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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

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

Manuscriptreceived 25 October 2022; revised 12 January 2023 and 8 February
2023; accepted 11 February 2023. Date of publication 20 February 2023;
date of current version 20 April 2023. This work was supported in part by
the National Key Research and Development Program of China under Grant
2022YFB2402701 and in part by the National Natural Science Foundation of
China under Grants 52007134 and 52222707. Recommended for publication by
Associate Editor F. J. Azcondo. (Corresponding author: Zhen Tian.)

The authors are with the School of Electrical Engineering and Automation,
Wuhan University, Wuhan 430072, China, and also with the Key Laboratory
of Integrated Energy Power Equipment and System Security, Hubei
Province 430072, China (e-mail: snplee@whu.edu.cn; ztian.ee @whu.edu.cn;
xmzha@whu.edu.cn; hitsunpf@ 163.com; hyf_keeprunning@ 163.com;
meng.huang @whu.edu.cn; jjsun@whu.edu.cn).

Color versions of one or more figures in this article are available at
https://doi.org/10.1109/TPEL.2023.3246763.

Digital Object Identifier 10.1109/TPEL.2023.3246763

, Member, IEEE, Xiaoming Zha
, Member, IEEE, and Jianjun Sun

, Senior Member, IEEE,
, Member, IEEE

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
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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 VIIL.

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 VSC, (i = 1, 2) is
connected to the weak grid through the grid inductance L and
resistance Rg. L; and I; denote the line inductance and output
current of the converter VSC;, 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 g-axis component of V;; (VSC;'s
terminal voltage) Vi ;4. K},; and K;; denote the proportional and
integral gain of the PI controller parameters of the SRF-PLL,
respectively. fprr; and wpry; denote the output angle and
frequency of the PLL, respectively. 6, and w, denote the angle
and frequency of the grid voltage V. It is assumed that the grid
frequency is constant such that w, = w,,, where w,, 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 /; is
assumed to be equal to its reference value I,ef;.

According to Kirchhoff’s voltage law, there is

Vi1 dbp = Vyl0y + I (Ry + R1)Z(Oprr1 + 1)
+ IoRy/(Opri2 + ¢2)
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dI Z(Opria + ¢1)
dt

dI2Z(Opri2 + ¢2)

dt

VieLbyo = Vy L0, + I5(Ry + Ra)Z(OpLL2 + ¥2)
+ LRy Z(Opri1 + 1)

Iy Z(Oprie + ¢2)
dt

dI Z(0pria + 1)
dt

where ¢; = arctan(/;,/I;4) denotes the angle difference between
I; and Opry;. I;q and I;4 are d- and g-axis components of /;.
When the converter is operated under the unity power factor
condition, ¢, is set to 0. Applying the Park transformation with
the reference angle Opyr,;, the g-axis voltage of Vi; can be
derived as follows:

+(Lg+ L)

+ L,

+ (Lg + Lo)

+ Ly

ey

Viig = Vg sin(fy — Oprr1) + Lo Ry sin(fprre — Opria)
+wprrili(Lg + L1) + wprraloLg cos(fprie — Oprri)
Vioq = Vg sin(by — Opri2) + 1 Ry sin(fprii — Opri2)

+wprrala (Lg + Lo) + wprril1 Lg cos(fpri1 — Oprie)-

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

t t
or: = / {wn+Kintiq+Kii / Vtiqdr] ar. ()
0 0

Define 0; = 0pLL; — 0, and w; = dd,/dt as the virtual power
angle and frequency of VSC;, respectively. Combining (2) and
(3), the dynamics of the paralleled-converters system can be
derived as follows:

M1§”1 = ap —ap Sil’l((sl) —as Sil’l((SQ) — as sin(§12 + @El)
N~ ——

Py Pg Pine1(61,02)

— (a4 + a5 cos(01) + ag cos(d12 + ¢p11)) w1

Dg1(01,62)

— (a7 + ag cos(d2) + ag cos(d21 + Yp12)) wa %)

Dyy1(01,02)

where M, denotes the equivalent inertia coefficient of VSC;. ag
represents the mechanical power (Py) of VSCy, a;sind; rep-
resents the electromagnetic power (Pg) between VSC; &grid;
Pint1(01, 02) = assinds + assin(d12 + pg1) represents the
interactive electromagnetic power between VSCy&grid and
VSC1&VSCs. The self-damping Dy acts on the frequency
w1 of VSCy itself, containing three parts: (1) agcos(f1 — 61):
performed by VSCy; (2) ascos(f; — 0): performed by the grid;
and (3) agcos(f1 — 65 4+ ¢p11): performed by VSCs. Similarly,
the mutual-damping D, acts on the frequency wo of VSCa,
containing: (1) aycos(f2 — 63): performed by the VSCs; (2)
agcos(fy — 0,): performed by the grid; and (3) agcos(fy —
01 + wp12): performed by VSC;. The expression and physical
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Fig. 2. Model validation of (4) under large disturbance.

meaning of VSCy’s dynamics can be derived by replacing a; with
b;, respectively. Specific expressions of these model coefficients:
M;, a;, and b; 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 Py; 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 ¢;; is only driven
by the electromagnetic power exchanged between SG;&SG;.
However, for the converters with PLLs, the dynamics of ¢,
are coupled to each other due to the voltage drop at Vi;q 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(d1, 02), w1Ds1(d1, 02),
and wsoDy,y1(01, 02) 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 < az < as
< ap < ap. 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 Pj,; should be considered
by scaling it to the minimum through the inequality scaling as
follows:

Ping1 (01, 02) > azsin(d2) — az > a2 sin(d2min)

—as = Pintl_rnin (5)
Rnt2 (517 62) > b2 Sin(51>

- b3 > b2 Sin((sl min) - b3 = -Pint2_min

where 0y, 18 the lower boundary of VSC;. The scaling process
in (5) determines the boundary of §; based on EAC theory, while
(5) is also determined by the 4;” s boundary in return. Therefore,
aniteration 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

Bothof Dy, and Dy, ; are nonlinear and vary with power angles,
as shown in Fig. 3. The blue part denotes the positive region
of Dg,;, while the orange part denotes the positive region of
Dy, ;. 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 Py; [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, bz,
ag, and by are negative, while ag and bg are positive. Therefore,
the mutual damping terms Dy, ; can be scaled to Dy, ; min

Dm2 (517 52) > b7+ b8 COs 51 max T b9 = Dm2_min(51 max) .
(6)

{Dml (517 52) > a7 +ag cos 62max+ ag :Dmlfmin<52max)
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Fig. 4. Schematic diagram of the proposed scaling process.

However, w;Dy,; min 1S still nonintegrable unless a mapping
function wg(d;) from J; to wy 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 D,,,; min can be further scaled
with the maximum value of wy,

fD1111(51752)w2d51 > fDml_minWQmaxd(sl
J Di2(61,02)w1dds > [ Do minwimaxdda

where w;max 18 the maximum frequency of the VSC;

(N

2 01 max .
{O-5M1W1Inax = Jsi. [Ijintl_min + aqsin 51 - ao]d51

2 __ %2max
0.5Mows s =

5o [F)int2_min + bl sin 62 - bO]d(SQ

(®)
where §,, is the stable equilibrium point of (4).

A similar inequality scaling process can be conducted with
the self-damping terms Dy;. According to Appendix A, a4 and
b, are negative, while as, b5, ag, and bg are positive. Therefore,
Dy; can be scaled to Dg; min(d;), as follows:

{Ds1(51, d2) > as + as cos 91 — ag = Dg1_min (1)

9
Dgs(01,02) > by + bs cos 02 — bg = Do min(02) ®

where Dg; min(d;) is only the function of the local power angle
0;. Therefore, the work done by Dg; can be scaled as follows:

{f Dq1(01,02)widdy > stl_min(51)w1d51

10
J Ds2(01,02)wadds > [ Dy min(d2)wadds (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 Dy; have no effect
on the upper stable boundary §;max. The proof is given in
Appendix B. Therefore, the effect of Dg; 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 P;,; and wD,, ; is conducted
to obtain an estimation of the upper boundary §;max
and lay the foundation for the subsequent calculation of
Oimin in (16) and (17). The stable boundaries [0;mina_j,
dimaxA_j| obtained at each iteration are used as the input
for the next iteration’s inequality scaling of Ping; min
and WrmaxDmi min 10 (5)—(8), which greatly reduce the
conservatism caused by the over-scaling.

2) Iteration B: By iterating the frequency distribution func-
tion w,p(d;) through (16) and (17), the work done by
wBDs;_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 0 ;pax-
Furthermore, the impacts of self-damping terms are considered
in Iteration B to derive the estimation of lower boundary §;min,
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 WrmaxDmi_min i (5)—(8), an iterative calcula-
tion is proposed to renew the estimation of the stability boundary
[0iminA_j» Oimaxa_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 Py o_;in the jth Iteration
A as follows:

Pia_j = a0 — Pnt1_min(02mina_j)
—Womaxa_j Dm1_min(02maxa_j)
PQAJ = bO - Pint2_1nin(6hninA_j)
*wlmaquijQ_min(6hnaxAJ)

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

where WimaxA_j» OiminA_j» and djmaxa_; denote the values for
VSC, obtained in the jth Iteration A, which are derived based
on EAC

SimaxA j =7 —sin ' (Pia_j-1/a1)

-1
02maxa j =T —sin™ (Paa_j_1/b1) (12)
61maxA,j
/ [PIA_jfl — a Sindl]dél
01 minA_j
02 max A_j
= / [PQAJ',l — b1 sin52}d52 =0 (13)
02 minA_j
O1maxA_j :
0'5M1w%maxAJ = ﬂ_i(slm[szj [a1 S 51 - PlA_j—l}d(sl
SamaxA_j

0'5M2w§maxAJ = [bl sin 52 - PQA_jfl]dég

(14)

T—02maxA_j

The initialization of Iteration A is derived by only considering
the static interactive power: P1p_g = dg — assindoe — assin(di2e
+ ¢g1). The condition for the end of Iteration A is that §jmaxa_j
converges to a given threshold £ 4. d;maxa 1S output as the upper
boundary estimation ¢ ;. 0f VSC;. dmin A_j 1s not output as
the lower boundary estimation because it does not capture the
impact of Dg;. However, ¢;mina_; serves as the basis for the
inequality scaling of P;5_; and affects the estimation of system
stability boundary indirectly.

As shown in Fig. 6, the upper boundary §imaxe Obtained
by only considering the static interaction may easily cause
misjudgment since it completely ignores the adverse impacts
of dynamic interactive electromagnetic power Pjy;; and varying
damping. §1maxc 1S 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 w1Kp1Vscosd; in conventional constant impedance
model in [23] should be positive: d1max = 7/2). The upper
boundary obtained by Iteration A is §1max, and the real upper
boundary by simulation is 1.y, Iteration A estimates the
worst (maximum) equivalent mechanical power Pia_; (blue
dashed line), by inequality scaling of the nonintegrable inter-
active electromagnetic power Pi,¢; (green solid curve) and the
mutual damping term ws Dy, 1(blue solid curve). The proposed
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Fig. 7. Negative feedback mechanisms in Iteration A.

iterative method could greatly reduce conservatism caused by
the scaling of interactive terms (compared with &1axc), and
eliminates the risk of misjudgment by considering the adverse
impacts of dynamic interaction and damping terms (compared
with §1maxe)-

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 domina_j-1 Will lead to
larger P1a_j.1 and smaller maximum decelerating area, and
thus causes smaller wimaxa_j and larger d1min_jaccording to
(12)—(14). Meanwhile, a smaller wamaxa_j leads to a smaller
P14 _j, thus resulting in a larger wimaxa_j+1 in return. Similar
negative feedback mechanisms exist for VSCs. 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 §;,,i,,. First, the equivalent mechan-
ical power P;p of Iteration B is defined as P;g = P;s, where
all terms in (4) except w;Dy; are considered. Applying the EAC
theory to the scaled system, the frequency distribution function
w;p(d;) can be derived as follows:

/. UJ2 T max .
Ml%'g() = f51 [a18in 01 +w1B(01)Ds1_min(d1) —PiB] dd:

T
Mow3g(z) f52max
2 — Jx

15)
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Fig. 8. Iteration flow chart for the self-damping terms based on Iteration B.

However, (15) is an implicit equation about w;g(d;), which
cannot be solved directly. Iteration B is thus proposed to
solve (15) by iterating over frequency w;p(d;) and damping
work w;B(0;)Ds;_min(d;) to quantitatively estimate the effect of
Dy min- The iteration flow chart for Iteration B is summarized
in Fig. 8.

Based on the w;p_j.1(d;) obtained from the j-1-th iteration,
w;B_;(0;) in the jth iteration can be derived as follows:

MIW%B ;(x) o1 .
(@) (Oimax
— == [ay sin §;

+ wip_j-1(01)Ds1_min(61) — Pig] dd1

]VI’A"*"?B,J(I) _ f52max (16)

5 [by sin 0o
+ woB_j—1(02)Ds2_min(02) — Pop] dda

The lower boundary 0;minp-; in jth iteration is derived as
follows:

f(;i::;;: [a1 sin &1 +wiB_j-1(01)Ds1_min(01) —Pig]dd1 =0
f(;igx::’;J [b1 sin 02 +wap_j1(02)Ds2_min(02) — Pop] ddz = 0
(17)

The initial value of frequency distribution function w;g o(d;)
is derived by assuming w;g o = 0. The condition for the end
of Iteration B is that ;B j converges to a given threshold
€p. 0;minB 1S output as the lower boundary estimation 9 i, of
VSC,.

Through the inequality scaling in (9) and the iteration in (16)
and (17), the most adverse impacts from the self-damping term
w;Dg,; are estimated as the red dashed line shown in Fig. 6. The
real lower boundary is d1minr- The over-scaling inequality and
the positive-damping restriction in [23] will result in a relatively
large §1minc, thateven the equilibrium point §, may be excluded
from its boundary: 01 pine > 01e-

The relationship between the two iteration processes is
demonstrated in Fig. 9. To sum up, ;1,4 i obtained by consider-
ing the interactive electromagnetic power terms and the mutual
damping terms through Iteration A; based on the result from
Iteration A, ;i is obtained by considering self-damping terms
through Iteration B. Therefore, the accurate stable boundary

[b1 sin 02 +wop(02) Do min(d2) — Pap| dds estimation of the paralleled-converters system [dimin, Oimax]

is obtained by the proposed dual-iterative EAC method.
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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: wgDy,(d;,0)) can be mapped to a single variable
function as follows:

min

-l IDml1_j (é 1)
_J 5
526[62minA Jo 2maxA,j]

{walar + ag cos do + ag cos(d21 + ¢p12)]}

Pipma_j(62) = min
_j\02 5 cls 5
le[ 1minA_j» lnlaxA,j]

{wl[b7 =+ bg COS (51 + b9 COS(512 + (,ODQQ)]}

(18)

Therefore, P;5_; can be rewritten as follows:

{P1A_j = agp — Pintl_min(52minA_j) - PIDmlJ((;l)

. (19
P2A_j = bO - Pint2_min(61minA_j) - PIDmQ_j (62) (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
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Fig. 11.  Influence of system parameters on system stability.
TABLE I
IMPACT ANALYSIS OF GRID INDUCTANCE
L, Boundary of VSCy(rad) ~ Boundary of VSCy(rad)
1.5mH [-1.700, 2.652] [-1.264,2.712]
2.0mH [-1.086, 2.536] [-0.636, 2.569]
3.0mH [0.212, 2.294] [0.517, 2.200]
3.5mH [0.691, 2.121] [0.782, 2.084]
TABLE II
SIMULATION PARAMETERS OF THE CONVERTER SYSTEM
Symbols Description Nominal value
Vel de-link voltage of VSC, » 800V
K12, Kir Controller parameters of PLL, » 0.5, 80
L, grid inductance 3mH
R, gird resistance 0.15Q
Li> Line inductance of VSC| , 1 mH
Ve Magnitude of microgrid voltage 220\2V
W, Rated angle frequency 100zrad/s
Lep2 Magnitude of reference current of VSC, » 150A, 50A
EAB Threshold of Iteration A/B 2x10”rad

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 L; or L, will result in a larger Py
and smaller P;,¢, both have adverse impacts on system stability.
Meanwhile, larger L; 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 /;
also has negative impacts on stability since it always appears
together with L; in the dynamic (4). A larger V, leads to a larger
Pr and larger damping, both benefit stability. The impacts of
K; & K, are complicated. The increase of K; has a positive
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Fig. 12.  Simulation verification of paralleled-converters system under differ-

ent current disturbances on VSCj . (a) Stable operation under critical disturbance.
(b) Unstable operation under larger disturbance.

impact on Py (deteriorates stability) and Py (benefits stability).
Meanwhile, the increasing K, leads to a larger Py (deteriorates
stability), but also a larger damping (benefits stability). However,
K, cannot be too large to violate the stability condition M; > 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 §,; = 0.851 and de0 =
0.722 rad. The verification is executed by adding disturbances
on the reference current I,.¢; and the grid voltage phase ¢, 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

{[51 min, 01 max] = [0.212rad, 2.294 rad]

[02 mins 02 max] = [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 VSCy from I;, = 16 A (61(t9) = 0.2168 rad > 1, ) tO
I,f1, 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 VSCj from I,,,s = 8 A (91 (¢p) = 0.1857 rad
< O1min) to L1, the power angle §; exceeds its minimum
stability boundary, which eventually leads to instability as in
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Fig. 13.  Simulation verification of paralleled-converters system under dif-
ferent grid phase disturbances. (a) and (b) Verification of d1min. (¢) and (d)
Verification of d1pax.

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

2) Under the Grid Phase Disturbance: The simulation veri-
fication of 01y, is carried out in Fig. 13(a) and (b), where the
system encounters the critical grid phase disturbance: stable#1
(01sta#1min = 0.2135 rad) and larger disturbance: unstable#1
(01uns#1min = 0.1735 rad), respectively. The power angle 01 of
VSC; shows different stability characteristics but is consistent
with the theoretical analysis. Similar verification of 1y 1S
given in Fig. 13(c) and (d). After the system encounters a
critical stable disturbance (§1sta#2max = 2.2663 rad) and alarger
disturbance (d1uns#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 VSC;’s stable boundary.

Similar verification can be carried out for the obtained stable
boundary of VSCs. In Fig. 14(a) and (c), the system encounters
critical stable grid phase disturbance: d2sta1min = 0.520 rad
and dogtasomax = 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 dop,iy,
is because that the larger /; leads to the larger self-damping
interaction term bg (approximately 3 times that of ag). There-
fore, the proposed mathematical scaling on a¢ 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: douns#imin = 0.0718 rad and dauns#omax
= 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 VSCy’s trajectory
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Fig. 15. Simulation verification of paralleled-converters system under three-

phase short-circuit fault with clearing. (a) VSCj. (b) VSCa.

does not return to equilibrium but moves chaotically outside the
stable boundary. This is because the instability of VSC; leads
to the failure of VSC, 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 domin
and domayx 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 w;g(d;) is the critical stable tra-
jectory estimation of the system after scaling. Therefore, when
the system is still within w;p(d;) 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 wyp(d1), where the
fault clearing time (FCT) is 4.6 ms, the system remains stable and
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Fig. 16. HIL experimental test rig with RT-Lab platform.
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Fig. 17. Experimental verification of VSC; 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 wyp(d1),
where the FCT is 4.7 ms. In contrast, the stability boundary
of VSCs is slightly more conservative. As shown in Fig. 15(b)
point a is already outside wop(d2) but the system is still stable.
Conservatism is unavoidable, but VSC; 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 VSC; from the initial value:
Iy, = 16 A to L., the initial value of §; before the distur-
bance d1(fp) = 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 I,,,s = 8 A is applied to VSC;’s current reference,
the initial power angle 01(¢p) = 0.1857 rad, exceeds the lower
stable boundary of §;. 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
are set as —0.639 and —0.667 rad on its nominal value, to verify
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Fig. 18. Experimental verification of §1,in under grid phase disturbances.
(a) Stable within the boundary. (b) Unstable out the boundary.
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Fig. 19. Experimental verification of §1max under grid phase disturbances.
(a) Stable within the boundary. (b) Unstable out the boundary.
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Fig. 20.  Experimental verification of damin under grid phase disturbances.
(a) Stable within the boundary. (b) Unstable out the boundary.

the accuracy and validity of §1,i,. 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 §1;,.. When the grid phase
disturbance Ad; = 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 Ad; = 1.4538 exceeds
the upper boundary, as shown in Fig. 19(b).

Similar verification is carried out to validate the accuracy
of VSCy’s stable boundary. Fig. 20(a) and (b) show the ex-
perimental responses when the grid phase disturbance is Ads
= —0.5315 rad and —0.6515 rad, respectively. As shown in
Fig. 21(a), the system remains stable when Ads = 1.4063 rad is
within the upper boundary §op,.x of VSCs. Instability phenom-
ena occur when Ady = 1.6063 rad exceeds domax, as shown
in Fig. 21(b). The experimental responses of the validation of
VSCy’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 d21ax under grid phase disturbances.
(a) Stable within the boundary. (b) Unstable out the boundary.
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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

Boundary of Boundary of
Method VSC,(rad) VSCy(rad)
DITEAC [0.212,2.294] [0.517,2.200]

CEAC; (ignore damping)
CEACG,; (consider damping)
Simulation results

[0.170, 2.282]
[0.606, 1.571]
[0.174, 2.300]

[-0.213,2.426]
[0.720, 1.571]
[0.073, 2.324]

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 CEAC; ignoring the varying damping [23], the
CEAC; 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 CEAC;’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 CEAC; 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 VSC;.

The voltage at PCC; can be denoted as follows:

ViilOyi = VylOy + I;i(Rg + Ri) Z(OprLi
+ @)+ Ry Z I Z(OpLik + ©k)
P
dl; Z(Opiri + i)
dt

I Z(OpLik + @k)
+ L, Z -

+ (Lg+ L;)

. @21
ki
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Applying Park translation on (21), the g-axis component of
Vii can be derived by assuming ¢; =0

Viig = Vgsin(=6;) + Rg > _ I sin(6x;)
ki

+ wprrili(Lg + Li) + Ly Z Iwprik cos(6ri). (22)
kA

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:

N N
M;5; = ag — Zak sin(dx) — Z @ik sin(d;)

p k=1 ki
N

— Y {lapor + ap1x cos(5)
k=1

+ ) apmk €0S(Skm + Pomk)wr}- (23)

m#=k

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:

8" = KpiV'pocqr + KitVeecgt

= —Kp1Vywi cos(01) + Kp1 o Ry cos(da1) (we — wr)
+ 0" K [1(Ly + L) + 6”2 K p1 T2 Lgcos(821)
— K p1(6'24wg)I2Lgsin(d21) (wa—w1)— K Vysin(dy)
+ K1 IoRy sin(021) + Kt (Lg + L1 ) (w1 + wy)
+ K115 L g cos(da1) (w2 + wg)

8"y = KpoV'pecge + KisVeccoge

= — K9V ws cos(62) + Kpal1 Ry cos(d12) (w1 — wa)
+68"3KpoIo(Ly + Lo) + 6”1 K paI1 Lgcos(d12)
— K p2(6'14+wg)I1Lgsin(d12) (w1 —wa)— K2V, sin(ds)
+ KioIy Ry sin(012) + KinIo(Ly + La)(ws + wg)
+ KioI1 Ly cos(012) (w1 + wy).

(AD)

(A2)

The terms in bold are derived from the derivative of (wg
+ wi)lLgcosdyi in Vpcags They will produce the quadratic
nonlinear terms: wyws, w12, wo> and the coupling term cos(md
— ndy) and cos(mdy — nd1 ), 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[(wy + 6'2)I2 Ly cos(621)]

~ —wy K1 I L,sin(da1)(6's — 0'1)
+8"3Kp1 I Ly cos(0a1c) (A3)

Kpol(wg +0'1) 1 L, cos(élg)]'

~ —wgKpol1 Lysin(d12)(6'1 — &'2)

+ (5”1Kp2_[1Lg COS((Slge). (A4)
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Substitute (A3) and (A4) into (A1) and (A2) and move the
8" ; term to the left side of the equation:

J1(5”1 = — prgwl COS((S1) + KP1IQR9 008(521)(WQ — wl)
+ 5”2Kp1[2Lg COS((sgle) — KplngQLg Sin(agl)(WQ — wl)
- ﬂVg Sil’l(51) +K1'1]2Rg sin(521)

+ Kil]l (Lq + Ll)(wl + wg) + KﬂIQLg COS(621)(W2 + wg)
(AS)

J20"9 = =Ko Vyws cos(d2) + KpoIi Ry cos(d12) (w1 — wa)
+ 8" KpoI1 Ly cos(812¢) — Kpowgli Ly sin(d12) (w1 — wa)
— K5V sin(d2) + Kiol1 Ry sin(d12)

+ KioIo(Lyg + Lo) (w2 + wy) + Kol Ly cos(d12) (w1 + wy)

(A06)
where J; is denoted as follows:
Ji=[1—Kpnli(Ly+ L))
Jo = [1 = Kpalo(Ly + L)) (A7)
Substituting (A6) into the §”5 term in (A5) can obtain
J10"1 = =K1 Vywy cos(61) + Kp1Ia Ry cos(d21) (w2 — wy)

— plngQLg sin(521)(w2 — wl) — KﬂVg sin(61)
+ KilIl (Lg + Ll)(wl + wg) + KZ'lIQLg COS((SQl)(WQ + wg)

Kplfng 008(6210)
Jo

+ Kpglle COS(§12)(W1 — WQ) + 6//1Kp211Lg COS((Slge)
— Kpgwgfng sin(512)(w1 — wg) — KiQVg sin(52)
+ Kigleg Sin((;lg) + Kl'gfg(Lg + LQ)(U)Q -+ wg)

+Ki1]2Rg sin(521)+ {7Kp2ng2 COS(52)

+ Kiol1 Ly cos(012) (w1 + wg) }- (A8)
Move the 6”4 term to the left side of (A8)
M15”1 = — plvgwl COS(51) + Kp1]2Rg COS(521)(W2 — wl)

— plngQLg Sil’l(521)(0.)2 — O.)l) - Kﬂ Vg sin(él)
+ Kill]_ (Lg + L1)<UJ1 + wg) + KilIQLg COS(521>(W2 + wg)

K1 15Lg cos(d21c)
Jo

+ Kpglle COS((512)(LU1 — UJQ) — King sin(52)
— K;,,ngfng sin(612)(w1 — WQ) + Kiglle sin(512)
+ KZ'QIQ(Lg + LQ)(LUQ + wg) + KZ'QIng COS(512)((JJ1 + wg)}

+Ki1[2Rg sin(521)+

{=Kp2Vyws cos(d2)

(A9)
where M; denotes the virtual inertia of VSC;
1
Ml = Jl - TQKPQKP1]1]2L52]C082(521€)
1
My = Jy — — Ky Kpi I I, L cos® (612¢). (A10)

Ji
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Further simplification of (A9) yields (4), where detailed ex-
pressions of coefficients are as follows:

K, I,L
ap = ngﬂIl(Lg + Ll) + %ngiglg(Lg
2
+ L) cos(d21e)
ay = Kj'Vy
K I,L
ag = wKiQVg COS(5216)
Jo
K I,L
a3sin = Kijnlo Ry — wKiZIle cos(d21e)
2
K11sL
A3 cos — — ngﬂIQLg — %ngiglng COS(5216)
2

as = \/ a% sin + a% cos
op1 = arctan(ascos/assin)

ag = — Ky (Lg+ L)

as = K,,lVg

K1IoL

agsin = ngpllng + ngKPQIng COS(5216)

2

06 cos = _K%QIQLQKPQHRQ cos(d21¢) + Kp1I2Ry
— KpljilegKigIng cos(da1e) (A11)
a6 = \/ O3 gin + O cos
¢p11 = — arctan(agsin/a6cos)
ar = — KMTI;QLQKQIQ(LQ + Ls) cos(d21e)
ag = KmJiI;Lngng cos(da1e)
a9sin = wgKp1IoLg + %;nggl(pglng cos(da21¢)
ag9cos = — KinloLy + MKpQIIRg cos(d21c)
- plI?Rg
g = =4/ 03 i+ O3 cos

Yp12 = T — arctan(agsin/ a9 cos)-

For VSCs,, similar derivations can be achieved by substituting
(A5) into the " term in (A6), which is not repeated here.

B. Impact Analysis of Self-Damping Terms on the Upper
Boundary § i az

The necessary and sufficient condition for system stability
is that the acceleration of the system should be negative when
d; reaches the farthest right point. The self-damping terms thus
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have no effect on the system dynamics, since the local frequency
w; is zero at the farthest right point ¢;. Consequently, the upper
stable boundary d;,,,.x 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 §; moves to the farthest
right point, there is no guarantee that wy, is zero. Therefore,
the mutual-damping terms affect the upper boundary 9,4, and
should be considered together with the interactive electromag-
netic power terms in Iteration A.
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