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Transient Stability Evaluation and Decoupled Control
for Grid-Following Converters Considering Nonideal
Alternating Current Control
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Abstract—In most previous studies about transient synchroniza-
tion stabilities of grid-following converters (GFLC), alternating
current control (ACC) dynamics are often neglected. However, the
bandwidth of the ACC cannot be selected too high in some low-
switching cases, such as large wind turbines. The adverse effects
of ACC must be considered to avoid over-optimistic evaluation of
transient stability. There are seldom quantitative and analytic large
signal analyses that take the ACC dynamics into account. To fill
this gap, an iteration-based accurate transient stability evaluation
method is proposed in this article. First, the model of the ACC
and line dynamics are deduced. The time-domain analytic solution
of current dynamics is obtained. Furthermore, the multivariate
implicit function equation set concerning current-frequency-power
angle’s mapping relation under the critical stable condition is con-
structed and the transient stability boundary is solved based on the
proposed iterative algorithm. The interaction mechanism between
the phase-locked-loop (PLL) and ACC is accurately quantified. A
simplified transient stability criterion is deduced to preliminarily
estimate the adverse effects of ACC on GFLC’s transient stability.
In addition, a stability-enhanced decoupled PLL strategy is pro-
posed to enable the setting of PLL bandwidth unconstrained by the
interaction from ACC, which significantly improves the dynamic
response of the GFLC. Simulation and experiments verify the
effectiveness and superiority of the proposed stability evaluation
method and decoupled PLL strategy.

Index Terms—Alternating current control (ACC), equal area
criterion (EAC), grid-following converter (GFLC), iterative
algorithm, phase-locked-loop (PLL), transient synchronization
stability.
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I. INTRODUCTION

HE transient synchronization stability of grid-following
T converters (GFLC) has been widely evaluated and is as-
sumed to be dominated by the dynamics of phase-locked-loops
(PLLs) [1], [2], [3], [4], [5]. The inner alternating current control
(ACCQC) is usually assumed under a quasi-steady state due to
its high bandwidth. Therefore, the ACC dynamics are usually
neglected to reduce model order and simplify the difficulties
in transient stability analysis. However, the ACC bandwidth
setting is constrained by the converter switching frequency. The
bandwidth of ACC cannot be selected too high in low-switching
cases, such as high-power converters for large wind turbines
[6]. Consequently, the dynamics of ACC must be captured
when analyzing GFLC’s transient stability. Plenty of studies
have analyzed the interaction between PLL and ACC based
on small signal-based methods [7], [8], [9], [10]. But they are
invalid under large disturbance. Only seldom studies analyzed
the transient stability of GFLC considering ACC’s impact.

The transient coupling between the nonideal ACC and PLL is
found in [11]. Simulation results reveal that ignorance of ACC
yields over-optimistic transient stability assessment. A syn-
chronous generator-analogized model of the GFLC is developed
in [12]. The mechanism by which ACC deteriorates stability is
revealed as the acceleration of PLL’s equivalent motion, but the
amount of accelerating area increased by ACC is not quantified.
A Lyapunov function that considers ACC’s coupling effects is
constructed in [13] to reveal the instability mechanism caused by
ACC’s interaction. Equal area criterion (EAC) is applied in [6] to
evaluate GFLC’s transient synchronization stability and a band-
width boundary whether the current dynamics can be ignored
is proposed. However, the impacts of ACC’s coupling cannot
be analytically quantified in both [6] and [13], and can only be
obtained by time-domain numerical calculation. Takagi-Sugeno
method is applied in [14] to capture ACC’s impacts in stable
domain derivation, but cannot reveal parameters’ impact mech-
anisms. A numerical continuation method is proposed based on
bifurcation theory in [15] to capture ACC'’s transient effects on
PLL. Both [14] and [15] are facing the challenge of intensive
computation burden and are not applicable for online stability
evaluation. A step-to-step model reduction analysis is conducted
in [16]. It is found that ignorance of filter capacitors will not
yield much error, but the dynamics of ACC and grid inductors
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cannot be ignored. Furthermore, a simplified transient model is
established in [17], which can capture the dominant dynamics
of ACC. However, the analyses in [16] and [17] are based on
the simulation results, which lack mechanism revelation. To sim-
plify the coupling between PLL and ACC, a slow—fast subsystem
is established in [18], based on the singular perturbation method.
However, Lyapunov-based stability analyses are conducted on
the slow and fast subsystems separately, and how the two subsys-
tems’ interaction affects each other’s transient stability remains
unknown. Li et al. [19] proposed an inequality scaling-combined
EAC method that analytically assesses ACC’s worst impacts on
GFLC'’s transient stability but with considerable conservatism.
Xuetal. [20] analyze the transient stability of GFLC considering
ACC impacts and conducts parameters design, with the aid of
phase portrait. However, the phase portrait method is similar
to the simulation-based method and the conclusions drawn are
only verified in specific conditions.

Striping of PLL dynamics from ACC dynamics can be
achieved by feedforwarding PLL output frequency. This can
help partially reduce ACC’s detrimental effects on PLL transient
synchronization stability. To fully reveal how the ACC affects
system’s transient stability, an iteration-based EAC is proposed
in this article, which is partially based on the iterative EAC in our
earlier paper [5]. A multivariate implicit function equation set
(IFES) concerning current-frequency-power angle’s mapping
relation under the critical stable condition is constructed and
the transient stability boundary is thus iteratively solved. Due
to the full consideration of both ACC dynamics and damping
effects, the conservatism of the proposed stability evaluation
method is relatively low. Furthermore, a simplified criterion is
proposed to quickly assess ACC‘s impacts on GFLC’s transient
stability. Moreover, a stability-enhanced decoupled PLL strategy
is proposed to make the parameters setting of PLL unconstrained
by the interaction from ACC.

The rest of this article is organized as follows. Section II
derives the 6th-order nonlinear model of GFLC, which fully
considers ACC, PLL, and grid line dynamics. The transient
stability boundary that captures ACC’s impacts is iteratively
obtained in Section III. Another simplified criterion is also
introduced in Section III, with less computation but more
conservatism. Parameters impact analysis, method comparison,
and a stability-enhanced decoupled PLL strategy are given in
Section IV. Simulation and experiment verification are con-
ducted in Sections V and VI, respectively. Finally, Section VII
concludes this article.

II. SIXTH-ORDER MODEL DERIVATION

The analyzed GFLC system is shown in Fig. 1.V, and 0, are
the grid voltage’s amplitude and phase, respectively. L, and R,
are the inductance and resistance of the grid line, respectively. Ly
denotes the output filter of the GFLC. The converter’s controller
contains a PLL and an ACC. The dc-link voltage variation is
ignored during the transient process due to the chopper circuit.
Kp and K; denote the PLL’s proportional-integral (PI) parame-
ters. Kcp and K¢y are the PI parameters of ACC. PLL outputs
the reference phase fpyr, and frequency wpry, by input point

8991

GFLC
E L L R
oYYy N Ve
l_ J C J_ PCC
1, f :l_: Vpce
OpLL
ACC i_ T PLL
ref]
(a)
30 Veceq oot
Voce—> N 4 + 1/s T OpLL
+! -

|

pLL  F @n !
= ]I' === -1 __________________ L -=A
= +r , Tea@rLiLe | Yooy
I, | dq0 /" |l - Xt dqo
— Kcpt+Kei/s —PWM
abc Ty, + abc

ACC Irefq - gd(UPLLLf VPCCq

(b)

Fig. 1. Structure of the analyzed GFLC connected to the grid system. (a) The
simplified diagram of circuit structure. (b) The diagram of controller structure.

of common coupling (PCC) voltage Vpcc. wy, is the frequency
nominal value. The ACC regulates the output current based on
the dg-axis reference current Irerq, Irefq, and reference phase
Oprr. Neglecting variation of grid frequency w,, it can be
assumed that wy = w,. I44 and I, are the dg-axis components
of line current, respectively. It is mentioned that all the Park
transformations in this article are conducted with fpr, as the
reference phase.

A. Modeling of the ACC and Line Current Dynamic

According to the Kirchhoff’s voltage law, the dg-axis com-
ponents of Vpcc can be derived as

Vecca = Vg cosd — prLLgng + Rg-[gd + Lnggd/dt
Veccq = —Vq sind + wPLLLgIgd + Rglgq + Lgdlgq/dt. €))

E 4 and E; are the output voltage of GFLC and can be derived
also based on Kirchhoff’s voltage law
Ey=Vyco86 + Rylgq — wpir (Lg+ Ly) Igq
dl,q
L,+L;)—%<
E,= —Vysind + Rylyq +wprL (Lg + Ly) Iga

dlgq
a @
Considering the high switching frequency of PWM, E 4, can
be assumed to equal the output of ACC, which can be derived
according to the ACC controller structure in Fig. 1

+ (Lg+ Ly)

Eq = Veccd + ka / (Iteta — Lga)dt + kcp(Lreta — Lga)
- wPLLLfng

B, = Veceq + ka / (Tt — Iyt + kep(Toty — o)
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Fig. 2. Comparison of different ACCs under large disturbance.

+ WPLLLfIgd~ 3)
Combing (1)—(3), the dynamics of ACC are deduced as

Ldegd/dt = + kCI / (Irefd - Igd)dt + kCP (Irefd - Igd)

Lidl,,/dt = + ke /( refqg — Lgq)At + kcp (Lretq — Lgq) -
“

It is seen that with the help of the feed-forward terms:
wpLLLfretq + Vpcca and -wprrLreta + Vpcoy, the PLL
dynamic and grid voltage values are peeled off in the ACC
dynamic. This also means that the different ACCs in multi-
GFLC paralleled systems do not interact with each other. Wu
et al. [6] and Hu et al. [12] point out that grid-side coupling is
the dominant factor leading to ACC transient dynamics, which
further yields significant adverse impacts on PLL’s transient
stability. However, this conclusion is mainly attributed to the
ACC without appropriate feed-forward terms. As shown in
Fig. 2, the ACC with approximate feed-forward terms adopted
in this article exhibits faster response speed, while the ACCs
with insufficient feed-forward terms [6], [12] are influenced by
the slow dynamics of PLL. In addition, the dg-axis currents are
also decoupled from each other, according to (4). System (4) can
be decoupled into two 2nd-order linear time-invariant systems
and their analytical time-domain solution can be simply solved
based on the linear system theory

Igd (t) = lrefd+ — Alemlt - A2€m2t
ng (t) = Irefq+ — Agemlt — A4€m2t
jgd (t) = —Almlemlt — Agmgemzt
fgq (t) = —Azmie™"' — Aymoe™2t. 5)

The current expression in (5) is based on the premise that
the ACC is overdamped, i.e., chp>4KCILf, which is always
true in practice to avoid unexpected oscillation. The constant
coefficients m,—msy and A1—A4 in (5) are denoted as

Irefd+ - Irefd—
A1 = m
mi — Mmoo
A2 = my Irefd-&- - Irefd—
mz —my
A3 =my Irefq+ - Irequ
my —ma
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Fig.3.  Simulation verification of the proposed 6th-order model. (a) Under grid

voltage dip disturbance. (b) Under current reference abrupt jump disturbance.
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g—ar -1
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—Kcp/Ly + \/(KCP/Lf)2 —4Kcr/Ly
2

—Kep/Ly — \/(KCP/Lf)2 —4Ka/Ly
mo = . (6)
2

Subscripts + and — denote the parameters after and before the
disturbance, respectively. According to (5), dfy4/dt is positive
during 0-#,,x and negative during t,,x-, under ,.fq abrupt
jumps. This means /44 first rises from /;¢4. monotonicity to the
peak /ggmax at t = fyax and then monotonically drops to /et q4--
The time that /44 crosses Ir.ctq is defined as 7. The expressions

of the abovementioned values are derived as follows:

- ln(—Al/Ag)
mo — My
In(—my Ay /maoAs)

mo — MMy

tmax -

14+my/mo
Igdmax = IrefdJr + (Irefd+ - Irefdf) (ml/m2) tmy/ma o (7)

The simulation result in Fig. 3(b) is consistent with the mono-
tonicity analysis above. Itis mentioned that the above-mentioned
decoupling characteristics only theoretically exist under stable
conditions. The dg-axis currents and PLL dynamics cannot be
completely decoupled due to control delay, converter modula-
tion, and the digital filter in sampling circuit. However, under the
ACC and PLL timescale studied in this article, these decoupling
characteristics are reasonable under stable conditions.

B. Modeling of PLL

According to the control structure shown in Fig. 1(b), the
dynamics of PLL can be obtained as

dfprr/dt = wpLL

wpLL = Wy + KpVpccqg + K1 / Veccgdt. 8)
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Define the difference between PLL’s output phase and grid
phase as the virtual power angle of the system: § = Opy,-0,.
Similarly, the virtual frequency is defined as the frequency
difference between the PLL and the grid: w = wpry,-w,. Take
the time derivative of the second row of (8), we obtain

dw/dt = deLL/dt = KpdeCCq/dt + KIVi)CCq. 9)

According to the Vpcc 4 expression derived in (1), the expres-
sion of dVpcc 4/df can be obtained as follows:

AVece,/dt =
+ wprr LydIyq/dt + Rydly,/dt + Lyd?1, gq/dt2 (10)

Combining (1), (9), and (10), the state-space model of PLL
considering nonideal ACC’s coupling can be derived as

—Vywcosd + dwprr/dtL, I,

dé/dt = w

dw/dt = ky — kasind — (ks + kyq cosd) w (11)
The expressions of coefficients M and k;—k4 are denoted as
M= (1-KpLyl,)

b [wnEIL fgd+KIR ng+wnKPLgdclféd M
L=
+KpRyYas | j;p,Yes  Kpr, e

ky = K(V,/M
ks = (KPLgdiid - KILgIgd) /M
ky = KpV,/M. (12)

where k1, kosind, and k3+k4cosd denote the equivalent mechan-
ical torque, electromagnetic torque, and damping coefficient,
respectively. Compared with the simplified PLL model ((1) and
(2) in [5]) that neglects the ACC dynamic, there are mainly two
differences: 1) terms related to /44 and /44; 2) terms related to
dl4/dt, dI 44/t and d*1;,/d¢*; Formula (5) and (11) together form
the 6th-order model of GFLC that fully captures ACC dynamics.

With sufficient feed-forward terms in (3), the ACC can uni-
laterally decouple with the PLL and grid. This means ACC’s
dynamic is an autonomous subsystem, and will not be disturbed
by the grid side disturbance and interaction. However, the PLL’s
dynamics will be affected by ACC’s dynamics, according to
(12). Consequently, disturbances such as grid voltage dips will
not directly result in ACC transient processes, in which the
simplified 2nd-order model (the yellow dotted curve) in [1]
that assumes /,q; = leraq 1S still accurate compared to the
EMT simulation (the blue dashed curve), as shown in Fig. 3(a).
However, as shown in Fig. 3(b), the ACC transient dynamics is
significant under current reference abrupt change disturbance,
which usually happens in low voltage ride through process: /;.cf4
dips and /¢4 jumps at the fault occurrence moment; /et g jumps
and /¢4 dips at the fault clearing moment. As shown in Fig. 3(b),
under I,..¢4 jumps disturbance, the simplified 2nd-order model
(the yellow dotted curve) shows non-negligible errors with the
EMT simulation result (the blue dashed curve). In contrast, the
proposed 6th-order model (the red solid curve) shows almost
no errors compared with the EMT results (the blue dashed
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curve). The simplified 2nd-order model (the yellow dotted curve)
shows less overshoot in power angle dynamics, which may yield
over-optimistic misjudgment and it is unacceptable in engineer-
ing practice. Therefore, ACC’s dynamics must be considered
when estimating the transient stability boundary of GFLC under
current reference abrupt change disturbances.

III. TRANSIENT STABILITY ASSESSMENT

In this section, the stability boundary of GFLC under current
reference abrupt change disturbance is accurately estimated by
the proposed iterative algorithm. First, an IFES concerning the
mapping relation among output current, power angle, and PLL
frequency under the critical stable condition is constructed based
on the interaction mechanism between ACC and PLL. Then, an
iterative algorithm is proposed to solve the above IFES. The
critical stable boundary is thus obtained, with almost no conser-
vatism. Furthermore, it is elaborated that the overall impact of
nonideal ACC on GFLC'’s transient stability is always adverse,
based on which a simplified but conservative stability evaluation
method is proposed based on the inequality contraction. It is
mentioned that as pointed out above, the dg-axis of ACC is
decoupled, so only the d-axis disturbance is considered in this
section due to the limited length. Taking the g-axis disturbance
into account will not result in extra analysis difficulties.

A. Revelation of ACC and PLL Interaction Mechanism

To apply EAC or any other similar energy-based transient
stability evaluation method, it is necessary to obtain the mapping
relation between equivalent torques k1 —k4 and power angle 6. As
shown in formulas (11) and (12), the equivalent torques kj—k4
of GFLC are no longer constant and become time-variant due
to the current dynamics: /44 and I ¢d- However, only the time ¢
distribution /,4,4(#) and I 4d(?) is explicit as shown in (5), while the
power angle ¢ distribution /,4(5) and I ¢d(6) remains unknown.
The key to quantifying ACC’s impacts on PLL is to bridge the
gap of the explicit mapping relation between time ¢ and power
angle 9, which will be demonstrated below.

Considering that the ACC dynamics have already converged
to the steady state when the PLL reaches the farthest point, the
upper stability boundary can still be evaluated as the unstable
equilibrium point dyep,, which assumes Igqq = Ireraq+

n K1 Ly 1e KR I,
(Suep:Tr—Sin71 (w' 12glietdt + K1ty tQ+>. (13)

KpV,

Integrating both sides of (11)’s second row, with dyep as
the fixed upper limit and independent variable § as the lower
boundary can obtain the critically stable corresponding relation
between frequency and power angle as shown in (14), in the
form of integral with variable lower limit: x is the integration
variable and § is the function variable

w? (6) ko (x)sinx

2 :Auep{kl[gcg)< >+k4<x>cosx1w<x>}dx' (1

Formula (14) indicates that the EAC theory is equivalent to
the energy conservation law, and both of their essentials are
Newton’s second law. In addition, another mapping relation
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Fig. 4. Flowchart of the proposed iterative algorithm.

exists according to the physical definition of frequency

ds ds S dz
[ —_— = ]
r w:w(é) dt = ¢ (0) /(smw(x) (15)
where d,; is the critical lower boundary
deri = max {d|w (6) =0N 3 < dyep} (16)

which can be solved by the iteration in Fig. 4. Formula (15) is in
the form of integral with variable upper limit: x is the integration
variable and ¢ is the function variable. Formula (15) indicates
the critically stable corresponding relationship #(6) between
power angle § and time z. Furthermore, the equivalent torques
ky—k,4 distribution concerning power angle ¢ can be obtained by
combining (5), (12), and (15)

k1 (0) = Fy {Toa [£(9)]

k2 (8) = Ky { ya [¢ ()]

Lo [t (9)]

j
s [t (0)]}
i

ks (8) = ks { L [t 6)] fya [£ (9)]

b (6) = b { L [t ()] T [t (D))} a7
inwhichky_4(14q,dl 44/dt) are derived in (12), 1 4(¢) and d/ 34(¢)/dt
are derived by (5), #(9) is derived in (15). Equations (5) and
(12)—(17) together form an IFES over the operation states /4,
d, and w of GFLC, which is the mathematical essence of how
the ACC and PLL interact with each other. This IFES is also
the EAC equations set that fully captures ACC dynamics and
damping effect, which denotes the states mapping relation w(d)
and /44(6) under the critical stable condition, i.e., transient
stability boundary.

B. Accurate Iterative Transient Stability Evaluation Method

The most intuitional method to solve IFES is the iterative
algorithm. As shown in Fig. 4, an iterative algorithm is proposed
to solve the above IFES. Pointed out that the subscript m denotes
the iteration times. First, the initial values of torques k1 o—k4 o
are calculated by assuming I,y = Ilie¢fq4, Which ignores the
ACC dynamics. In the mth times of iteration, the value of
frequency distribution function w,,(d) concerning power angle
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¢ is derived according to (14), based on the torque distribu-
tion function ky_,,,-1(0)-k4_m-1(6) and the frequency distribution
wm-1(0) from the m-1th iteration. Afterward, the critical lower
boundary 6.y, of the mth iteration is derived according to (16),
based on the above-mentioned frequency distribution function
wm(d). Furthermore, the time distribution function ¢,,(6) con-
cerning power angle ¢ is calculated in (15), based on the above-
mentioned frequency distribution function w,,(d) and critical
lower boundary §¢,i .- Then, the torque distribution functions
k1_m(0)-ky_m(6) concerning § are derived in (17), based on the
above-mentioned time distribution function ¢,,(d) concerning
0. The obtained torque distribution functions k1_.,(6)-ks_m(0)
concerning § will be utilized for the calculation of the frequency
distribution function w,,,41(d) in the m+1th times of iteration.
The iteration stop condition is that the frequency distribution
functions w,,(d) concerning § are converged within the given
threshold value €. The iteration results are displayed in Fig. 5, the
proposed algorithm can quickly converge. The current boundary
Al etaeri denotes the corresponding critical current disturbance
degree. The converged frequency distribution function we,;(9)
and critical current distribution function /yqi(6) are thus the
obtained transient stability boundary.

As shown in Fig. 6, the EAC illustration can be drawn based
on the above-derived distribution functions we,i(9) and Igqeri(6),
with whose help the torques distributions functions concerning
power angle  can be obtained: k1 [/gdcri(6)], k2[lgdcri(0)]singd,
and wcri((s) { k3 [Igdcri (6)] +k4 [Igdcri((s)]COS(S } . The pI'OpOSCd ac-
curate iterative method captures both the ACC dynamics and the
damping effects, as the red dashed curve. The proposed method
fully quantifies the torque variation k (§)—k4 () attributed to the
ACC’snonideal dynamics. Ignorance of either ACC dynamics or
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damping effects will result in undesired stability misjudgment.
The blue solid curve ignores damping effect and the green dashed
line ignores both ACC and damping effect. The difference area
between the blue solid curve and the green dashed line is the
ACC'’s effects on kj. It is seen that the extra accelerating area
caused by the nonideal ACC (the part that green dashed line
lower than blue solid curve) is significantly larger than the extra
decelerating area (the part that green dashed line higher than
blue solid curve), which means ACC’s nonideal ACC dynamic
always deteriorates GFLC’s transient stability and it will be
elaborated in detail in Section III-C. The difference area between
the blue solid curve and the red dashed curve denotes the effect of
nonlinear damping. Itis seen that the damping can also yield both
extra accelerating area (the part between zero damping point
0rand dyep) and extra decelerating area (the part between d.
and dy), playing an important role in GFLC’s transient stability.
Define the accelerating and decelerating areas that consider both
ACC and damping effects as S,cc and Sqec, respectively, shown
as the red and blue areas in Fig. 6. The proposed method is based
on the energy conservatism law in (14), so the EAC constraint
is satisfied

da
S, acc — /
5cri

</€1 (Igdcri ((5)) - k2 (Igdcri (5)) sin § > a5
= [k3 (Laderi (0)) + k4 (Igeri (6)) cos &) weri ()

6ucp
Sacc = 7/
da

<k:1 (Zoderi (0)) — ko (Jggeri (0)) sin o > "
— [k3 (Tgderi (0)) + ka (Lgderi (6)) cos 0] weri (6)

Sacc = Sdec (18)

where 9§, is the power angle at which the acceleration is
zero [i.e., the mechanical torque k;(d4q) equals the sum of the
electromagnetic torque k2(d4)sindy and the damping torque
w(0 g)(k3(0 g)+k4(0 g)cosd 4)], as shown in Fig. 6.

C. Analysis of ACC’s Adverse and Beneficial Effects

As pointed out by the EAC illustration in Fig. 6, the extra
accelerating area (adverse effect) due to nonideal ACC is larger
than the extra decelerating area (beneficial effect), which is
elaborated in detail in Section III-C. First, it is proposed that
ACC’s effect can be approximated by the integral of current
deviation with respect to power angle, denoted as W, /3 in (19).
Further derivation demonstrates that ACC’s adverse effect |W,|
on transient stability is always greater than the beneficial effect
|W,|. Below is the detailed elaboration.

Considering that 1>>1,4KpL,, the transient variation of
1/M can be approximately neglected. Therefore, the equivalent
torques k1 and k3 can be assumed to be linear with the current
144, while k3 and k4 can be approximated as constant. Therefore,
the nonideal ACC effects Wy, are proportional to the current
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deviation:

6uep
Wextra ~ / [kl (Igd) - Wk3 (Igd)]
Ocri

- [kl (Irefd—i-) - Wk?) (Irefd-‘r)] do

6uep
o8 / Igd - Irefd+d5
5cri

dc 5uep
= / Igd - Irefder(S +/ Igd - Irefd+d5 . (19
Oeri O

-Wa Wy

It is mentioned that the above approximation in facts yields
a larger estimation |W,| in (19), so the correctness of the
above conclusion |W,| > |W,| is not affected. In addition, the
d/,4/dt term is ignored because of its much faster dynamics and
K p< <K, tofacilitate analysis. The ACC dynamic under current
reference abrupt jump disturbance is shown in Fig. 3(b). During
0. (defined as stage a), the current /,4 is lower than /¢4, and
ignoring ACC dynamics will lead to lower mechanical torque
kq and larger damping coefficient k3, resulting in conservative
stability evaluation results. During #.-co (defined as stage b), the
current / 44 is higher than /,.¢¢ 4, ignoring ACC dynamics will lead
to larger mechanical torque k; and lower damping coefficient
ks, both resulting in over-optimistic stability results. Define the
impulse of current deviation during stage a and stage b as C, and
Cp, respectively. As shown in (20), the overall current deviation
impulse happens to be zero

te te
C, = / Lietg—1Igqdt = / Alemlt + Agemztdt
0

0

o0 S
Cy = / Irefd_Igddt = / A1€m1t 4+ Azemztdt
t te

c

=0. (20)
0

A A
Co,+Cy= 2L gmat | 22 gmat
mq mo

The frequency w during stage a is obviously much smaller
than that during stage b. w(t,)<<w(tp). And t. is relatively small
compared to PLL’s timescales. Therefore, the extra work due to
the ACC dynamic is mainly attributed to stage b since W, <<Wy:

Sc te
Wa = / Irefd—i— - Igdd6 = / (Irefd—i- - Igd) w (t) dt
JCIi 0

Ouep 00
Wy = / Lietg+ — 1gqdd = / (Iretas+ — Lga) w (t) dt
5(‘. tC

W, < =W, 2n
where 0 . is the power angle at t = ... This indicates the influence
of ACC dynamics on transient stability is mainly reflected by
the current overshoot during stage b. Consequently, the range of
1,4 during transient processes can be approximated to be [/ et g+,
I 4dmax], in the simplified but conservative method proposed in
Section III-D to rapidly assess ACC’s impact on stable bound-
aries.
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D. Simplified Contractive Transient Stability Evaluation
Method

To avoid unacceptable over-optimistic stability misjudgment,
the worst conditions should be considered. That is, the mechani-
cal torque k; should be contracted to its maximum possible value
while the electromagnetic torque ks sind and damping coefficient
k3~+k4cosd should be contracted to its minimum possible value.
The inequality contraction is conducted on the mechanical and
electromagnetic torques and damping coefficients to derive a
less-stable contracted 2nd-order system, whose stable boundary
can be easily derived by our previous research [5], [21] and is
taken as the conservative estimation of the original 6th-order
system that considers nonideal ACC dynamics. Detailed math-
ematical inequality contraction is given below. First, derive the
partial derivatives of k;—k4 concerning /44

Ok
a1,

wn KLy (1 — KpLglyq) ,
- 1-KpL,I
+KpLy (wnK1Lglga+KrRgly,) ( pLglga)” >0
ak2 KIVgKPLg

= 5 >0
Olga (1 ~ KpLyl,a)
akg —KquK]Lngd 5
I, ' ‘ 1—KpL,I,q)> <0
0L,0  —KiLy(1— KpLyl,a) ( PLglga)

ks K%L,V

_ > 0.
Oga (1 - KpLyly)®

(22)

Based on (22), k1—k4 can be contracted as in (23), which can
be analytically derived from (12)

wnKILgIgdmax + K[Rg.[gq
1-— KPLgIgdmax

k2 Z I(I‘/g/(1 - KPLgIrefd+) = kZmin

k3 > _KILgIgdmax
1- KPLgIgdmaX

k4max: KPVg/(]- - KPLgIgdmax) > k4
ks > KpVy/(1 — KpLglieta+) = kamin-

ky <

= kl max

= kS min

(23)

With the contraction process in (23), the contracted 2nd-order
system can be denoted as follows:

d26/dt2 = klmax — kain sin &
— (k3 min + k4min cOS0) w,d < /2
4?6 /dt? = k1 max — K2 min S0

- <k3min + K4 max COS 6) W, o> 7T/2 24)

The contracted equivalent coefficients in the system (24) are
no longer time-varying but constants, which are the same as the
simplified model that ignores ACC dynamics [5]. Therefore, our
previous EAC method [5] proposed under ideal ACC condition
can be directly applied on (24) and is not repeated here. Due
to the constant torque coefficients, the computational cost is
much less than that of the accurate iterative method proposed in
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Section III-B, but with the scarifies of conservatism. However,
the conservatism of the proposed inequality contraction method
is relatively low and acceptable, as shown in Fig. 9. According
to the Iygmax expression given in (7), it is linearly related
to a function over X = my/mo: XXX "which is usually
less than 0.1. Considering the maintainer of transient stability,
Lietq- s usually not less than 0.3/,¢¢44 . Consequently, error due
to partially assuming /44~Iggmax<1.07l,ctq44 in the proposed
inequality contraction method is acceptable. Pointed out that
the stability evaluation can be further simplified analytically if
the path-dependence work of the nonlinear damping term is
calculated based on the elliptic EAC method proposed in our
earlier paper [21]. However, this increase in computing speed
comes at the cost of increased conservatism.

IV. DISCUSSION

The impact analyses of different ACC parameters on GFLC’s
transient stability are conducted in this section, which can
provide guidance for GFLC parameter setting. In addition, a
decoupled PLL control strategy is proposed to enhance transient
stability by decoupling the ACC dynamics from the PLL dynam-
ics. Moreover, a comparison is given between different transient
stability analysis methods to demonstrate the superiority of the
proposed method.

A. Parameters Impact Analyses

Since it is obvious that slower PLL bandwidth yields fewer
interaction effects of ACC on PLL, this section only focuses
on the effects of different ACC parameters. Under given PLL
parameters, the interaction (Wexya) between PLL and ACC can
be approximately analytically quantified by the current deviation
impulse |Cy|

|Cy| = Aje™ e my —m1_ Irefay — Tretd— <mQ> =
myma —ma my
(25)
which s affected by two negative real poles m; and ms. Applying
monotony analysis on (25) can conclude that the partial deriva-
tives of |Cy| concerning m; and my are positive and negative,
respectively

9|Cy|/0my > 0

0 |Cb|/8m2 < 0. (26)

According to the expression of my and ms in (6), the partial
derivatives of m; and mo concerning ACC integral coefficient
Kci1 and proportional coefficient Kcp are derived as

8m1 o L —4Lf <0
aKCI 2Lj /KCPQ _ 4KClLf
8m1 1 ch

—— |- >0
oKer 2L, | T

\/ Kcp® —4KciLy
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Fig. 7. Impacts of ACC integral coefficient K¢y and proportional coefficient
Kcp.
oms —1 —4L
0Ka 2L; \ [rm2 4.1 - >0
2
c f Kcp®™ —4KcoiLy
8m2 1 KCP
—=—| -1- <0. (27
OKcp  2Lg

\/ Kcp? — 4K Ly

Therefore, partial derivatives of |Cy| concerning K¢y and
Kcp are both negative, based on the monotony transfusion of
composite functions

8|Cb|/8ch <0

9 |Cy|/0Ker < 0. (28)

The abovementioned monotony analysis in (27), (28) is nu-
merically verified in Fig. 7. Increasing both K¢y and Kcp will
cause a less |Cy|, which indicates a more ideal ACC. In addition,
formula (21) demonstrates that the total current deviation work
is negative: the beneficial effect of the nonideal ACC during
process a must be smaller than the adverse effect during process
b. This yields that the dynamic of nonideal ACC is always
adverse to GFLC’s transient stability. Consequently, increasing
Kcr and Kcp will both benefit transient stability since it can
attenuate ACC’s undesired transient process. However, too large
Kcr may yield an underdamped ACC, which will result in
unexpected oscillation. In practice, parameter-tuning process
should comprehensively consider many factors including the
dynamics performance. The discussion in this paper is only from
the perspective of large-signal stability.
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strategy.

Control structure of the proposed stability-enhanced decoupled PLL

B. Stability-Enhanced Decoupled PLL Control Strategy

As pointed out above, nonideal ACC dynamics always dete-
riorate the transient stability of GFLC. Therefore, a stability-
enhanced decoupled PLL strategy is proposed in this section,
which achieves the decoupling of PLL and ACC by adding a
current error feedback term, so as to improve the transient sta-
bility. The proposed stability-enhanced decoupled PLL strategy
structure is displayed in Fig. 8, which can be denoted as follows:

ePLL _ / {wn + KP [‘/PCCq + WPLLLg (Irefd - Igd)} } dt
+KI f [%CC(] + wPLLLgm (Irefd - Igd)] dt
(29)
where Ly, is the online measurement value of grid inductance
L, [22]. Ignoring the measurement error, the state-space model
of GFLC with this stability-enhanced decoupled PLL strategy
can be derived by combining (1) and (29)

b =uw
(1 — KpLgIrefd)w — KIWnLgIrefd + KIRglgq

— K Vysing — (KpV,co86 — KiLyleta)w  (30)

which is the same as the simplified 2nd-order model that ignores
ACC dynamics [1]. This yields that with the help of the current
error feedback term added in the proposed stability-enhanced
decoupled PLL strategy, the nonideal dynamics of ACC will
no longer deteriorate the transient stability of GFLC. The ACC
and PLL are completely decoupled with each other. Therefore,
the parameter setting of ACC and PLL can be carried out
independently, which greatly simplifies the controller parameter
design process. It is mentioned that the proposed decoupled PLL
strategy is not sensitive to L, measurement errors: positive error
(Ly<Lgm,) yields better improvement in stability, while negative
error (Lg>Lg,,) will partially weaken the improvement but is
always more stable than the conventional PLL. The robustness
of the proposed decoupled PLL is simulationally and experi-
mentally verified in Sections V and VI, respectively.

C. Comparison of Different Transient Stability Evaluation
Methods

The comparison of different transient stability evaluation
methods is given in Table I and Fig. 9. The parameters of the
evaluated system are listed in Table II. The proposed accurate
method is essentially a calculation-efficient substitute for the
ODE method/ EMT simulation: almost conservatism-free but
with less computation. This is because the proposed accurate
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TABLE I
COMPARISON OF DIFFERENT TRANSIENT STABILITY EVALUATION METHODS

Method Power angle boundary (rad) Calculation
Accurate iterative method [0.290, 2.182] Slightly high
Simplified inequality [0.374,2.131] Low
contraction method e
Time-domain try and trail [0.289, 2.182] Very high
Time-domain-based .
EAC [6] [0.323,2.182] Very high
Bifurcation method [15] [0.289, 2.182] Very high
Lyapunov method [23]
(ignore ACC and damping) [0.752, 1.190] !
Iterative EAC [5] [0.221, 2.182] \

(ignore ACC)

.

& Proposed accurate
&

22 iterative method

y N Simplified
~__—~ contraction [19]

P

y Numerical EAC
| ~— -~ ignore damping [6]

O

ITEAC ignore

ACC [5]
Lyap ignore
S(rad) - ACC [23]
Fig. 9. Stable domain comparison of different stability evaluation methods.
TABLE 11
PARAMETERS OF THE SIMULATION SYSTEM
Symbols Description Nominal value
Vie DC-link voltage of VSC 400 V
Kp, Ky Controller parameters of PLL 0.1, 10
Ly Grid inductance 3 mH
Ry Gird resistance 0.03 Q
Ly Filter inductance 3 mH
Kep, Kot Controller parameters of ACC 2,100
Ve Magnitude of microgrid voltage 110V2 vV
[oN Rated angle frequency 100x rad/s
Loty Lrey Magnitude of the reference current 135A,5A
& Threshold of iteration 2x10% rad/s

method can be applied by matrix operations and can be further
accelerated by pipeline algorithms. In addition, the proposed
method can directly obtain the critical current disturbance value
through one set of iteration, instead of iterating different dis-
turbance values cyclically. The proposed iterative method fully
captures the impacts of ACC dynamics and PLL’s varying
damping ks+kgcosd on GFLC’s transient stability. Ignorance
of ACC dynamics will lead to over-optimistic misjudgment,
as the purple domain in Fig. 9, which is based on the ITEAC
in [5]. Direct abandonment of the negative damping region
leads to significant conservatism as the green domain in Fig. 9,
which is derived by the conventional Lyapunov method [23].
The bifurcation theory-based method [15] is similar to the time
domain discrete method. The EAC method in [6] seems like
an analytic method apparently. However, it is still unclear how
to obtain the critical disturbance. The critical interaction work
is still quantified by time domain discrete integration in [6].
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Therefore, the method in [6] is essentially still a time-domain
try and trial. In addition, Wu et al. [6] do not even consider
the adverse effect of PLL’s varying damping on stability, the
accuracy of [6] (the yellow domain in Fig. 9) is obviously
much lower than that of the proposed accurate iterative method
(the red domain in Fig. 9). The proposed simplified inequality
contraction method (the blue domain in Fig. 9) demonstrates
relatively high accuracy and much lower computation burden
compared to the accurate iterative method, showing stronger
practicability in online transient stability assessment. According
to the evaluation results in Table I, the power angle boundary
error of the simplified inequality contraction method compared
to the accurate method is only 7.14%, which is acceptable in
engineering practice but costs much less time for calculation. It
is mentioned that /g = Icfq is considered when deriving the
w<0 part of the boundary in this article. This is because the
ACC should have already reached the steady state long before
the power angle reaches the farthest point and swings back.

V. SIMULATION VERIFICATION

In this section, MATLAB/Simulink-based simulations are
conducted to verify the research results above, including

1) the high accuracy of the proposed iterative transient stabil-
ity evaluation method that fully considers adverse impacts
of nonideal ACC dynamics;

2) the ACC parameters impact trendy on transient stability;

3) better transient stability of the proposed decoupled PLL
control strategy.

The parameters of the simulation system are listed in Table II.

A. Simulation Verification of the Proposed Transient Stability
Evaluation Method

Considering that the stable domain estimated by the accurate
iterative method completely includes the stable domain esti-
mated by the simplified inequality contraction method, this sec-
tion only verifies the former one’s accuracy. With the parameters
in Table II, the power angle lower boundary is calculated as d¢,;
= 0.285 rad, and the corresponding critical current reference
disturbance is derived by regarding §,,i, as the SEP of system
(1 1) AIrefdcri = refd'(VgSin(Smin'RgIrefq)/wnLg =88.75 A.

Simulation verification results are displayed in Fig. 10. Under
the stable disturbance Alg,; = 88 A, the system can maintain
stability and converge back to the SEP as shown in Fig. 10(a).
However, the system will lose stability as shown in Fig. 10(b),
when undergoing unstable disturbance Al,,; = 89 A that
exceeds the derived stable boundary. It is seen that the trajectory
of the critical disturbance almost overlaps the obtained stable
boundary, showing the extremely high accuracy of the proposed
stability evaluation method.

B. Verification of the ACC Parameters Impacts on Transient
Stability

Simulation results with different ACC integral coefficients
Kc1 (=50, 100, 400) are displayed in Fig. 11. With increasing
Kc1, the dynamic response of ACC becomes faster and thus less
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Fig. 12. Simulation verification of Kcp’s impact on transient stability.

(a) Case 1 with Algta1 = 88 A. (b) Case 2 with Alyns1 = 89 A.
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Fig. 13. Simulation verification of proposed stability-enhanced decoupled

PLL under current disturbance Algga2 = 91.5 A.
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Fig. 10.  Simulation verification of the proposed iterative transient stability
evaluation method. (a) Stable case with Als¢,1 = 88 A. (b) Unstable case with
Alyns1 = 89 A.
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Fig. 11.  Simulation verification of Kc1’s impact on transient stability. (a) Case

1 with Algga1 = 88 A. (b) Case 2 with Alyns1 = 89 A.

adverse impacts on PLL’s transient stability. Under Alg,1 =
88 A disturbance in Fig. 11(a), the system loses synchronization
with Ko = 50, but can maintain stability with Koy = 100
and 400. Under Al,,5; = 89 A disturbance in Fig. 11(b), only
the system with K¢ = 400 can maintain stability. This means
the stability is indeed enhanced by increasing ACC integral

coefficient K¢r, which verifies the impact trend analysis in
Section IV-B. However, K¢r cannot be selected too large to
result in an underdamped ACC as the yellow curve in Fig. 11,
which may deteriorate ACC dynamics. Similarly, simulation
results with different ACC proportional coefficient Kcp (= 0.5,
2, 5) are displayed in Fig. 12. With the increase of Kcp, the
dynamic response of ACC becomes faster and thus has less
adverse impacts on GFLC’s transient stability. Under Al =
88 A disturbance in Fig. 12(a), the system loses synchronization
with Kcp = 0.5 but can maintain stability with Kcp = 2 and 5.
Under Al,s1 = 89A disturbance in Fig. 12(b), only the system
with Kcp = 5 can maintain stability. This means the stability is
indeed enhanced by increasing the ACC proportional coefficient
Kcp, which verifies the impact trend analysis in Section IV-B.

C. Simulation Verification of the Proposed Stability-Enhanced
Decoupled PLL Strategy

The stability enhancement of the proposed stability-enhanced
decoupled PLL strategy is simulationally verified as shown in
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Fig. 14. Robustness verification of proposed stability-enhanced decoupled
PLL under current disturbance Algi,3 = 91 A.

Fig. 13. With the help of the proposed stability-enhanced de-
coupled PLL strategy, the PLL dynamics are no longer affected
by the nonideal ACC. Therefore, the iterative EAC [5] that
ignores ACC dynamics can be directly applied in estimating
its stable domain, as the green domain in Fig. 13. Due to
the isolation of ACC’s adverse impacts, the stable domain of
the proposed stability-enhanced decoupled PLL fully includes
the stable domain of the traditional PLL (the red dashed curve
in Fig. 13). Under the current disturbance Alg .o = 91.5 A,
the tradition PLL loses stability as the yellow dashed curve
in Fig. 13, since this disturbance already exceeds its boundary
Alctacri = 88.75 A. However, this disturbance is still within
the boundary (the green domain in Fig. 13) of the proposed
stability-enhanced decoupled PLL strategy and the system can
still maintain stability as the blue solid curve in Fig. 13. The tran-
sient stability enhancement of the proposed stability-enhanced
decoupled PLL is thus verified.

Furthermore, the robustness of the proposed decoupled PLL
strategy concerning L, measurement error is verified by the
simulation results in Fig. 14. It is seen that the system can
still maintain stability with both negative error (L, = 0.8 p.u.)
and positive error (Lgy = 1.2 p.u.), but will lose stability with
the conventional PLL (L, = 0). This demonstrates that the
stability can still be enhanced with inaccurate L, measurement,
and the proposed decoupled PLL strategy is robust to weak grid
inductance variation, which may occur in engineering practice.

VI. PROTOTYPE EXPERIMENTAL VERIFICATION

In this section, prototype experiments are conducted to verify
the research results in this paper further. A 1.8-kW prototype
experimental platform is established in Fig. 15, whose param-
eters are listed in Table III. The bidirectional power amplifier
is controlled to produce three-phase symmetric ac power with
constant voltage and frequency, to emulate the grid. The zoom-in
view of the GFLC is given in Fig. 15(b), including I dc bus
capacitance, II digital signal processor, III sampling board, IV
precharge resistors, V current sensor, VI AC and DC relay, VII
IGBT module, VIII compiler.

The prototype experiment results with different ACC pa-
rameters are displayed in Fig. 16. Under the same degree of
current reference abrupt jump disturbance Al..q = 15.1 A, the
GFLC system with Kcp = 1.8 and Kc1 = 200 can maintain

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 40, NO. 7, JULY 2025

(@ (b)

Fig. 15. Prototype experiment platform: (a) overview and (b) zoom-in view
of GFLC.
TABLE III
PARAMETERS OF THE PROTOTYPE EXPERIMENT SYSTEM
Symbols Description Nominal value
Ve DC-link voltage of VSC 260 V
K»p, Ky Controller parameters of PLL 0.0417,0.38
Kep, Kt Controller parameters of ACC 1.8, 200
L, Grid inductance 4.5 mH
R, Gird resistance 2Q
Ve Magnitude of microgrid voltage 60V
Wy Rated angle frequency 1007 rad/s
Ly Filter inductance 1 mH
Lrefa, Trety Magnitude of the reference current 17.1A0 A
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Fig. 16.  Experimental results with different ACC parameters under current
reference abrupt jump disturbance Alorq = 15.1 A. (a) Kcp = 1.8, Kc1 =
200, stable. (b) Kcp = 1.8, Koy = 170, unstable. (a) Kcp = 1.5, K1 = 200,
unstable.
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Fig. 17.  Experimental verification of the proposed stability-enhanced decou-
pled PLL strategy under current reference abrupt jump disturbance Alyefq =
15.2 A. (c) Conventional PLL, unstable. (b) Zero measurement error Lgp-Lg
= 0 mH, stable. (c) Positive measurement error Lgm-Lg = 1.5 mH, stable.
(d) Negative measurement error Lgy,-Ly = —1.5 mH, stable.

stability as shown in Fig. 16(a), while the system with Kcp
= 1.8 and K¢y = 170, and Kcp = 1.5 and Kcr = 200 both
fail to synchronize with the grid, as shown in Fig. 16(b) and
(c), respectively. This indicates that the transient stability of
the GFLC is indeed enhanced with increased ACC proportional
coefficient Kcp and integral coefficient K. Consequently, the
trendy impacts of ACC’s parameters on transient stability are
experimentally verified.

It is mentioned that the waveform after disturbance in
Fig. 16(b) and (c) is attributed to the protection algorithm of
the converter, which is triggered by the transient synchronous
instability.

The prototype experimental verification of the proposed
stability-enhanced decoupled PLL strategy stability enhance-
ment is displayed in Fig. 17. Under the same current reference
abrupt jump disturbance Al,.ry = 15.2 A, the conventional PLL
fails to synchronous with the grid as shown in Fig. 17(a). In con-
trast, the proposed stability-enhanced decoupled PLL can main-
tain stability under the same disturbance as shown in Fig. 17(b).
Therefore, the transient stability of GFLC is indeed enhanced
with the help of the proposed stability-enhanced decoupled PLL
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strategy, compared to the conventional PLL. In addition, the
system with either positive inductance measurement error (L,
= 6 mH>L, = 4.5 mH) or negative measurement error (Lg,,, =
3 mH<L, = 4.5 mH) can both maintain stability as shown in
Fig. 17(c) and (d), respectively, showing the robustness of the
proposed stability-enhanced decoupled PLL strategy.

VII. CONCLUSION

This article analyzes the impacts of nonideal current alter-
nating control on GFLCs’ transient stability. The time domain
response of ACC is analytically derived and an IFES over the
operation states /4, 9, and w of GFLC s constructed. By iterative
calculation of the above IFES, the accurate estimation of the
GFLC’s transient stability boundary that fully captures ACC
dynamics and damping effects is obtained. The accuracy of the
proposed iterative transient stability evaluation method is almost
the same as the time domain try and trial but with much less
computation. In addition, a simplified transient stability assess-
ment method based on inequality contraction is proposed, with
further less computation and less but sufficient accuracy. Fur-
thermore, the impact trends of ACC’s proportional and integral
coefficients are analytically revealed and a stability-enhanced
decoupled PLL strategy is proposed by actively compensating
current tracking error. Some conclusions are drawn as follows.

1) With appropriate feedforward terms, grid side disturbance
or interaction between different converters will not yield
much disturbance on ACC. The transient process of ACC
is mainly due to the current reference abrupt change
disturbance, which often occurs during fault ride-through
processes.

2) The transient stable domain of GFLC that fully captures
ACC’s interaction is accurately derived based on the pro-
posed method, with almost no conservatism.

3) The impacts of nonideal ACC are always adverse to
GFLCs’ transient stability, and the transient stability can
be enhanced by increasing both the integral coefficient
K1 and proportional coefficient Kcp of ACC or actively
compensating for current tracking errors in PLL.

In our future papers, the proposed method will be extended

to analyze the inner voltage and current loops’ impacts on grid-
forming converters’ transient stability.
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