power char-
acteristic of the VSC with PV control loops should be analyzed,
thus ensuring the apparent power of the VSC is always lower
than the power constraint. The output reactive power of the VSC
with PV control loops can be calculated as

Q = −3

2
VpccIq0 ≈ 3

2

V 2
pcc − Vpcc

√
V 2
g −

(
Vg

SCRIN
P

1.5Vpcc

)2

Vg/ (SCRIN)
.

(16)
According to (16), when PV control loops are used, the 3-D

view of S and Q can be obtained, as shown in Fig. 5(a), where
Vpcc is set as 1 p.u.. The red surface represents the power
constraint of 1.1PN. From Fig. 5(a), it can be seen that in some
cases, S will exceed the power constraint, especially when SCR
is low. For clarity, Fig. 5(a) further gives the curves of S and Q
when P is taken as 0.92 p.u. and 1 p.u., respectively. Meanwhile,

Fig. 5. VSC output powers when outer PV loops are adopted and SCR varies.
(a) Three-dimensional overall view of Q and S with different P and SCR.
(b) Front view of Q and S when P is 0.92 p.u. or 1 p.u. (c) Optimal values
of P when SCR varies.

the front view of them is shown in Fig. 5(b). From here, it can be
seen that when P is 1 p.u., S will exceed the power constraint if
SCR<1.3, resulting in overload issues. Therefore, the minimum
SCR required for VSC to transfer rated active power is about
1.3 with PV control loops and a power constraint of 1.1PN. In
other words, P needs to be properly reduced to ensure S will not
exceed the power constraint with a lower SCR. For example,
when P reduces to 0.92 p.u., the curve of S will move downward
and intersect with 1.1PN at SCR = 1. Therefore, 0.92 p.u. can
be regarded as the optimal value of P when SCR is 1. Similarly,
other optimal values of P when SCR varies can also be obtained,
as presented on the red solid line, i.e., the intersection of 1.1PN

and S, which can be expressed as

Pop1 = PNSCR

√
1−

(
1− 1

2

n2

SCR2

)2

, SCR ≥ n

2
. (17)

Moreover, the vertical view of Pop1 is given in Fig. 5(c). From
Fig. 5(c), it can be seen that Pop1 will gradually approach 1.1PN

when SCR increases. It should be mentioned that the design of
Pop1 assumes Vpcc = 1 p.u.. Thus, the per-unit value of S will
be equivalent to the per-unit value of the VSC output current.
Due to S ≤ 1.1 PN, the output current will also be smaller than
1.1 p.u., which will not cause overcurrent issues.

D. Comparative Analysis of SPL for VSC With Outer PQ or
PV Control Loops

To have an overall insight into the SPL with these two types
of control strategies, Fig. 6 further gives the comparison plots
of SPL with PQ or PV control loops. From Fig. 6, when the
power constraint is ignored and the VSC works in normal
conditions, such as using PQ loops with unit PF or PV loops with
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Fig. 6. Comparison plots of SPL for VSC with PQ or PV control loops with
or without considering power constraints.

Vpcc = 1 p.u., it can be seen that SPL1
PV is almost two times of

SPL0
PQ, indicating that the VSC with PV control loops processes

a better power transfer potential compared to the VSC in unit
PF. The fundamental reason is extra reactive power is injected
to support the PCC voltage as the output active power increases
when PV loops are adopted, as shown in Fig. 5(a). However,
when the power constraint is considered, such as 1.1PN, the SPL
of the VSC with PV control loops will greatly reduce and reach
the optimal value Pop1. On the contrary, the SPL of VSC with PQ
control loops will extend to Pop under ultraweak grid conditions,
such as SCR < 1. Moreover, the VSC with PV control loops
may not be able to work properly when SCR further decreases,
such as SCR < 0.55, due to the constraint mentioned in (17).
Fortunately, if SCR ≥ 1, there will be little difference between
Pop and Pop1, meaning the SPL of VSC with PQ or PV loops are
almost the same. Therefore, PV outer loops are more applicable
for a low SCR grid than PQ loops due to better power transfer
potential and voltage support capability. However, in ultraweak
grids, PV or PQ outer loops will also be limited due to power
constraint or PCC voltage constraint.

III. DYNAMIC POWER LIMITATION ANALYSIS

The abovementioned analysis shows that the SPL of VSC
can be extended by combining the operating point design and
control mode. However, the actual transferable power of VSC,
i.e., the DPL, will be much lower than SPL due to the effect of
the control system. To analyze the DPL of VSC, the small-signal
relationships of the grid-connected VSC should be deduced, and
the detailed process is omitted in this article for simplification.
Considering the effect of different control loops, the impedance
models of the VSC adopting PQ or PV control strategies are
depicted in Fig. 7, where the detailed expression of the transfer
functions or matrices is given in (18) shown at the bottom of
the next page [12], [32], where Vd0, Vq0, Id0, Iq0, Vcd0, and
Vcq0 denote the steady-state values. kpP, kiP, kpQ, kiQ, kpAC,
kiAC, kpI, kiI, KpPLL, and KiPLL are the proportional gain and
integral gain of the active power, reactive power, ac voltage,
inner current, and PLL controllers. ωLPF is the cut-off angular
frequency of the low-pass filter in the outer loops. According
to Fig. 7, the admittance of the VSC with PQ control loops

TABLE I
PARAMETERS OF VSC USED IN SIMULATION AND EXPERIMENT

in the d-q frame can be deduced as (19). When the PV loops
are adopted, the matrix Gv

Q, Gpq, and Gi
Q in (19) should be

replaced by G1, Gpv, and 0 accordingly. Moreover, Ydq(s) can
be further transformed into the stationary domain as [33]

Y αβ(s)=
1

2

[
1 j
1 −j

]
Y dq(s− jω0)

[
1 1
−j j

]
. (20)

Based on (20), the DPL of the VSC can be assessed through
the generalized Nyquist criterion (GNC), i.e., analyzing the
eigen-loci, which can be calculated as

det(λI − Y αβZg) = 0 (21)

where Zg represents the grid impedance matrix [30].
Fig. 8 shows the eigen-loci of the system with SCR = 1 when

the outer PQ control loops are adopted. The detailed parameters
are shown in Table I, where the bandwidth of different control
loops is calculated using their closed-loop transfer function.
From Fig. 8(a), it can be seen that when P = 0.4 p.u. and
Q = 0 p.u., i.e., the VSC operating at unity PF, the eigen-loci
of the system will not encircle the critical point (−1, j0), rep-
resenting that the system is stable. However, when P further
increases to 0.45 p.u., the (−1, j0) point will be encircled, and
the system has oscillation risk, indicating that the DPL of the
VSC is about 0.45 p.u. under unit PF, which is less than the SPL
in the case of Q= 0 p.u., as shown in Fig. 2, i.e., 0.5 p.u., meaning
the DPL can not exceed the SPL. Fortunately, if extra reactive
power is generated, the DPL of VSC will also be extended, as
shown in Fig. 8(b). For example, when Q is improved to the
optimal designed value Qop for SCR = 1 mentioned in Fig. 3,
i.e., 0.6 p.u.. It can be seen that the DPL will be extended to about
0.75 p.u., which is much greater than the DPL with Q = 0 p.u.,
i.e., 0.45 p.u., however, still smaller than the optimal value Pop,
i.e., 0.92 p.u.. Therefore, extra reactive power injected into the
grid can also improve the DPL of the VSC, but the DPL can not
exceed the SPL.
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Fig. 7. Impedance model of the VSC adopting PQ or PV control strategies in d-q frame.

Fig. 8. Generalized Nyquist diagram of the grid-connected VSC with PQ
control loops when SCR = 1. (a) Q = 0 p.u. and P increases from 0.4 p.u. to
0.45 p.u. (b) Q = 0.6 p.u. and P increases from 0.7 p.u. to 0.75 p.u.

Fig. 9 further gives the generalized Nyquist diagram of the
system with outer PV control loops. From Fig. 9(a), the DPL of
the VSC with PV loops can be estimated at 0.4 p.u., which is still
lower than the optimal designed value, i.e., Pop1 = 0.92 p.u.,
mentioned in Fig. 5. Meanwhile, through the enlarged 3-D
view Nyquist diagram in Fig. 9(b), the oscillation will occur at
63 Hz and 37 Hz, which corresponds to the frequency coupling
phenomena mentioned in [33]. The analysis shows that the DPL

Fig. 9. Generalized nyquist diagram of the grid-connected VSC with PV
control loops when SCR = 1. (a) P increases from 0.35 p.u. to 0.4 p.u.
(b) Enlarged three-dimensional view for P = 0.4 p.u.

of VSC with PV control loops will also be lower than SPL,
resulting from the effect of the control system.

IV. IMPEDANCE RESHAPING METHOD

A. Proposal of Impedance Reshaping Method

The abovementioned analysis indicates that the DPL of the
VSC will be much lower than SPL, because of the effect of
different control loops. Meanwhile, it has been widely accepted
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Fig. 10. Control diagram of the impedance reshaping method to improve the
VSC power transfer capacity.

that the frequency coupling and negative resistance characteris-
tics brought by PLL are among the key factors that limit DPL.
According to the standard cascaded control tuning methodolo-
gies [11], the outer loops (no matter PQ, PV, or dc outer loops)
are always designed much slower than the inner loop. Thus,
the outputs of the outer control loops of VSC can be approxi-
mately regarded as constants [34]. Therefore, the PLL dynamics
contained in the inner current loop should be mainly focused on
here. For the VSC with a low power, Gi

PLL and Gm
PLL will both

introduce an amount of PLL dynamics into the control system
and jeopardize the DPL because the steady-state values in Gi

PLL

and Gm
PLL are not significantly different. However, suppose the

operating power rating is higher, the rated current of the VSC
will be much greater than the rated voltage, resulting in the PLL
dynamic in Gi

PLL dominated. Therefore, to ensure the proposed
reshaping method can reduce the influence of PLL and extend
the VSC power transfer capacity even if the operating point
and power rating vary, two reshaping branches are introduced,
respectively, to compensate for the PLL dynamics in Gi

PLL and
Gm

PLL. As shown in Fig. 10, the reshaping terms are plotted in
red.

It can be seen that the reshaping method includes two
blocks, i.e., Gzi and Gzm. To eliminate the influence of
Gi

PLL and Gm
PLL, the following relationships need to be

satisfied:

Gzi = Gi
PLL(I −Gv

PLL)
−1

=

[
0 −Iq0 · (KpPLLs+KiPLL)

/
s2

0 Id0 · (KpPLLs+KiPLL)
/
s2

]

Gzm = Gm
PLL(I −Gv

PLL)
−1

=

[
0 −Vcq0 · (KpPLLs+KiPLL)

/
s2

0 Vcd0 · (KpPLLs+KiPLL)
/
s2

]
(22)

where I represent a 2×2 identity matrix. According to (22),
it can be seen that the elements of Gzi and Gzm only exist
in the second column and are similar to second-order integral
terms, which may amplify the dc components in vctrl

q, leading to
the VSC output deviating from its expected values. Therefore,
adding a second-order high pass filter (HPF) in the reshaping
branches is necessary, thus removing the dc components in vctrl

q.
Besides, to improve the adaptability of the proposed method, the
steady-state values Idq0 and Vcdq0 can be replaced by the current
references and modulating signals, i.e., idqref and vcmdq. Finally,

Fig. 11. Implementation diagram of the proposed method.

Gzi and Gzm can be modified as

Gzi1 = GHPF(s)

[
0 −iqref · (KpPLLs+KiPLL)

/
s2

0 idref · (KpPLLs+KiPLL)
/
s2

]

Gzm1 = GHPF(s)

[
0 −0.5Vdcvcmq · (KpPLLs+KiPLL)

/
s2

0 0.5Vdcvcmd · (KpPLLs+KiPLL)
/
s2

]
.

(23)

In (23), GHPF(s) is the transfer function of the second-order
HPF, which can be expressed as

GHPF(s) =
A(∞)s2

s2 + (ωHPF/Q) s+ ω2
HPF

. (24)

Overall, removing the dc component in vctrl
q is effective by

taking the HPF with a high (HPF). However, a much higher
ωHPF will also worsen the effect of the reshaping method for
eliminating PLL dynamics. To ensure the HPF will not worsen
the effect of the proposed method, the corner frequency ωHPF

should be taken as small as possible, which is set as·5 rad/s in this
article. Accordingly, the quality factor Q and the gain coefficient
A(�) are taken as 1.

Fig. 11 further shows the implementation diagram of the pro-
posed reshaping method, where G12

zi1(s), G22
zi1(s), G12

zm1(s),
and G22

zm1(s) are the second column elements of Gzi1 and Gzm1,
respectively.

B. Effects of the Reshaping Method

To verify the effectiveness of the proposed method and
observe the stability margin more conveniently, Fig. 12 fur-
ther gives the equivalent SISO impedance model of the grid-
connected VSC with or without adopting the proposed reshaping
method [35], which is the closed-loop equivalent model derived
from the characteristic equation of the system. Since the grid
impedance is Rg+jXg, thus, the OFF-diagonal elements of Zg

i.e., Zg12 and Zg21, are zeros, and the positive-sequence one can
be written as {

Zpeq = Z11 − Z12
Z21

Z22+Zg22

Zpgeq = Zg11
(25)

where Zpeq and Zpgeq are the positive-sequence equivalent SISO
impedance of VSC and the grid. Z11, Z12, Z21, and Z22 are the
corresponding row and column elements of (Yαβ)–1.

From Fig. 12, it can be seen that if the VSC uses PQ
outer loops and operates at unit PF with P = 0.45 p.u., the
amplitude-frequency characteristic curves of Zpeq will intersect
with Zpgeq at 60 Hz, where the phase difference is 183°, which
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Fig. 12. Bode diagram of the equivalent SISO impedance model of the system
with or without adopting the proposed reshaping method.

exceeds −180° ∼ 180°, meaning the system has oscillation
risk. Similarly, the system is also unstable when P = 0.75 p.u.
and Q = 0.6 p.u., according to the phase difference at 64 Hz,
i.e., 182°. The results are consistent with the DPL analysis
using GNC in Fig. 8. Fortunately, when the proposed reshaping
method is adopted, the negative resistance of Zpeq will be greatly
reduced and the stability margin of the system will improve a
lot. For example, when the reshaping method is applied and the
output powers of VSC further extend to SPL, i.e., P = 0.5 p.u.
with Q = 0 p.u. or P = 0.92 p.u. with Q = 0.6 p.u., the phase
difference at intersection frequencies will reduce to 114° and
123°, respectively, which are far less than 180°, meaning the
system is quite stable.

At the same time, the amplitude-frequency characteristic
curves of Zpeq using PV loops will intersect with Zpgeq at 37 Hz
and 63 Hz when P is 0.4 p.u., where the phase differences are
about 181°, indicating the oscillation will happen at 37 Hz and
63 Hz, which consistent with the DPL and oscillation frequen-
cies mentioned in Fig. 9. Moreover, if the reshaping method
is adopted and P further increases to 0.92 p.u., i.e., Pop1 for
SCR = 1 mentioned in Fig. 5, the negative resistance of Zpeq

will be greatly reduced. At this time, Zpeq and Zpgeq will intersect
at 67.3 Hz, and the corresponding phase difference is 100°,
indicating that the stability of the system also improves a lot,
and the DPL is extended to SPL too. All of the results proved
that the proposed reshaping method can reduce the influence of
PLL and extend the DPL to SPL regardless of whether the PQ
or PV outer loops are adopted.

C. Comparison of Different Stability Enhancement Method

To further highlight the advantage of the proposed reshaping
method, a comparison with the existing VSC stability-enhanced

Fig. 13. Experimental platform of a grid-connected VSC with outer PQ or PV
control loops.

method is presented in Table II, where four indicators are
selected for comparison, i.e., the implementation complexity,
robustness, parameter design criteria, and other stability issues.

1) Implementation Complexity: If the method contains higher
order terms or iterative algorithms, it may increase the
complexity of the controller and affect the calculating
speed in engineering applications. This kind of method
is classified as having high implementation complexity.

2) Robustness: If the method can work properly when sys-
tem operating conditions and parameters vary, it can be
classified as having good robustness.

3) Parameter Design Criteria: If the parameters can be quan-
titatively designed according to application scenarios, it
can be classified as having detailed parameter design
criteria.

4) Other Stability Issues: The method should improve the
stability margin of the system and avoid causing other
stability issues as much as possible.

Based on these four indexes, it can be seen that compared to
the existing methods, the proposed method can greatly reduce
the PLL influence contained in the inner current loop, thus im-
proving the DPL of VSC a lot. Meanwhile, only two feedforward
branches are added in the inner loop, which is easy to implement
with detailed design criteria. Moreover, the steady-state values
are replaced by the current references and modulating signals,
which ensures the robustness of the method under different
system operating conditions.

V. SIMULATION AND EXPERIMENTAL VERIFICATION

To verify the correctness of the theoretical analysis and the
effectiveness of the proposed impedance reshaping method, a
hardware experimental platform of a grid-connected VSC is built
in the laboratory, as shown in Fig. 13. The system parameters are
the same as the theoretical analysis, which are listed in Table I.

A. Steady-State Operation Validation

Fig. 14 shows the experimental waveforms of the PCC volt-
age, output current, and the active/reactive power of VSC with
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TABLE II
COMPARISON OF ADVANTAGES AND DISADVANTAGES OF DIFFERENT VSC STABILITY-ENHANCED METHODS

Fig. 14. Experimental waveforms of improving VSC power transfer capacity
with PQ control loops by reactive power injection or proposed reshaping method.
(a) Q = 0 p.u. (b) Q = 0.6 p.u.

outer PQ control loops, where the impedance reshaping method
is not added at the beginning. In Fig. 14(a), the reactive power Q
is kept at 0 p.u.. At t= t1, P is increased to 0.45 p.u., it can be seen
that the system loses its stability and starts to oscillate, which
is consistent with the theoretical DPL analyzed in Fig. 8(a).
Then, the proposed impedance reshaping method is introduced
at t = t2, the oscillation is, thus, suppressed, and the system
returns to stable. Further increasing P at t = t3, the system is
still stable. However, when P is improved to a little more than
the SPL, i.e., 0.5 p.u., at t = t4, the system collapses, and the
protection system is triggered. The experimental results prove
that the proposed reshaping method can improve the stability

margin of the system and extend the DPL of VSC almost to
SPL. However, due to Q = 0 p.u., the SPL is limited at 0.5 p.u..

Fortunately, when extra reactive power is injected into the
grid, the DPL can be improved. For example, the reactive power
of VSC is increased to 0.6 p.u. at t = t1, as shown in Fig. 14(b),
and then the active power is increased gradually. From it, it can be
seen that the DPL is improved to about 0.77 p.u., which is close
to the theoretical value obtained in Fig. 8(b). Then, adopting the
reshaping method at t = t3, the oscillation is suppressed, and P
can be further extended to 0.92 p.u., which is consistent with
Pop obtained in Fig. 3. The experimental result validates that
extra reactive power injected into the grid can improve the SPL
as well as DPL of the VSC. Meanwhile, when the reshaping
method is applied, the DPL can be almost extended to SPL.

Fig. 15(a) further shows the experimental results when outer
PV loops are used, where the impedance reshaping method is
adopted at t = t2. From it, it can be observed that when the
output active power of VSC increases to 0.37 p.u. at t = t1, the
system loses its stability and an oscillation occurs. Fast Fourier
transformation (FFT) is performed for PCC voltage during t1 ∼
t2, and the result is shown in Fig. 15(b). It can be seen that the
oscillation frequencies are 61 Hz and 39 Hz, which almost agree
with the theoretical analysis results in Fig. 9(b). Fortunately,
when the proposed reshaping method is adopted at t = t2, from
Fig. 15(a), it can be seen that the oscillation is suppressed, and
the system returns stable. Furthermore, increasing P to 0.92 p.u.
at t = t3, i.e., the Pop1 obtained in Fig. 5, it can be found that the
system still runs stably and the oscillation did not occur again.
The experimental result verifies that the proposed impedance
reshaping method can effectively improve the stability margin
of the system and extend the power transfer capability of VSC
to SPL when outer PV loops are adopted.

B. Transient Operation

It should be mentioned that when the VSC is connected to
the grid, except for the above steady-state operating conditions,
many transient scenarios, such as power step, voltage sag, fre-
quency deviation, and SCR variation may also occur. Therefore,
the effectiveness of the proposed method in transient scenarios
also needs to be tested. Fig. 16 shows the experimental wave-
forms of adopting the proposed reshaping method to improve
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Fig. 15. Experimental waveforms of improving VSC power transfer capac-
ity with PV control loops by proposed reshaping method and FFT analysis.
(a) Experimental waveforms of the grid-connected VSC. (b) FFT analysis results
of the PCC voltage waveform during t1 ∼ t2.

Fig. 16. Experimental waveforms of adopting the proposed reshaping method
to improve the transfer power of VSC to SPL through power steps.

the transfer power of VSC to SPL through power steps, where
the reshaping method is adopted first at t = t1. Then, the reactive
power Q steps up from 0 p.u. to 0.6 p.u. at t2, and the active power
P steps up to 0.5 p.u. and 0.92 p.u. at t3 and t4, respectively.
It can be seen that similar to the result of extending DPL to
SPL by slopes in Fig. 14(b), when the power step-up occurs,
the VSC transfer power can be also improved to SPL stably.
The experimental results validate the reshaping method can still
improve the VSC power transfer capacity to SPL even if the
power step happens.

Furthermore, the robustness of the proposed method against
voltage sag, frequency deviation, and SCR variation is also tested

Fig. 17. Simulation waveforms of adopting the proposed reshaping method
during an 80% voltage sag.

Fig. 18. Simulation waveforms of adopting the proposed reshaping method to
improve DPL to SPL when the grid frequency varies.

by simulation results (These conditions are very difficult to
change in our lab as the VSC is connected to the real power
grid), as shown in Figs. 17–19. In Fig. 17, the reactive power
Q is kept at 0 p.u. before t = 6 s, and the active power P is
increased to 0.45 p.u. at t = 2 s. It can be seen the system loses
its stability and starts to oscillate, which agrees with the DPL
mentioned in Fig. 8(a). Then, increasing Q to 0.6 p.u., and P can
be further improved to 0.92 p.u., i.e., the SPL. Finally, a voltage
sag with an 80% sag happens at t = 12 s. According to the grid
code [36], the active power P decreases to 0 p.u. and the reactive
power Q jumps to 1 p.u. to support the PCC voltage. It can be
seen that the system can still operate stably, which validates that
the proposed reshaping method can still work properly during
voltage sags.

The simulation results in Figs. 18 and 19 are the same as
that in Fig. 17 before t = 12 s. At t = 12 s, the grid frequency
changes to 0.99 p.u. and SCR jumps to 5 in Figs. 18 and 19,
respectively. It can be seen that the system does not lose its
stability, and the VSC can still operate at SPL stably even if the
grid frequency or SCR varies. The simulation results verified
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Fig. 19. Simulation waveforms of adopting the proposed reshaping method to
improve DPL to SPL when the SCR varies.

that the proposed reshaping method can still improve the DPL
to SPL during frequency deviation and SCR variation.

VI. CONCLUSION

In this article, the power transfer capacity of the VSCs with
outer PQ or PV control strategies is analyzed in detail from
two aspects, i.e., the SPL and DPL. Based on the steady-state
algebraic equations of the system, the SPL of VSC with PQ or
PV control loops is first analyzed from multiple dimensions,
it is found that extra reactive power generation is beneficial
to extend the SPL of VSC no matter using PQ or PV outer
loops, especially under weak grid conditions. From the power
system aspect, it means that the transfer power of the system will
be improved when the voltages of key nodes are supported by
the equipment itself or additional reactive power compensation
devices. To extend the SPL as much as possible within the VSC
power constraint, the optimal designed method for VSC power
references is given, thus, the VSC capacity can be fully utilized
in different grid conditions. Moreover, a comparative analysis
for the SPL of VSC with PQ or PV control loops shows that
when power constraint is considered, the SPL of VSC with
PQ or PV loops is almost the same in the case of SCR ≥ 1.
On the other hand, the DPL of the VSC with PQ or PV outer
loops is also analyzed according to the impedance model of
the system. An impedance reshaping method is proposed to
reduce the PLL influence, thus, the DPL of the VSC can be
almost extended to SPL. Finally, simulation and experimental
results validate the correctness of the theoretical analysis and the
effectiveness of the proposed reshaping method under different
operating conditions.
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