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Abstract—With the rapid development of distributed renewable
energy generation and integration, stability issues of power con-
verters systems have been widely studied in recent years. Many
previous studies focus on the transient stability of a single converter
connected to the weak grid. However, the nonlinear dynamics
and stability mechanism of multiple converters systems remain
unclear. In this article, a unified nonlinear model of the paralleled-
converters system is established, which reveals the interactive
power and interactive damping among multiple converters and the
weak grid. To analyze the impacts of the interactive power and
damping terms on system stability, a dual-iterative equal area cri-
terion (DITEAC) is proposed with a dual-layer iterative calculation
of the accelerating area and decelerating area. Compared with the
previous studies, the proposed DITEAC method could deal with the
nonlinear interactive damping and reduce the conservatism caused
by the inequality scaling, which greatly improves the calculation
accuracy of stability boundaries. The expansion feasibility of the
proposed unified nonlinear model and DITEAC method to the
N-converters system is fully discussed. Eventually, simulation and
hardware-in-loop experiment results are presented to verify the
effectiveness of the proposed method.

Index Terms—Dual-iterative equal area criterion (DITEAC),
grid-tied converters, nonlinear damping, nonlinear interaction,
transient stability.

I. INTRODUCTION

W ITH the increasing popularity of renewable energy gen-
erators, converter-dominated power systems have re-

ceived increasing attention in recent years [1], [2], [3]. There
are two main types of grid-connected converters: grid-forming
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converters (GFM-VSCs) and grid-following converters (GFL-
VSCs) [4], [5], [6]. Compared with the GFM-VSCs, the GFL-
VSCs are more prone to lose stability under severe grid faults
due to the low inertia characteristic. The converter instability
generally causes the renewable energy generators to trip off the
grid, seriously threatening the system’s safe and stable operation
[7]. Therefore, the stability analysis of GFL-VSCs is of great
interest to academic and industrial peers.

The phase-locked loop (PLL) is commonly adopted for the
GFL-VSCs to achieve synchronization with the grid, which has
a great impact on the transient stability of the GFL-VSCs [8].
Small signal analysis has been widely conducted with linear
models by various methods. The impedance-based modeling and
generalized Nyquist criterion of the grid-connected VSCs are
proposed in [9]. Other small-signal methods, such as eigenvalue
analysis, have also been extensively studied [10], [11], [12].
However, these small-signal stability analysis methods are not
applicable to the system under large-signal disturbance since the
operation points are varying.

Several methods have been reported for the large-signal sta-
bility analysis of the converter system. In [13], a second-order
nonlinear model of GFL-VSC connected to the weak grid system
is built, and the equal area criterion (EAC) is adopted for tran-
sient stability. However, due to ignoring the adverse effect of the
nonlinear damping, the derived stability region is larger than the
actual one, which may misjudge an unstable system to be stable.
In [14], a Hamilton-based method is proposed for the converter
system’s modeling and synchronization stability analysis, which
renders an explicit stability criterion and attraction region esti-
mation from the energy perspective. Besides, a Lyapunov-based
method is applied for the stability analysis of a single converter
system [15]. However, these above-mentioned methods are in-
evitably conservative because the region of negative damping is
completely neglected, which indicates these stability criteria are
only effective when the nonlinear damping is positive. To deal
with the nonlinear damping, an improved equal area criterion
(IEAC) is proposed in [16] with an approximate calculation
of the extra accelerating area caused by the negative damping,
which could greatly reduce the conservatism compared with
the Lyapunov methods. However, the conservatism of the IEAC
cannot be completely eliminated due to ignorance of the positive
damping and the errors caused by the approximate calculation.
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The work in [17] and [18] analyze the influence of different
control parameters on transient synchronization stability by
solving the swing equation of PLL by phase portrait ap-
proach and approximation solution, respectively. However, most
previous studies mainly focus on single-converter systems
[19], which cannot be easily extended to multiple-converters
systems.

Due to the nonlinear interactions among multiple converters
and the weak grid, the dynamic modeling and transient stability
analysis of paralleled-converters systems become much more
complicated. As far, only several studies have been reported
for the transient stability of multiple converters. In [20], the
transient stability of paralleled current-controlled VSC and vir-
tual synchronous generators is investigated by the extended
EAC method. In [21] and [22], the transient stability of the
paralleled converters system is investigated by the EAC method.
However, the damping effect is ignored and the quantitative
transient stability criterion considering the dynamic interaction
between the converters is not given. A quantitative transient
stability criterion is proposed in [23], based on the bounded-
ness of trigonometric functions to scale the dynamic interactive
electromagnetic power terms. However, the method earlier is
still conservative to give an accurate estimation of the stable
boundary. And [23] directly ignores the adverse impacts of
the negative damping terms on system stability, which may
cause misjudgment. Besides, most of the previous studies ig-
nored the line impedance fluctuation caused by line frequency
variation and adopted a constant impedance model. Although
this can make the model simpler, it ignores the interaction
between the grid dynamics and the converter dynamics, which
makes the model less accurate and may cause misjudgment
of the transient stability since it shows a smaller mechanical
power.

Compared with the previous studies, the novelty of this article
is summarized as follows:

1) A unified nonlinear model of the paralleled-converters
system considering the line impedance fluctuation caused
by line frequency variation is established based on the par-
tial linearization technique [24], which preserves the body
characteristics of the system and is applicable for transient
stability analysis and nonlinear controller optimization.

2) To deal with the nonlinear interactive power and mutual
damping, a dual-iterative equal area criterion (DITEAC)
is proposed to derive stability boundaries of multiple con-
verters’ virtual power angles, which owns high accuracy
and high efficiency.

3) The effects of both positive damping and negative damp-
ing are quantitatively analyzed, which renders a more
accurate calculation of the accelerating and decelerating
area to greatly reduce conservatism.

The rest of this article is organized as follows. Section II
derives a unified nonlinear model of the paralleled-converters
system considering the frequency fluctuation. In Section III,
the nonintegrable interaction terms are handled to make them
applicable for transient stability analysis. In Section IV, details
of the proposed dual-iteration EAC method are given. Simu-
lation and experimental results are presented in Section V to

Fig. 1. Structure and control block of the paralleled-converters system.

verify the effectiveness and superiority of the proposed method.
Furthermore, the extension feasibility of the proposed method
to the N-converters system is discussed in Section VI. The
concluding remarks is given in Section VII.

II. UNIFIED NONLINEAR MODELING OF

PARALLELED-CONVERTERS SYSTEM

The structure of a simplified system with two paralleled
converters is shown in Fig. 1. The converter VSCi (i = 1, 2) is
connected to the weak grid through the grid inductance Lg and
resistance Rg. Li and Ii denote the line inductance and output
current of the converter VSCi, respectively. The control system
of the converter contains a current control loop and a PLL.
The conventional synchronous reference frame (SRF) PLL is
displayed in Fig. 1(b). The SRF-PLL achieves synchronization
with the grid by tracking the q-axis component of Vti (VSCi

’s
terminal voltage) Vtiq. Kpi and Kii denote the proportional and
integral gain of the PI controller parameters of the SRF-PLL,
respectively. θPLLi and ωPLLi denote the output angle and
frequency of the PLL, respectively. θg and ωg denote the angle
and frequency of the grid voltage Vg. It is assumed that the grid
frequency is constant such thatωg=ωn, whereωn is the nominal
grid frequency.

According to [14], the dynamics of the current control loop
are much faster than that of PLL. Therefore, to simplify the
synchronization analysis, the output current’s amplitude Ii is
assumed to be equal to its reference value Irefi.

According to Kirchhoff’s voltage law, there is

Vt1∠θt1 = Vg∠θg + I1(Rg +R1)∠(θPLL1 + ϕ1)

+ I2Rg∠(θPLL2 + ϕ2)
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+ (Lg + L1)
dI1∠(θPLL1 + ϕ1)

dt

+ Lg
dI2∠(θPLL2 + ϕ2)

dt

Vt2∠θt2 = Vg∠θg + I2(Rg +R2)∠(θPLL2 + ϕ2)

+ I1Rg∠(θPLL1 + ϕ1)

+ (Lg + L2)
dI2∠(θPLL2 + ϕ2)

dt

+ Lg
dI1∠(θPLL1 + ϕ1)

dt
(1)

where ϕi = arctan(Iiq/Iid) denotes the angle difference between
Ii and θPLLi. Iid and Iiq are d- and q-axis components of Ii.
When the converter is operated under the unity power factor
condition, ϕi is set to 0. Applying the Park transformation with
the reference angle θPLLi, the q-axis voltage of Vti can be
derived as follows:

Vt1q = Vg sin(θg − θPLL1) + I2Rg sin(θPLL2 − θPLL1)

+ ωPLL1I1(Lg + L1) + ωPLL2I2Lg cos(θPLL2 − θPLL1)

Vt2q = Vg sin(θg − θPLL2) + I1Rg sin(θPLL1 − θPLL2)

+ ωPLL2I2 (Lg + L2) + ωPLL1I1Lg cos(θPLL1 − θPLL2).
(2)

According to Fig. 1, the dynamics of PLL can be written as
follows:

θPLLi =

∫ t

0

[
ωn +KpiVtiq +Kii

∫ t

0

Vtiqdτ

]
dτ. (3)

Define δi = θPLLi − θg and ωi = dδi/dt as the virtual power
angle and frequency of VSCi, respectively. Combining (2) and
(3), the dynamics of the paralleled-converters system can be
derived as follows:

M1δ
′′
1 = a0︸︷︷︸

PM

− a1 sin(δ1)︸ ︷︷ ︸
PE

−a2 sin(δ2)− a3 sin(δ12 + ϕE1)︸ ︷︷ ︸
Pint1(δ1,δ2)

− (a4 + a5 cos(δ1) + a6 cos(δ12 + ϕD11))︸ ︷︷ ︸
Ds1(δ1,δ2)

ω1

− (a7 + a8 cos(δ2) + a9 cos(δ21 + ϕD12))︸ ︷︷ ︸
Dm1(δ1,δ2)

ω2 (4)

where M1 denotes the equivalent inertia coefficient of VSC1. a0
represents the mechanical power (PM) of VSC1, a1sinδ1 rep-
resents the electromagnetic power (PE) between VSC1&grid;
Pint1(δ1, δ2) = a2sinδ2 + a3sin(δ12 + ϕE1) represents the
interactive electromagnetic power between VSC2&grid and
VSC1&VSC2. The self-damping Ds1 acts on the frequency
ω1 of VSC1 itself, containing three parts: (1) a4cos(θ1 − θ1):
performed by VSC1; (2) a5cos(θ1 − θg): performed by the grid;
and (3) a6cos(θ1 − θ2 + ϕD11): performed by VSC2. Similarly,
the mutual-damping Dm1 acts on the frequency ω2 of VSC2,
containing: (1) a7cos(θ2 − θ2): performed by the VSC2; (2)
a8cos(θ2 − θg): performed by the grid; and (3) a9cos(θ2 −
θ1 + ϕD12): performed by VSC1. The expression and physical

Fig. 2. Model validation of (4) under large disturbance.

meaning of VSC2’s dynamics can be derived by replacing ai with
bi, respectively. Specific expressions of these model coefficients:
Mi, ai, and bi are given in Appendix A.

Compared with conventional modeling with constant grid
impedance in [23], the established model (4) captures the main
nonlinear and interactive dynamics of the paralleled-converters
system with higher accuracy. As shown in Fig. 2, the simulation
result illustrates that the model error of (4) is relatively small
and acceptable for stability analysis. The acceptable error of
(4) is mainly caused by the dynamics of the current loop. The
conventional model in [23] shows a smaller PM due to the
ignorance of frequency fluctuation on the grid, which leads to
a smaller accelerating area and a larger maximum decelerating
area compared with the real system. Therefore, the Conventional
model [23] may misjudge an unstable system to be stable, which
is unacceptable in the practical application.

III. INEQUALITY SCALING OF THE INTERACTIVE TERMS FOR

STABILITY ANALYSIS

For conventional SGs, the power angle δij is only driven
by the electromagnetic power exchanged between SGi&SGj.
However, for the converters with PLLs, the dynamics of δi
are coupled to each other due to the voltage drop at Vtiq on
the grid impedance, as shown in (2) and (4). The interactive
characteristics of the paralleled-converters system make it more
complicated for stability analysis. Pint1(δ1, δ2), ω1Ds1(δ1, δ2),
and ω2Dm1(δ1, δ2) are collectively referred to as interaction
terms. This section mainly analyzes the impacts of the interac-
tion terms and simplifies them for the application of the proposed
dual-iterative EAC.

The EAC methods have been widely applied in synchro-
nization stability analysis. However, EAC is a second-order
method and cannot directly handle the nonintegrable interaction
terms coupled in (4). Therefore, to extend the EAC method,
inequality scaling is needed to assess the most adverse effects
of interaction terms on system stability, which is also to prevent
misjudgment [23]. The interaction terms are thus simplified to
be determined only by the local power angle and frequency.
Therefore, the EAC method can be skillfully extended to the
transient stability analysis of the paralleled-converters system.
Although the scaling process may bring conservatism to the
stability analysis results.

A. Scaling of the Interactive Electromagnetic Power Terms

Based on the derivation in Appendix A, there are 0 < a2 < a3
� a0 < a1. To prevent misjudgment, the most adverse effect of
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Fig. 3. Positive region of self-damping and mutual-damping.

the interactive electromagnetic power Pinti should be considered
by scaling it to the minimum through the inequality scaling as
follows:⎧⎪⎪⎨

⎪⎪⎩
Pint1 (δ1, δ2) ≥ a2 sin(δ2)− a3 ≥ a2 sin(δ2min)
− a3 = Pint1_min

Pint2 (δ1, δ2) ≥ b2 sin(δ1)
− b3 ≥ b2 sin(δ1min)− b3 = Pint2_min

(5)

where δimin is the lower boundary of VSCi. The scaling process
in (5) determines the boundary of δi based on EAC theory, while
(5) is also determined by the δi’ s boundary in return. Therefore,
an iteration method is naturally proposed in the following section
to reduce the conservatism caused by the inequality scaling
in (5).

B. Discussion of Positive and Negative Damping Region

Both of Dsi and Dmi are nonlinear and vary with power angles,
as shown in Fig. 3. The blue part denotes the positive region
of Dsi, while the orange part denotes the positive region of
Dmi. It is seen that both damping terms may exhibit negative
characteristics during the transient process (the red solid curve).
The negative damping will impose energy on the system, which
is equivalent to increasing PM [16]. Therefore, the varying
damping impacts should be fully captured due to their adverse
impacts on stability [16]. The stability criterion proposed in [23]
directly ignores the varying damping, which leads to the risk of
stability misjudgment.

C. Scaling of the Nonlinear Damping Terms

Although the damping terms have great impacts on the sta-
bility of the paralleled-converters system, the quantitative esti-
mation of the work done by the damping terms is rarely studied,
since the interactive damping terms in (4) are nonintegrable.
Therefore, a similar scaling process needs to be conducted to
convert the nonintegrable damping terms to integrable ones.
To avoid misjudgment of stability, the energy imposed on the
system by the negative damping terms needs to be scaled to
their maximum values [16]. According to Appendix A: a7, b7,
a9, and b9 are negative, while a8 and b8 are positive. Therefore,
the mutual damping terms Dmi can be scaled to Dmi_min{

Dm1 (δ1, δ2)>a7 +a8 cos δ2max+ a9=Dm1_min(δ2max)

Dm2 (δ1, δ2)>b7+ b8 cos δ1max+ b9=Dm2_min(δ1max)
.

(6)

Fig. 4. Schematic diagram of the proposed scaling process.

However, ωkDmi_min is still nonintegrable unless a mapping
function ωk(δi) from δi to ωk can be derived. This is impossi-
ble because the high-order nonlinear differential (4) cannot be
solved explicitly in the time domain. Enlightened by the IEAC
proposed in [16], the work done by Dmi_min can be further scaled
with the maximum value of ωk{∫

Dm1(δ1, δ2)ω2dδ1 >
∫
Dm1_minω2maxdδ1∫

Dm2(δ1, δ2)ω1dδ2 >
∫
Dm2_minω1maxdδ2

(7)

where ωimax is the maximum frequency of the VSCi{
0.5M1ω

2
1max =

∫ δ1max

δ1e
[Pint1_min + a1 sin δ1 − a0]dδ1

0.5M2ω
2
2max =

∫ δ2max

δ2e
[Pint2_min + b1 sin δ2 − b0]dδ2

(8)
where δie is the stable equilibrium point of (4).

A similar inequality scaling process can be conducted with
the self-damping terms Dsi. According to Appendix A, a4 and
b4 are negative, while a5, b5, a6, and b6 are positive. Therefore,
Dsi can be scaled to Dsi_min(δi), as follows:{

Ds1(δ1, δ2) ≥ a4 + a5 cos δ1 − a6 = Ds1_min(δ1)

Ds2(δ1, δ2) ≥ b4 + b5 cos δ2 − b6 = Ds2_min(δ2)
(9)

where Dsi_min(δi) is only the function of the local power angle
δi. Therefore, the work done by Dsi can be scaled as follows:{∫

Ds1(δ1, δ2)ω1dδ1 >
∫
Ds1_min(δ1)ω1dδ1∫

Ds2(δ1, δ2)ω2dδ2 >
∫
Ds2_min(δ2)ω2dδ2

. (10)

The scaling process proposed earlier transforms the nonin-
tegrable interaction terms (the red line) to the integrable terms
shown in Fig. 4. Therefore, the EAC can be extended to the
paralleled-converters system, as illustrated in the next section.
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The multipendulum stability of the nondissipative system
(4) is very complicated, metathetically [16], [23]. In practice,
the power system instability and fault removal usually occur in
the first pendulum process, so this article mainly focuses on the
stability of the system’s first pendulum, which is feasible for the
nondissipative system.

IV. STABILITY ANALYSIS BASED ON THE PROPOSED

DUAL-ITERATION EAC

In Section III, the nonintegrable interactive terms are scaled
to integrable ones, thus laying the prerequisite for extending
the EAC method to the paralleled-converters system. However,
the scaling process in (5) and (6) is determined by the stable
boundaries of power angles, while the boundaries are derived
by the scaled terms in return. This contradiction can be neatly
solved by an iterative method proposed in this section with less
conservatism caused by the potential over-scaling. Meanwhile,
it can be proved that the self-damping terms Dsi have no effect
on the upper stable boundary δimax. The proof is given in
Appendix B. Therefore, the effect of Dsi on system stability can
be analyzed separately. A dual-iterative EAC method is proposed
as follows to obtain the estimation of stable boundaries based
on the scaled methods proposed in Section III, including two
iteration processes:

1) Iteration A: The iteration for Pinti andωkDmi is conducted
to obtain an estimation of the upper boundary δimax

and lay the foundation for the subsequent calculation of
δimin in (16) and (17). The stable boundaries [δiminA_j,
δimaxA_j] obtained at each iteration are used as the input
for the next iteration’s inequality scaling of Pinti_min

and ωkmaxDmi_min in (5)–(8), which greatly reduce the
conservatism caused by the over-scaling.

2) Iteration B: By iterating the frequency distribution func-
tion ωiB(δi) through (16) and (17), the work done by
ωiBDsi_min can be calculated. Therefore, the effects of the
self-damping terms on the stability boundaries are fully
considered.

In general, the impacts of interactive electromagnetic power
and mutual-damping terms are considered in Iteration A to
obtain the estimation of the upper stability boundary δimax.
Furthermore, the impacts of self-damping terms are considered
in Iteration B to derive the estimation of lower boundary δimin,
based on the results from Iteration A.

A. Process of Iteration A

To reduce conservatism caused by the potential over-scaling
of Pinti_min and ωkmaxDmi_min in (5)–(8), an iterative calcula-
tion is proposed to renew the estimation of the stability boundary
[δiminA_j, δimaxA_j] in each iteration, and regard it as the new
basis for the scaling in the next iteration, as shown in Fig. 5.
Define the equivalent mechanical power P1A_j in the jth Iteration
A as follows:⎧⎪⎪⎨

⎪⎪⎩
P1A_j = a0 − Pint1_min(δ2minA_j)
−ω2maxA_jDm1_min(δ2maxA_j)
P2A_j = b0 − Pint2_min(δ1minA_j)
−ω1maxA_jDm2_min(δ1maxA_j)

(11)

Fig. 5. Iteration flow chart for the interactive electromagnetic power and
mutual-damping terms based on Iterative A.

where ωimaxA_j, δiminA_j, and δimaxA_j denote the values for
VSCi obtained in the jth Iteration A, which are derived based
on EAC

δ1maxA_j = π − sin−1 (P1A_j−1/a1)

δ2maxA_j = π − sin−1 (P2A_j−1/b1) (12)∫ δ1maxA_j

δ1minA_j

[P1A_j−1 − a1 sin δ1]dδ1

=

∫ δ2maxA_j

δ2minA_j

[P2A_j−1 − b1 sin δ2]dδ2 = 0 (13)

{
0.5M1ω

2
1maxA_j =

∫ δ1maxA_j

π−δ1maxA_j
[a1 sin δ1 − P1A_j−1]dδ1

0.5M2ω
2
2maxA_j =

∫ δ2maxA_j

π−δ2maxA_j
[b1 sin δ2 − P2A_j−1]dδ2

.

(14)

The initialization of Iteration A is derived by only considering
the static interactive power: P1A_0 = a0 − a2sinδ2e − a3sin(δ12e
+ ϕE1). The condition for the end of Iteration A is that δimaxA_j

converges to a given threshold εA. δimaxA is output as the upper
boundary estimation δimax of VSCi. δiminA_j is not output as
the lower boundary estimation because it does not capture the
impact of Dsi. However, δiminA_j serves as the basis for the
inequality scaling of PiA_j and affects the estimation of system
stability boundary indirectly.

As shown in Fig. 6, the upper boundary δ1maxe obtained
by only considering the static interaction may easily cause
misjudgment since it completely ignores the adverse impacts
of dynamic interactive electromagnetic power Pint1 and varying
damping. δ1maxc is the stability boundary obtained by the scaling
method proposed in [23], which is too conservative due to the
over-scaling of the interactive terms (based on the boundedness
of sin and cos terms) and the positive-damping restriction (the
damping ω1Kp1Vgcosδ1 in conventional constant impedance
model in [23] should be positive: δ1max = π/2). The upper
boundary obtained by Iteration A is δ1max, and the real upper
boundary by simulation is δ1maxr. Iteration A estimates the
worst (maximum) equivalent mechanical power P1A_j (blue
dashed line), by inequality scaling of the nonintegrable inter-
active electromagnetic power Pint1 (green solid curve) and the
mutual damping term ω2Dm1(blue solid curve). The proposed
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Fig. 6. Accelerating and decelerating area diagram for the paralleled converter
system with the proposed DITEAC method.

Fig. 7. Negative feedback mechanisms in Iteration A.

iterative method could greatly reduce conservatism caused by
the scaling of interactive terms (compared with δ1maxc), and
eliminates the risk of misjudgment by considering the adverse
impacts of dynamic interaction and damping terms (compared
with δ1maxe).

In Fig. 7, it is revealed that there exist two negative feed-
back mechanisms to guarantee the convergence of the designed
iterative calculation. The decreasing δ2minA_j-1 will lead to
larger P1A_j-1 and smaller maximum decelerating area, and
thus causes smaller ω1maxA_j and larger δ1min_jaccording to
(12)–(14). Meanwhile, a smaller ω2maxA_j leads to a smaller
P1A_j, thus resulting in a larger ω1maxA_j+1 in return. Similar
negative feedback mechanisms exist for VSC2. The convergence
process under given system parameters is shown in Fig. 10.

B. Process of Iteration B

Based on the result from Iteration A, the impact of self-
damping can be furthermore fully captured in Iteration B to
estimate the lower boundary δimin. First, the equivalent mechan-
ical power PiB of Iteration B is defined as PiB = PiA, where
all terms in (4) except ωiDsi are considered. Applying the EAC
theory to the scaled system, the frequency distribution function
ωiB(δi) can be derived as follows:{

M1ω
2
1B(x)

2 =
∫ δ1max

x [a1 sin δ1+ω1B(δ1)Ds1_min(δ1)−P1B] dδ1
M2ω

2
2B(x)

2 =
∫ δ2max

x [b1 sin δ2+ω2B(δ2)Ds2_min(δ2)−P2B] dδ2
.

(15)

Fig. 8. Iteration flow chart for the self-damping terms based on Iteration B.

However, (15) is an implicit equation about ωiB(δi), which
cannot be solved directly. Iteration B is thus proposed to
solve (15) by iterating over frequency ωiB(δi) and damping
work ωiB(δi)Dsi_min(δi) to quantitatively estimate the effect of
Dsi_min. The iteration flow chart for Iteration B is summarized
in Fig. 8.

Based on the ωiB_j-1(δi) obtained from the j-1-th iteration,
ωiB_j(δi) in the jth iteration can be derived as follows:⎧⎪⎪⎪⎨

⎪⎪⎪⎩
M1ω

2
1B_j(x)

2 =
∫ δ1max

x [a1 sin δ1
+ ω1B_j−1(δ1)Ds1_min(δ1)− P1B] dδ1
M2ω

2
2B_j(x)

2 =
∫ δ2max

x [b1 sin δ2
+ ω2B_j−1(δ2)Ds2_min(δ2)− P2B] dδ2

. (16)

The lower boundary δiminB˙j in jth iteration is derived as
follows:{∫ δ1max

δ1minB_j
[a1 sin δ1+ω1B_j−1(δ1)Ds1_min(δ1)−P1B] dδ1 = 0∫ δ2max

δ2minB_j
[b1 sin δ2+ω2B_j−1(δ2)Ds2_min(δ2)−P2B] dδ2 = 0

.

(17)
The initial value of frequency distribution function ωiB_0(δi)

is derived by assuming ωiB_0 = 0. The condition for the end
of Iteration B is that δiminB_j converges to a given threshold
εB. δiminB is output as the lower boundary estimation δimin of
VSCi.

Through the inequality scaling in (9) and the iteration in (16)
and (17), the most adverse impacts from the self-damping term
ωiDsi are estimated as the red dashed line shown in Fig. 6. The
real lower boundary is δ1minr. The over-scaling inequality and
the positive-damping restriction in [23] will result in a relatively
large δ1minc, that even the equilibrium point δ1e may be excluded
from its boundary: δ1minc > δ1e.

The relationship between the two iteration processes is
demonstrated in Fig. 9. To sum up, δimax is obtained by consider-
ing the interactive electromagnetic power terms and the mutual
damping terms through Iteration A; based on the result from
Iteration A, δimin is obtained by considering self-damping terms
through Iteration B. Therefore, the accurate stable boundary
estimation of the paralleled-converters system [δimin, δimax]
is obtained by the proposed dual-iterative EAC method.
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Fig. 9. Overall flow chart of the proposed dual-iterative EAC method.

Fig. 10. Convergence process of the proposed dual-iterative EAC method.

C. Conservatism Improvement for the Iterative Algorithm

The obtained stability boundaries may be conservative, due
to the scaling process of the mutual damping terms in (6)–(8).
This shortcoming can somewhat be improved with a mapping
function. Adopting the projection algorithm, the binary variables
function: ωkDmi(δi,δk) can be mapped to a single variable
function as follows:⎧⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

PIDm1_j(δ1) = min
δ2∈[δ2minA_j ,δ2maxA_j ]

{ω2[a7 + a8 cos δ2 + a9 cos(δ21 + ϕD12)]}
PIDm2_j(δ2) = min

δ1∈[δ1minA_j ,δ1maxA_j ]

{ω1[b7 + b8 cos δ1 + b9 cos(δ12 + ϕD22)]}

. (18)

Therefore, PiA_j can be rewritten as follows:{
P1A_j = a0 − P int1_min(δ2minA_j)− PIDm1_j(δ1)
P2A_j = b0 − P int2_min(δ1minA_j)− PIDm2_j(δ2)

. (19)

By applying (18) and (19) in Iteration A, a more accurate
stability boundary can be obtained. It should be mentioned that
the high accuracy of (18) and (19) is achieved by the cost of in-
creasing complexity in the iteration process. Therefore, whether
the improvement needs to be utilized depends on whether the
coefficients of mutual-damping terms are much larger than
other terms. If the conservatism of the result is acceptable, it
is unnecessary to use the complicated scaling in (18) and (19).
Fig. 10 shows the results of the proposed dual-iterative EAC

Fig. 11. Influence of system parameters on system stability.

TABLE I
IMPACT ANALYSIS OF GRID INDUCTANCE

TABLE II
SIMULATION PARAMETERS OF THE CONVERTER SYSTEM

method, the accurate stability boundary can be obtained after
finite (about 5–7) times iterations.

D. Impacts of System Parameters on Transient Stability

Based on the above-mentioned analysis, the impacts of system
parameters on the paralleled-converters system are revealed as
shown in Fig. 11. A larger Li or Lg will result in a larger PM

and smaller Pint, both have adverse impacts on system stability.
Meanwhile, larger Li leads to smaller damping, which is also
unfavorable to stability. Table I presents estimates of stable
boundaries under different inductances based on the proposed
DITEAC, and other parameters are listed in Table II. It is seen
that the stability boundary of the system does decrease with the
increase of inductance, that is, the weaker the strength of the
grid, the greater the interaction effect of the system, and the
more prone to instability. Similarly, larger current reference Ii
also has negative impacts on stability since it always appears
together with Li in the dynamic (4). A larger Vg leads to a larger
PE and larger damping, both benefit stability. The impacts of
Ki & Kp are complicated. The increase of Ki has a positive
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Fig. 12. Simulation verification of paralleled-converters system under differ-
ent current disturbances on VSC1. (a) Stable operation under critical disturbance.
(b) Unstable operation under larger disturbance.

impact on PM (deteriorates stability) and PE (benefits stability).
Meanwhile, the increasing Kp leads to a larger PM (deteriorates
stability), but also a larger damping (benefits stability). However,
Kp cannot be too large to violate the stability condition Mi > 0.
It should be noted that the size of the transient stability region is
not the only basis for selecting parameters. Other indexes such
as dynamic response should also be considered.

V. VERIFICATION

To verify the effectiveness of the proposed dual-iterative
EAC method, simulations under different operation condi-
tions are conducted with MATLAB/Simulink. Furthermore, the
hardware-in-loop (HIL) experiments are carried out on the
RT-Lab platform. The system parameters are listed in Table II
and the stable operating points are δe1 = 0.851 and δe2 =
0.722 rad. The verification is executed by adding disturbances
on the reference current Irefi and the grid voltage phase θg to
simulate continuous disturbances from the renewable energy
side and the grid, respectively. Furthermore, a three-phase short
circuit verification is given to show how the proposed method
obtains the critical clearing time (CCT).

Based on the proposed dual-iterative EAC method [with the
improvement in (18) and (19)], the estimation of the stable
boundary of the paralleled-converters system is{

[δ1min, δ1max] = [0.212 rad, 2.294 rad]
[δ2min, δ2max] = [0.517 rad, 2.200 rad]

. (20)

The instability phenomena could be reflected by the escaping
phase trajectory from the stable boundary. Therefore, the phase
trajectory is characterized when verifying the proposed method.

A. Simulation Verification

1) Under the Grid Current Disturbance: Simulation results
under different current disturbances are given in Fig. 12. As
shown in Fig. 12(a), after the system encounters a critical distur-
bance in VSC1 from Ista= 16 A (δ1(t0)= 0.2168 rad>δ1min) to
Iref1, the phase trajectories are always inside the stable boundary
during the oscillation process, the system remains stable and
returns to equilibrium. However, when the system encounters a
larger disturbance in VSC1 from Iuns = 8 A (δ1(t0)= 0.1857 rad
< δ1min) to Iref1, the power angle δ1 exceeds its minimum
stability boundary, which eventually leads to instability as in

Fig. 13. Simulation verification of paralleled-converters system under dif-
ferent grid phase disturbances: (a) and (b) Verification of δ1min. (c) and (d)
Verification of δ1max.

Fig. 12(b). The simulation results are highly consistent with the
theoretical analysis.

2) Under the Grid Phase Disturbance: The simulation veri-
fication of δ1min is carried out in Fig. 13(a) and (b), where the
system encounters the critical grid phase disturbance: stable#1
(δ1sta#1min = 0.2135 rad) and larger disturbance: unstable#1
(δ1uns#1min = 0.1735 rad), respectively. The power angle δ1 of
VSC1 shows different stability characteristics but is consistent
with the theoretical analysis. Similar verification of δ1max is
given in Fig. 13(c) and (d). After the system encounters a
critical stable disturbance (δ1sta#2max=2.2663 rad) and a larger
disturbance (δ1uns#2max = 2.3063 rad), the system remains
stable and loses stability, respectively. The simulation results
show high consistency with the analysis earlier and therefore
verify the effectiveness of the proposed method in the estimation
of VSC1’s stable boundary.

Similar verification can be carried out for the obtained stable
boundary of VSC2. In Fig. 14(a) and (c), the system encounters
critical stable grid phase disturbance: δ2sta#1min = 0.520 rad
and δ2sta#2max = 2.1246 rad. The system remains stable after
both disturbances and returns to equilibrium since they are
within the stable boundary. The larger conservatism of δ2min

is because that the larger I1 leads to the larger self-damping
interaction term b6 (approximately 3 times that of a6). There-
fore, the proposed mathematical scaling on a6 inevitably brings
conservatism. However, the correctness of the proposed method
is not violated since it does not misjudge the unstable transient
process as stable. Conservatism is an unavoidable defect of
almost all transient stability analysis methods, but the proposed
iterative method greatly reduces conservatism compared with
existing analysis methods [23]. When the system encounters
larger disturbance: δ2uns#1min = 0.0718 rad and δ2uns#2max

= 2.3246 rad, the trajectory crosses the boundary and loses
stability as shown in Fig. 14(b) and (d). The system shown in
Fig. 14(b) is unstable because the trajectory of VSC2’s trajectory
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Fig. 14. Simulation verification of paralleled-converters system under dif-
ferent grid phase disturbances. (a) and (b) Verification of δ2min. (c) and (d)
Verification of δ2max.

Fig. 15. Simulation verification of paralleled-converters system under three-
phase short-circuit fault with clearing. (a) VSC1. (b) VSC2.

does not return to equilibrium but moves chaotically outside the
stable boundary. This is because the instability of VSC1 leads
to the failure of VSC2 to operate at the normal stable operating
point, so the whole system is also regarded as unstable. Based on
the above-mentioned simulation results, the accuracies of δ2min

and δ2max are fully verified, since they are in accord with the
theoretical analysis.

3) Under Three-Phase Short-Circuit Fault With Clearing:
To further verify the effectiveness and accuracy of the proposed
DITEAC, the simulation verification under three-phase short-
circuit fault with fault clearing is shown in Fig. 15. The short
circuit inductance is LS = 3 mH. The short circuit occurs at the
midpoint between the grid and the parallel point of VSCs. The
frequency distribution function ωiB(δi) is the critical stable tra-
jectory estimation of the system after scaling. Therefore, when
the system is still within ωiB(δi) after fault removal, the system
can remain stable; otherwise, stability cannot be guaranteed.
As shown in Fig. 15(a), when the fault is cleared (at point a)
within the frequency disturbance function ω1B(δ1), where the
fault clearing time (FCT) is 4.6 ms, the system remains stable and

Fig. 16. HIL experimental test rig with RT-Lab platform.

Fig. 17. Experimental verification of VSC1 under current reference distur-
bances. (a) Stable within the boundary. (b) Unstable out the boundary.

returns to equilibrium after the transient process. The system will
lose stability if the fault is cleared (at point b) outside ω1B(δ1),
where the FCT is 4.7 ms. In contrast, the stability boundary
of VSC2 is slightly more conservative. As shown in Fig. 15(b)
point a is already outside ω2B(δ2) but the system is still stable.
Conservatism is unavoidable, but VSC1 is still within the stable
boundary when the fault is cleared at point a, so the system is
still considered to be stable.

B. HIL Experimental Verification

To fully validate the effectiveness of the proposed DITEAC,
a HIL test rig is built based on the RT-LAB platform, and
the control algorithm is implemented in DSP28335, shown in
Fig. 16.

1) Under Grid Current Disturbances: After the system en-
counters a critical disturbance in VSC1 from the initial value:
Ista = 16 A to Iref1, the initial value of δ1 before the distur-
bance δ1(t0) = 0.2168 rad is still within the stable boundary.
Therefore, the system should remain stable after the disturbance
based on the above-mentioned analysis, which is consistent with
the experimental response shown in Fig. 17(a). When a larger
disturbance Iuns = 8 A is applied to VSC1’s current reference,
the initial power angle δ1(t0) = 0.1857 rad, exceeds the lower
stable boundary of δ1. Therefore, the system will lose stability
according to the proposed method. The experimental results
show high consistency with the theoretical analysis and lose
stability as shown in Fig. 17(b).

2) Under Grid Phase Disturbance: The disturbances of δ1
are set as −0.639 and −0.667 rad on its nominal value, to verify
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Fig. 18. Experimental verification of δ1min under grid phase disturbances.
(a) Stable within the boundary. (b) Unstable out the boundary.

Fig. 19. Experimental verification of δ1max under grid phase disturbances.
(a) Stable within the boundary. (b) Unstable out the boundary.

Fig. 20. Experimental verification of δ2min under grid phase disturbances.
(a) Stable within the boundary. (b) Unstable out the boundary.

the accuracy and validity of δ1min. As shown in Fig. 18(a), the
system remains stable when the disturbance is within the critical
value. As shown in Fig. 18(b), the system becomes unstable
when the disturbance exceeds the critical value. Fig. 19 shows
the experimental verification of δ1max. When the grid phase
disturbance Δδ1 = 1.3738 is within the upper boundary, the
system remains stable as shown in Fig. 19(a). The system loses
stability when the applied disturbance Δδ1 = 1.4538 exceeds
the upper boundary, as shown in Fig. 19(b).

Similar verification is carried out to validate the accuracy
of VSC2’s stable boundary. Fig. 20(a) and (b) show the ex-
perimental responses when the grid phase disturbance is Δδ2
= −0.5315 rad and −0.6515 rad, respectively. As shown in
Fig. 21(a), the system remains stable when Δδ2 = 1.4063 rad is
within the upper boundary δ2max of VSC2. Instability phenom-
ena occur when Δδ2 = 1.6063 rad exceeds δ2max, as shown
in Fig. 21(b). The experimental responses of the validation of
VSC2’s stable boundary are consistent with the theory proposed
in this article.

3) Under Three-Phase Short-Circuit Fault With Clearing:
The RT-Lab experimental verification for paralleled converters
under three-phase short-circuit fault with different clearing times

Fig. 21. Experimental verification of δ2max under grid phase disturbances.
(a) Stable within the boundary. (b) Unstable out the boundary.

Fig. 22. Experimental verification for paralleled converters under three-phase
short-circuit fault. (a) and (b) Stable operation (FCT = CCT = 4.6 ms). (c) and
(d) Unstable operation (FCT = 4.7 ms > CCT = 4.6 ms).

TABLE III
COMPARISON OF DIFFERENT METHODS

are shown in Fig. 22. The parameters are consistent with the
simulation in Fig. 15. As shown in Fig. 22(a) and (b), when the
grid fault is removed before the CCT (FCT=CCT= 4.6 ms), the
system could remain stability. However, as shown in Fig. 22(c)
and (d), when the grid fault is removed after the CCT (FCT
= 4.7 ms > CCT = 4.6 ms), the system loses stability. The
experimental responses of the validation of three-phase short
circuit are consistent with the proposed DITEAC.

C. Comparison of Different Methods

With the system parameters given in Table II, the simula-
tion results and the estimation of the system stable boundary
based on the CEAC1 ignoring the varying damping [23], the
CEAC2 considering the varying damping, and the proposed
DITEAC are compared in Table III. Due to the ignorance of
the adverse impacts caused by the negative damping and the
imprecise modeling, the CEAC1’s results are larger than the
real boundary by simulation, which may misjudge an unstable
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Fig. 23. Topology and control strategy of the N-converters system.

system to be stable. This kind of misjudgment is unacceptable for
practical application [16], whereas the conservatism of criteria is
acceptable. However, due to the large conservatism caused by the
over-scaling in interaction and the positive-damping restriction,
the stable boundary obtained by CEAC2 is too conservative,
which may cause the malfunction of protection systems for
practical application. In contrast, DITEAC not only adopts a
more accurate model but also fully captures the impacts of
damping on stability. In addition, DITEAC uses a combination
of mathematical scaling and iteration, which greatly improves
the conservatism of the existing method and shows a strong
superiority in engineering applications.

VI. DISCUSSION OF MODELING AND STABILITY ANALYSIS OF

MULTI-VSCS SYSTEM

The main contents of this article are based on the dual-
converters system as shown in Fig. 1. This section extends
the modeling to the N-converters system, and discusses the
scalability of the proposed dual-iterative EAC method in the
N-converters system. Consider an N-converters system shown in
Fig. 23. The corresponding network and controller parameters
are consistent with the abovementioned, where the lower corner
i represents the corresponding value of VSCi.

The voltage at PCCi can be denoted as follows:

Vti∠θti = Vg∠θg + Ii(Rg +Ri)∠(θPLLi

+ ϕi) +Rg

∑
k �=i

Ik∠(θPLLk + ϕk)

+ (Lg + Li)
dIi∠(θPLLi + ϕi)

dt

+ Lg

∑
k �=i

dIk∠(θPLLk + ϕk)

dt
. (21)

Applying Park translation on (21), the q-axis component of
Vti can be derived by assuming ϕi = 0

Vtiq = Vg sin(−δi) +Rg

∑
k �=i

Ik sin(δki)

+ ωPLLiIi(Lg + Li) + Lg

∑
k �=i

IkωPLLk cos(δki). (22)

Substituting the above-mentioned equation into the dynamic
equation of the PLL shown in (3), after the derivation and
simplification shown in Appendix A, the state space equation
can be obtained as follows:

Miδ̈i = a0 −
N∑

k=1

ak sin(δk)−
N∑

k=1,k �=i

aik sin(δik)

−
N∑

k=1

{[aD0k + aD1k cos(δk)

+

N∑
m �=k

aDmk cos(δkm + ϕDmk)]ωk}. (23)

Limited by space, the specific coefficient expression of (23)
is not expanded here. However, the structure of the state space
(23) of the N-converters system is the same as that of the
dual-converters system (4). Equation (23) can also be divided
into equivalent mechanical power, equivalent interactive elec-
tromagnetic power, self-damping, and mutual-damping terms.
Therefore, the dual-iterative method proposed in this article can
be extended to the N-converters system, which is also one of the
primary contents of our future work. Besides, the state space
equation of a single converter system also satisfies (23), by
assuming N = 1.

VII. CONCLUSION

This article investigates the transient stability of a paralleled-
converters system, considering the nonlinear dynamic inter-
actions between paralleled GFL-VSCs and their interactions
with the weak grid. To deal with the interactive power and the
nonlinear damping terms, a DITEAC is proposed to derive the
transient stability conditions. First, a novel and unified nonlinear
model of the paralleled-converters system is built with the partial
linearization technique, preserves the body characteristics of
the system, and is applicable for transient stability analysis and
nonlinear controller optimization. To convert the nonintegrable
interactive terms to the integrable terms, an inequality scaling
process is proposed. Compared with the conventional EAC
method proposed in [23] and the static analysis methods, both
the estimation accuracy and conservatism of the stability region
obtained by the proposed DITEAC are greatly improved. The
novelty of this article is summarized as follows:

1) The interaction between the grid and the converters is fully
captured by using a variable impedance model. The unified
model is further extended to the N-converters systems, and
the physical meaning of each term is fully elaborated.
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2) An EAC method based on the combination of mathemati-
cal scaling and iteration is proposed to fill the gap in the ac-
curate transient stability estimation of paralleled-converter
systems. The impacts of the dynamic interactive terms and
the nonlinear damping terms on stability are considered
skillfully and completely.

3) The proposed dual-interactive EAC method is easily ex-
tended to the N-converters systems. Demonstrate excellent
and novel extensibility compared with the existing meth-
ods.

APPENDIX

A. Derivation of (4)

Combining (2) and (3), the dynamic of PLLs can be referred
to as follows:

δ′′1 = Kp1V
′
PCCq1 +Ki1VPCCq1

= −Kp1Vgω1 cos(δ1) +Kp1I2Rg cos(δ21)(ω2 − ω1)

+ δ′′1Kp1I1(Lg + L1) + δ′′2Kp1I2Lgcos(δ21)

−Kp1(δ
′
2+ωg)I2Lgsin(δ21)(ω2−ω1)−Ki1Vg sin(δ1)

+Ki1I2Rg sin(δ21) +Ki1I1(Lg + L1)(ω1 + ωg)

+Ki1I2Lg cos(δ21)(ω2 + ωg) (A1)

δ′′2 = Kp2V
′
PCCq2 +Ki2VPCCq2

= −Kp2Vgω2 cos(δ2) +Kp2I1Rg cos(δ12)(ω1 − ω2)

+ δ′′2Kp2I2(Lg + L2) + δ′′1Kp2I1Lgcos(δ12)

−Kp2(δ
′
1+ωg)I1Lgsin(δ12)(ω1−ω2)−Ki2Vg sin(δ2)

+Ki2I1Rg sin(δ12) +Ki2I2(Lg + L2)(ω2 + ωg)

+Ki2I1Lg cos(δ12)(ω1 + ωg). (A2)

The terms in bold are derived from the derivative of (ωg

+ ωk)IkLgcosδki in VPCCqi. They will produce the quadratic
nonlinear terms: ω1ω2, ω1

2, ω2
2 and the coupling term cos(mδ1

− nδ2) and cos(mδ2 − nδ1), which greatly increase the difficulty
of modeling and stability analysis but has little influence on
the accuracy of dynamic response, which is illustrated by the
time domain response in Fig. 2. Partial linearization technique
is widely used to analyze the control and transient stability of
chaotic systems to reduce the difficulty of analysis and increase
the applicability of the stability analysis methods [24]. Apply the
partial linearization technique to eliminate the above-mentioned
annoying terms as follows:

Kp1[(ωg + δ′2)I2Lg cos(δ21)]
′

≈ −ωgKp1I2Lg sin(δ21)(δ
′
2 − δ′1)

+δ′′2Kp1I2Lg cos(δ21e) (A3)

Kp2[(ωg + δ′1)I1Lg cos(δ12)]
′

≈ −ωgKp2I1Lg sin(δ12)(δ
′
1 − δ′2)

+ δ′′1Kp2I1Lg cos(δ12e). (A4)

Substitute (A3) and (A4) into (A1) and (A2) and move the
δ′′i term to the left side of the equation:

J1δ
′′
1 = −Kp1Vgω1 cos(δ1) +Kp1I2Rg cos(δ21)(ω2 − ω1)

+ δ′′2Kp1I2Lg cos(δ21e)−Kp1ωgI2Lg sin(δ21)(ω2 − ω1)

−Ki1Vg sin(δ1) +Ki1I2Rg sin(δ21)

+Ki1I1(Lg + L1)(ω1 + ωg) +Ki1I2Lg cos(δ21)(ω2 + ωg)
(A5)

J2δ
′′
2 = −Kp2Vgω2 cos(δ2) +Kp2I1Rg cos(δ12)(ω1 − ω2)

+ δ′′1Kp2I1Lg cos(δ12e)−Kp2ωgI1Lg sin(δ12)(ω1 − ω2)

−Ki2Vg sin(δ2) +Ki2I1Rg sin(δ12)

+Ki2I2(Lg + L2)(ω2 + ωg) +Ki2I1Lg cos(δ12)(ω1 + ωg)
(A6)

where Ji is denoted as follows:

J1 = [1−Kp1I1(Lg + L1)]

J2 = [1−Kp2I2(Lg + L2)]. (A7)

Substituting (A6) into the δ′′2 term in (A5) can obtain

J1δ
′′
1 = −Kp1Vgω1 cos(δ1) +Kp1I2Rg cos(δ21)(ω2 − ω1)

−Kp1ωgI2Lg sin(δ21)(ω2 − ω1)−Ki1Vg sin(δ1)

+Ki1I1(Lg + L1)(ω1 + ωg) +Ki1I2Lg cos(δ21)(ω2 + ωg)

+Ki1I2Rg sin(δ21)+
Kp1I2Lg cos(δ21e)

J2
{−Kp2Vgω2 cos(δ2)

+Kp2I1Rg cos(δ12)(ω1 − ω2) + δ′′1Kp2I1Lg cos(δ12e)

−Kp2ωgI1Lg sin(δ12)(ω1 − ω2)−Ki2Vg sin(δ2)

+Ki2I1Rg sin(δ12) +Ki2I2(Lg + L2)(ω2 + ωg)

+Ki2I1Lg cos(δ12)(ω1 + ωg)}. (A8)

Move the δ′′1 term to the left side of (A8)

M1δ
′′
1 = −Kp1Vgω1 cos(δ1) +Kp1I2Rg cos(δ21)(ω2 − ω1)

−Kp1ωgI2Lg sin(δ21)(ω2 − ω1)−Ki1Vg sin(δ1)

+Ki1I1(Lg + L1)(ω1 + ωg) +Ki1I2Lg cos(δ21)(ω2 + ωg)

+Ki1I2Rg sin(δ21)+
Kp1I2Lg cos(δ21e)

J2
{−Kp2Vgω2 cos(δ2)

+Kp2I1Rg cos(δ12)(ω1 − ω2)−Ki2Vg sin(δ2)

−Kp2ωgI1Lg sin(δ12)(ω1 − ω2) +Ki2I1Rg sin(δ12)

+Ki2I2(Lg + L2)(ω2 + ωg) +Ki2I1Lg cos(δ12)(ω1 + ωg)}
(A9)

where Mi denotes the virtual inertia of VSCi

M1 = J1 − 1

J2
Kp2Kp1I1I2L

2
gcos

2(δ21e)

M2 = J2 − 1

J1
Kp2Kp1I1I2L

2
gcos

2(δ12e). (A10)
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Further simplification of (A9) yields (4), where detailed ex-
pressions of coefficients are as follows:

a0 = ωgKi1I1(Lg + L1) +
Kp1I2Lg

J2
ωgKi2I2(Lg

+ L2) cos(δ21e)

a1 = Ki1Vg

a2 =
Kp1I2Lg

J2
Ki2Vg cos(δ21e)

a3 sin = Ki1I2Rg − Kp1I2Lg

J2
Ki2I1Rg cos(δ21e)

a3 cos = − ωgKi1I2Lg − Kp1I2Lg

J2
ωgKi2I1Lg cos(δ21e)

a3 =
√
a23 sin + a23 cos

ϕE1 = arctan(a3 cos/a3 sin)

a4 = −Ki1I1(Lg + L1)

a5 = Kp1Vg

a6 sin = ωgKp1I2Lg +
Kp1I2Lg

J2
ωgKp2I1Lg cos(δ21e)

a6 cos =
−Kp1I2Lg

J2
Kp2I1Rg cos(δ21e) +Kp1I2Rg

− Kp1I2Lg

J2
Ki2I1Lg cos(δ21e) (A11)

a6 =
√

a26 sin + a26 cos

ϕD11 = − arctan(a6 sin/a6 cos)

a7 = − Kp1I2Lg

J2
Ki2I2(Lg + L2) cos(δ21e)

a8 =
Kp1I2Lg

J2
Kp2Vg cos(δ21e)

a9 sin = ωgKp1I2Lg +
Kp1I2Lg

J2
ωgKp2I1Lg cos(δ21e)

a9 cos = −Ki1I2Lg +
Kp1I2Lg

J2
Kp2I1Rg cos(δ21e)

−Kp1I2Rg

a9 = −
√

a29 sin + a29 cos

ϕD12 = π − arctan(a9 sin/a9 cos).

For VSC2, similar derivations can be achieved by substituting
(A5) into the δ′′1 term in (A6), which is not repeated here.

B. Impact Analysis of Self-Damping Terms on the Upper
Boundary δimax

The necessary and sufficient condition for system stability
is that the acceleration of the system should be negative when
δi reaches the farthest right point. The self-damping terms thus

have no effect on the system dynamics, since the local frequency
ωi is zero at the farthest right point δi. Consequently, the upper
stable boundary δimax is not affected by the self-damping terms.
Therefore, the effects of self-damping can be considered sepa-
rately in Iteration B. In contrast, when δi moves to the farthest
right point, there is no guarantee that ωk is zero. Therefore,
the mutual-damping terms affect the upper boundary δimax and
should be considered together with the interactive electromag-
netic power terms in Iteration A.
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